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ABSTRACT 

Bismuth iron oxide nanoparticles were prepared using low cost, application 
oriented sol-gel method. High value of dielectric constant (280) and low tangent loss 
(1.25) were observed due to their crystalline behavior. These nanoparticles showed 
ferromagnetic behavior due to conversion of helical spin structure to linear spin 
structure. The dielectric constant increased from 79 to 195, whereas dielectric loss 
changed from 5.0 to 1.2 with increase in calcination temperature from 100˚C to 
300˚C. These bismuth iron oxide nanoparticles showed ferromagnetic behavior with 
saturation magnetization of 1.59×10-3 emu. These BFO nanoparticles were also 
tested for room temperature ferroelectricity, and a clear polarization hysteresis loop 
was observed for these BFO nanoparticles.  

Bismuth iron oxide nanoparticles were also prepared by a novel microwave-
assisted sol-gel technique. This technique utilized microwaves for all preparation 
steps starting from sol synthesis to gel formation and to nanoparticles. Microwave 
power was varied as 136W, 264W, 440W, 616W and 880W. Nanoparticles prepared 
using low microwave power of 136W showed amorphous behavior whereas phase 
pure BiFeO3 nanoparticles were obtained at 800W. Crystallite size reduced with 
increase in microwave power. FTIR spectra showed appearance of absorption bands 
between 470cm-1 to 600cm-1 corresponding to BiO6 and FeO6 structures indicating 
the formation of BiFeO3 phase. SEM showed spherical and cubic shaped 
nanoparticles (~60-100nm) at microwave powers of 136-440W. Increasing the 
microwave power up to 616W reduced grain size to 35nm. Nanoneedles, ~15-20nm 
diameter, were observed at 800W. High value of dielectric constant ~135 at 1 kHz 
and low dielectric loss of 3.5 was observed at 264W. Strong ferromagnetic behavior 
(Ms ~ 14emu/g) as opposed to antiferromagnetic nature of BiFeO3 was observed at 
800W.  

Density functional theory (DFT) was used to investigate the fundamental ground 
state properties of these nano-materials. The program BAND of the ADF package 
was used for theoretical calculations of bismuth iron oxide at nano level (30 atoms in 
total were used for these calculations).  

The total and partial density of states for these BFO nanoparticles were obtained 
and it became clear that the highest peak in the valence band was due to Bi s states 
while conduction band was formed by the Bi p and Fe d states. The hybridization 
between Bi and O was obvious, which is the driving force of ferroelectricity in such 
ferroelectric materials. Ferromagnetism in these BFO nanoparticles, as opposed to 
anti-ferromagnetic nature of bulk BFO, was also evident in the partial density of 
states plots; Fe is mainly responsible for the asymmetry in the PDOS plots.  
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CHAPTER – I 

Introduction 

Nanostructure science is an extensive, inter-disciplinary part of research and has 

emerged as an advance activity that is spreading explosively worldwide in the last few 

years. It has the potential for developing novel materials, and products are created with 

variety of functionalities. It has already a noteworthy viable impact, which will surely 

rise in the future (Brecket, 2010). Figure 1.1 depicts the comparison of development of 

science and technology since 1920 up till 2070. It is evident that before 1990 scientific 

work was focused on macro to micro scale. But after 2010 technology shifted towards 

nano-scale. In the coming years it is expected that nano-science will have leading role in 

research and development programs. 

 

     Figure 1.1: Evolution of science and technology and its effect on the future 

A nanomaterial is a physical object considerably different in properties from the 

corresponding bulk material, with one of its linear dimensions less than 100 nm. 

Nanoparticle assemblage serves as a bridge between nanometer scale objects and 
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macroscopic world. Nanomaterials exhibit distinctive and exceptional properties that 

make them an ideal choice for industrial applications (Kumar, 2012).  

For the production of materials at nano-scale, two major approaches are used: bottom 

up approach and top down approach i.e. either to bring atoms together or to break bulk 

solids into very fine pieces until they are composed of only a few atoms. The schematic 

illustration of the preparative methods is given in Figure 1.2. Bottom up approach is 

considered as an ideal approach through which nanotechnology will ultimately be 

employed whereas top down approach is more practicable using current technologies 

(Hughes, 2000). 

 

Figure 1.2:  Schematic illustration of the preparative methods of nanoparticles 

The best nanostructure preparation method must have the following striking features:  

! The tendency to control the aspect ratio, shape and size of the nanostructure.  

! The ability to grow required nanostructure into specific substrate geometry at 

low temperature. 

! The potential to design dielectric and metallic nanostructures with multilayer 

structures. 
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! The capability to flawlessly integrate the fabrication process in coordination with 

other conventional microfabrication methods. 

Using different available synthesis methods, developed nanomaterials can be set into 

useful shapes and desired sizes so that finally the material can be used for specific 

applications (http://physast.uga.edu/~zhaoy/sensor.htm). 

1.1 Iron and Iron Oxide 

Iron is one of the abundant materials but it does not subsist in nature in its elemental 

form. As it gets readily oxidized, it is present in the forms such as oxide, chloride and 

sulphate. Iron metal has been used in variety of ways since ancient times. Aluminum 

powder mixed with iron oxide is used to ignite to generate a thermite reaction. It is 

utilized in purifying ores and welding. Iron makes binary compounds with the 

chalcogens and halogens. It is commonly alloyed with other metals to increase its 

strength. Ferrocene is the first discovered sandwich compound, among iron based 

organometallic compounds. Iron has vital role within living cells as it has ability to form 

complexes with molecular oxygen in myoglobin and hemoglobin (Cornell et al., 2006). 

Iron has ability to form compounds generally with an oxidation state of +2 and +3. 

Conventionally, iron with oxidation states +2 and +3 are known as ferrous and ferric 

respectively. Iron may also exist in higher oxidation states, for example +6 state has 

been observed in purple potassium ferrate (K2FeO4). Various organometallic compounds 

exist in usual oxidation states of -2, -1, 0 and +1. It is also evident that iron exists as 

mixed valence compounds that have both Fe(II) and Fe(III) centres, e.g. Prussian blue 

and magnetite (Fe4(Fe(CN)6)3). Overall, Fe has been found to occur in fifteen phases 
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that vary in physical, chemical and magnetic properties. All of these phases are 

composed of O-2 sublattices with iron compounds occupied at different interstitial sites. 

Valence state of iron can be +3 or +2 or a combination of both, depending on the type of 

iron oxide. Most important of these phases are (Dronskowski, 2001): 

! Wustite (FeO) 

! Hematite α Fe2O3 

! β-Fe2O3 

! Maghemite γ Fe2O3 

! Magnetite Fe3O4 

1.2. Primary Ferroics 

The materials that depict spontaneous magnetization along with spontaneous 

polarization or strain are known as primary ferroics. An external magnetic or electric 

field and mechanical stress can be used to re-orient the spontaneous orders below a 

certain critical (Currie) temperature (Litvin, 2008). Ferromagnetic, ferroelectric and 

ferroelastic are the three main ferroics that are listed in the Table 1.1. 

Table 1.1 (Tichy et al., 2010). 
The three primary ferroics 

 

Class  Orientation states  Switching force  Examples  
Ferroelectric  Spontaneous 

polarization (P)  
Electric Ferroic 
field (E)  

BaTiO
3
 

Ferroelastic  Spontaneous strain 
(S)  

Mechanical stress 
(T)  

Au
x
Cu

1-x
Zn  

Ferromagnetic  Spontaneous 
magnetization (M)  

Magnetic field (H)  Fe
3
O

4 
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1.3. Ferroelectric Materials 

Ferroelectricity was initially found in Rochelle salt in 1921. Initially ferroelectricity 

was known as Seignette-electricity, to honor its pioneer. Currently, scientists have 

profound interests in ferroelectric materials due to their diverse uses in wide range of 

applications such as sensors, non-volatile ferroelectric random access memories, micro-

actuators and dynamic random access memories (DRAM) (Uchino, 2000). 

A material is termed as ferroelectric when at least two equilibrium orientations of the 

spontaneous polarization vector occur in the absence of applied electric field while an 

external electric field may change the orientations of spontaneous polarization vector. 

The polar nature of orientation states must correspond to a completely stable 

configuration in a null field (Surowiak, 2006). Amongst 32 crystal classes, 11 of them 

can be described by the presence of center of symmetry but in 21 crystal classes, center 

of symmetry is absent. Therefore, it is probable for twenty-one crystal classes to: 

(i)  Possess one or more than one polar axes. 

(ii) Exhibit odd-rank tensor properties.  

The one exemption is the crystal group 432 that has no center of symmetry, but 

possesses all remaining symmetry operations that annihilate polarity. Piezoelectric effect 

i.e. a change in electric polarity under the applied external stress, and vice versa appears 

in all non-centro symmetric point groups. Among the 20 piezoelectric classes, 10 exhibit 

a distinctive polar axis, spontaneous polarization of which depends on temperature. This 

effect is known as pyroelectric effect. The ferroelectric materials go to pyroelectric 

family, which has spontaneous polarization that can be reversed by an applied electric 

field (Bai, 2006). 
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Perovskite is the most broadly studied and widely used material among all 

ferroelectric materials. The general formula for a perfect perovskite structure is ABO3, 

where ‘A’ corresponds to a divalent or trivalent cation. Ferroelectricity (FE) in such type 

of materials can be elucidated by using the renowned example of barium titanate 

(BaTiO
3
). In Figure 1.3, the Ba

2+ 
cations are positioned at the corners of the unit cell and 

‘B’ represents a tetravalent or trivalent cation. The origin of relative movements of Ti
4+ 

and O
2- 

ions from their regular positions results in dipole moment.  

 

Figure 1.3:  Schematic illustration of the unit cell of perovskite ferroelectric materials 
(Wang, 2005)  

 
1.4. Ferroelastic Materials 

Below a phase transition temperature, the ferroelastic materials develop a 

spontaneous strain. With the reference of symmetry, the material experiences a 

structural phase transition which occurs from a high symmetry phase to a low symmetry 

phase that can be determined by broken symmetry of the high symmetry phase (Salje, 

1990).  
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The mechanism of phase transition is based on the spontaneous strain that may have 

large value. For instance, distinctive ferroelastic materials have spontaneous strain 

greater than 2%. The interrelated variation in the enthalpy of the crystal linked to this 

development of spontaneous strain is approximately up to 6 KJ/mole. This reactive 

energy would correspond to the changes in thermo-chemical phase diagrams of few 

hundreds of degrees in temperature. Twin domain structure is often formed inside a 

ferroelastic material to release energy. The main twin planes are oriented nearly 

perpendicular to one another.  

A wall between two neighboring domains is considered as an inner surface of the 

crystal.  The orientation of a single twin wall can be used to determine the condition that 

the crystal in the low-symmetry phase has a tendency to retain total symmetry of the 

high-symmetry phase as an average. The domains are comparable to one another 

through the symmetry element absent at the phase transition that gives an increase in 

long range ordered state. It is known that hysteretic macroscopic properties appear in 

ferroelastic materials due to stress induced domain wall motion. Mueller and his 

colleagues (Wang, 2005; Salje, 1990; Mueller et al., 1997) depicted that nonlinear 

effects that appear in ferroelastic materials are linked to the properties of ferroelastic 

domain walls pinned on defects that turn into de-pined beyond a critical stress level. 

Furthermore, Jian et al. (1996) noticed domain wall motion in single crystalline 

materials and polycrystalline LaNbO4 ferroelastics under applied stress. They 

formulated that the nonlinear elastic performance of the material is due to domain wall 

motion, instead of the intrinsic characteristic of the material. Newnham (1997) 

accomplished that appearance of hysteresis in ferroelastic materials is due to domain 
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wall motion. The thorough analysis of twin structure as well as domain wall is given in 

reference (Wang, 2005). The stress-induced twin motion of a ferroelastic material 

Pb3(Pb4)2 is given in Figure 1.4. 

 

 

Figure 1.4: Stress-induced twin movement of a ferroelastic Pb
3
(Pb

4
)

2 
crystal (Wang, 

2005) 

1.5. Multiferroic 

The term ‘multiferroic’ was initially proposed by Schmidt (Ascher et al., 1966) and 

refers to coexistence of (anti)ferroelectricity and (anti)ferromagnetism. Multiferroic 

materials are a class of materials that can possess more than one ferroic order parameter 

(magnetic, electric or elastic). Such materials can show cross coupling between above 

properties (Figures 1.5 & 1.6). Currently, multiferroic materials have attracted great 

attention of scientists for research from both a fundamental and technological point of 

view due to their simultaneous ferroelectric and ferromagnetic properties (Fiebig, 2005; 

Eerenstein et al., 2006; Ramesh et al., 2007; Nan et al., 2008; Bibes et al., 2008; Ma et 

al., 2011). Coupling effect between electric and magnetic behavior has attracted 
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worldwide attention for electric field controlled magnetic memory, spintronic devices, 

4-state logic, photonic devices and magnetoelectric sensors.  

 

Figure 1.5: (a) Relationship between multiferroic and magnetoelectric materials (b) 
Schematic illustration of different types of couplings present in materials (Tokura et al., 
2010) 

 

Figure 1.6:  Schematic illustration of multiferroic defined from the overlap region of 
ferroelectric and magnetic (Khomskii, 2009) 
 
There are two forms of multiferroics  

! Single-phase multiferroics 

! Multiferroic heterostructures 

Single-phase multiferroics inherently show more than one ferroic order parameter. 

Generally either one or both of the order parameters are weak and only appear at low 
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temperatures. Multiferroic heterostructures are synthetically formed by coupling two 

ferroic materials through an interface. There are two classes of single-phase 

multiferroics:  

! Type I     (ferroelectric and magnetic orders instigate from independent 

phenomena)  

! Type II    (ferroelectricity is directly related to the magnetic order). 

In type I multiferroics (YMnO3), magnetic and ferroelectric ordering temperatures 

exist infrequently above room temperature. The ordering temperatures are different for 

ferroelectricity and magnetism as the ferroelectric and magnetic moments arise from 

different phenomenon. This results in weakening of the coupling among the ferroic 

states. The magnetic order is originated due to an imbalance between electron spin states 

and spin-orbit coupling. Ferroelectricity arises due to lone pairs (ordering of polarizable 

6s electron pairs), ion displacements or charge ordering. 

The mostly studied type I single phase multiferroic is BiFeO3. It shows both antiferro 

magnetism and ferroelectricity, and the Curie temperature of both the ferroelectric and 

antiferromagnetic phases is above room temperature (Wang et al., 2003). BiFeO3 has 

large ferroelectric polarization of 90 µC cm−2 (Wang et al., 2003; Dho et al., 2006) and 

shows a weak magnetic moment of 0.05 µB/Fe (Ederer et al., 2005; Neaton et al., 2005; 

Bea et al., 2005). The electric field control of antiferromagnetic domains in bismuth iron 

oxide via coupling of antiferromagnetic and ferroelectric domains to the underlying 

ferroelastic domain structure has been demonstrated by Zhao et al. (2006). In type II 

multiferroics (TbMnO3, Ca3CoMnO6), the ferroelectric polarization is directly 
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originated from particular types of magnetic spiral or collinear magnetic structures. In 

both cases, a net polarization at low temperatures appears due to magnetic interactions, 

that directly couples the ferroic order parameters (Kimura et al., 2003; Hur et al., 2004). 

The coupling among the ferroic order parameters is mainly limited to magnetic field 

control of ferroelectric polarization (Tokura et al., 2010). 

1.6. Bismuth iron Oxide (BiFeO3) 

BiFeO3 was prepared first time in 1957 by Royen and Swars (Royen et al., 1957). It 

is well known single-phase compound that shows magnetic and ferroelectric behaviour 

simultaneously at room temperature.  The multiferroicity at room temperature has 

motivated researchers to explore the field of multiferroics. As a consequence of this 

motivation, extensive researches have been performed on this material in order to attain 

knowledge about its multiferroic mechanism and its application in devices (Wang et al., 

2003; Lebeugle et al., 2007; Lebeugle et al., 2007; Palai et al., 2008; Gujar et al., 2007; 

Kamba et al., 2007; Mazumder et al., 2006; Bush et al., 2003; Zalesskii et al., 2002). 

Michel et al. (1969) determined the atomic structure of bismuth iron oxide. Bismuth iron 

oxide crystallizes in rhombohedrally-distorted perovskite having space group R3c at 

room temperature. Two pseudocubic unit cells of BiFeO3 are shown in Figure 1.7. The 

lattice parameters of its unit cell have been cited in literature as arhombohedral = 3.965Å and 

a rhombohedral angle βrhombohedral = 89.3˚ at room temperature (Zeches et al., 2009). The 

ferroelectric polarization occurs along [111]pseudocubic. Moreover, its unit cell is 

characterized as hexagonal structure with the c-axis parallel to the diagonals of the 

perovskite cube, namely [001]hexagonal$[111]pseudocubic. In this case, the lattice parameters 
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have been quoted as ahexagonal = 5.58 Å and c hexagonal = 13.89 Å (Kubel et al., 1990) and 

hexagonal unit cell of BiFeO3 is given in the Figure 1.8. 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1.7: Structure of BiFeO3. Two pseudocubic unit cells are shown. Oxygen 
octahedra are shaded blue (Zeches et al., 2009) 

 

Figure 1.8:  Hexagonal unit cell of BiFeO3 (Kubel et al., 1990) 

It has been observed that there is structural distortion of the oxygen octahedral with a 

rotation angle (ω = 11-14˚) around the polar axis. Whereas, the rotational angle of the 

oxygen octahedra in case of ideal cubic perovskite should be zero, due to the same size 

of ions. The difference in size of ions results in tilted metal–oxygen octahedral. The 
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value of tolerance factor (t) for bismuth iron oxide was obtained as 0.88 (Goldschmidt, 

1926) using the Goldschmidt tolerance formula, t = (rBi + rO)/(rFe + rO)1/2, with bismuth 

ions in eight-fold coordination and iron ions in six-fold coordination with high spin 

(Moreau et al., 1971). As ‘t’ becomes smaller than unity the oxygen octahedral tilts and 

fits into small unit cell. As a result, distortion in Fe-O-Fe angle occurs that is the main 

factor to control the magnetic exchange and orbital overlapping among oxygen and iron 

ions in bismuth iron oxide (Moreau et al., 1971; Shannon, 1976). 

The ferroelectricity is due to lone pair of s orbital of the Bi ions and shows 

ferroelectric order at TC =1103 K (Woodward et al., 2003). In a single crystal sample 

remnant polarization is Pr = 6µC cm-2. The main reason for small remnant polarization is 

the current leakage problem as demonstrated by Teague et al. (1970). Ramesh and his 

colleagues determined an unexceptionally large Pr values in BiFeO3
 thin films (Wang et 

al., 2003). The high value of ferroelectric Curie temperature is noticed in both bulk 

samples and thin films (Eerenstein et al., 2005; Bucci et al., 1972). The higher value of 

Pr was reassured in single crystal samples (Lobo et al., 2007). These results depicted that 

defects are responsible for current leakage in bulk samples (Qi et al., 2005; Lee et al., 

2005; Singh et al., 2006). The remnant polarization, spontaneous polarization and 

coercive field were found to be 4.0µC cm-2
, 8.9µC cm-2

 and 39kVcm-1 respectively. It 

was concluded that Fe2+ formation and oxygen deficiency was the cause of current 

leakage that can be avoided by low temperature synthesis with a rapid heating rate 

(Wang et al., 2004). But in literature, the annealing temperature for synthesis of bismuth 

iron oxide on different substrates has been reported to be in the range of 450-650˚C. 

Some other methods have also been tried to avoid this issue of current leakage in 
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BiFeO3 that include doping on A and B-sites, deposition of thin films, growth of high 

quality single crystals (Das et al., 2007; Nalwa et al., 2008; Singh et al., 2008; Reddy et 

al., 2009; Lin et al., 2010; Lebeugle et al., 2008). 

Magnetism in BiFeO3 is mainly due to both short-range and long-range orderings. 

The local short-range order in bismuth iron oxide is G-type aniferromagnetic. One Fe3+ 

spin is surrounded by six antiparallel spins on the nearest neighbors of Fe3+ ions. But 

due to lattice distortion, the neighboring spins are not arranged clearly antiparallel. A 

weak magnetic moment is induced due to the canted spins that couple with the 

ferroelectric polarization. The long range magnetic ordering is spin cycloid of 

antiferromagnetic ordered sublattice with a period of 62-64nm (Lebeugle et al., 2008) 

and schematic representation is given in Figure 1.9. The spin cylcoid is directed along 

axis. The Neel temperature for G-type antiferromagnetic order is reported in the 

literature to be TN= 643K (Polomska et al., 1974). In 1982, Sosnowska gave the idea of 

cycloidal model of spin ordering in BiFeO3. This was then verified by different 

experimental data from XRD (Sosnowska et al., 1982), Neutron Scattering 

(Khomchenko et al., 2007) and Mossbauer Spectroscopy (Palewicz et al., 2007). 

Zalesskii et al., (2000) proposed the distortion in spin cycloid at low temperature. 

Cazayous (2008) stated a transition at 140K as well as Singh (2008) quoted the 

transition at 200K. Spin reorientation is considered to be possible origin for these 

transitions. 
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Figure 1.9.  Schematic representation of the spin cycloid (Lebeugle et al., 2008) 

The canted antiferromagnetic spins (green, blue arrows) increase the net magnetic 

moment (purple arrows) which is spatially averaged out  to zero because of  cycloidal 

rotation. These spins are limited inside the plane demarcated by the cycloidal 

propagation vector (black) and  polarization vector (red). 

The phenomenon of magnetoelectric coupling in bismuth iron oxide is subtle. The 

ferroelectric polarization breaks the local magnetic short-range symmetry and due to 

Dzyaloshinskii-Moriya interaction, canting of the spin is induced. This results in a very 

small net magnetic moment (0.3emu/g) (Singh et al., 2008). Besides, a spin cycloid is 

induced by ferroelectrically averaging out of local canted magnetism. The spin cycloid 

that results due to polarization can also couple to gradients of magnetization, thus induce 

an inhomogeneous spin configuration. Piezoelectric force microscopy and X-ray 

photoelectron microscopy are used to confirm the coupling effect between 

ferroelectricity and magnetization in BiFeO3 (Yan et al., 2010; Zhao et al., 2006). 

It is difficult to develop single phase of BiFeO3. During the sintering procedure, 

different impurity phases Bi2O3, Bi25FeO39 and Bi2FeO9 appear due to volatile nature of 

bismuth oxide and metastable behavior of bismuth ferrite. The phase diagram of Fe2O3 

and Bi2O3 is given in Figure 1.10. The impurity phases Bi25FeO39 (bismuth-rich) and 
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Bi2FeO9 (bismuth-deficient) appear due to unequal amounts of Fe2O3 and Bi2O3 

(Catalan et al., 2009). 

 

Figure 1.10: Phase diagram of Fe2O3 and Bi2O3 showing bismuth ferrite with undesired 
impurities (Catalan et al., 2009) 
 

Therefore instead of some advantageous properties, some problems such as high 

leakage current, high dielectric loss, and weak antiferromagnetic order are associated 

with BFO due to the appearance of secondary phases like Bi2Fe4O9 and Bi25FeO39. 

These problems limit the usage of BFO in multifunctional devices (Muneeswaran et al., 

2013). The most effective ways to restrain the formation of secondary phases is 

substitution of isovalent rare earth ions (La3+, Dy3+, Ho3+, Nd3+ or Sm3+) or divalent ions 

(Ca2+, Sr2+, Ba2+, Pb2+) at A site of BFO (Lahmar et al., 2009; Lebras et al., 2009; Yu et 

al., 2008; Yuan et al., 2006; Kharel et al., 2009; Naganuma et al., 2008) or other ions 

(Nb5+, Mn4+, Cr3+, Ti4+) at B site (Wang et al., 2008; Jun et al., 2007; Chang et al., 

2007). Replacement of ions on A site is most significant as it decreases the number of 

Bi3+ which will further reduce the 6s2 lone pairs in the system. Oxygen vacancies will be 

created to overcome charge imbalance created by divalent ions. The multiferroic 
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properties of BFO are very sensitive to creation of vacancies, which will influence the 

degree of centrosymmetry of FeO6 octahedra and as a result dielectric and magnetic 

properties of BFO (Khomchenko et al., 2008).  

The ionic radii of substituting ions also play an imperative role in modification of 

crystal structure that in-turn enhance the magnetization and ferroelectricity of 

multiferroic materials (Muneeswaran et al., 2014; Martin et al., 2012). For example, 

Zhang and his colleagues (Zhang et al., 2006) and Das et al. (2007) recommended that 

La3+ replacement for Bi3+ suppresses impurity phases as well as stabilizes the single 

phase of BFO. The structural changes from rhombohedral to orthorhombic for the 

substitution of 30 mol.% La were observed with a destroyed cycloidal spin structure that 

appear in uniform canted antiferromagnetic ordering. Lotey and Verma (2012) found a 

structural change from rhombohedral to orthorhombic structure in Gd doped BFO. 

Khomchenko et al. (2010) and Wu et al. (2013) presented the structural transformation 

observed for the Dy and Ho substituted BFO. The difference in large ionic radii   at Bi- 

site due to addition of Ho causes an enormous structural distortion and improves 

electrical properties. In addition, Ho, being a magnetic element stimulates additional 

magnetic interactions that can improve magnetic properties and also eliminates the 

impurity phases (Naik et al., 2009). The inherent defects such as vacancies also 

influence the multiferroic properties of BFO. The highly dense materials without 

impurities have vital importance in controlling the leakage current (Suresh et al., 2014). 

Therefore, by using an appropriate synthesis route, sintering temperature and suitable 

rare earth elements or divalent ions, the magnetic and ferroelectric properties of BFO 

can be improved. 
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1.7: GOALS and OBJECTIVES 

Among multiferroic materials, bismuth iron oxide (BiFeO3) that exhibits 

magnetoelectric coupling between ferroelectric and ferromagnetic properties has gained 

significant attraction in research from both fundamental and technological points of 

view as both (Tc) and (TN) of this material lies above room temperature. The multi-

functionality of BFO provides opportunities to study fundamental physics but also 

facilitates to investigate its potential applications such as information storage, 

photosensitizers, spintronics, quantum electromagnets and sensors. However, the 

occurrence of secondary phases has limited its usage in industry. Though, synthesis of 

pure phase BiFeO3 is extremely difficult due to the volatile nature of Bi2O3 that leads to 

bismuth deficient phases and if excess of bismuth is employed, it leads to bismuth rich 

phases. Moreover, the synthesis of pure phase BiFeO3 requires high temperature 

annealing in the range of 400-700˚C. Therefore, main objective of this research work is 

to overcome these difficulties to synthesize pure phase BiFeO3 along with its excellent 

ferromagnetic and dielectric properties by using low cost and application oriented 

method.  

Theoretical approaches help us gain better or new insights into the observed 

experimental results or to predict new physics. Various softwares have gained interest 

for study of electronic, magnetic and dielectric properties of nanostructures. Our focus is 

to correlate theoretical investigations with the experimental results obtained by using 

Density Functional Theory (DFT) that is a powerful tool to investigate basic structural 

and electronic properties of the materials at atomic level.   
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1.8: ORGANIZATION of the THESIS 

This! dissertation concerns with the improved synthesis along with structural, 

magnetic, dielectric and morphological investigations of bismuth iron oxide. In addition 

use of density functional theory for theoretical calculations of bismuth iron oxide based 

nanostructures is also a part of this thesis. 

This research work comprises of 8 chapters. Chapter 1 deals with introduction of 

primary ferroics, ferroelectric, ferroelastic and ferromagnetic materials, multeferroics 

and bismuth iron oxide. In Chapter 2, literature review of BiFeO3, effect of different 

dopants on structural, electronic, magnetic and dielectric properties of BFO by using 

different experimental techniques have been stated. 

Chapter 3!consists of two parts. 1st part deals with the development of bismuth iron 

oxide based nanostructures by using sol gel and microwave assisted sol gel methods. 

While the 2nd part deals with the introduction of characterization techniques including 

X-ray diffraction, scanning electron microscopy, vibrating sample magnetometry and 

precision impedance analyzer. A theoretical approach (Density functional theory) 

adapted to examine the properties of bismuth iron oxide based nanostructures is also 

stated in this chapter. 

Chapter 4 deals with the experimental results obtained for the as-prepared bismuth 

iron oxide nanoparticles by using sol gel technique and also the effect of heat treatment 

on these nanoparticles is studied by using XRD, SEM and VSM. On the basis of results 

presented in this chapter, an optimized heat-treating cycle to get bismuth iron oxide 

based nanostructures with improved magnetic and dielectric properties is proposed. 
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In chapter 5, results of sol-gel experiments performed using ethylene glycol and 

acetic acid are given along with their comparison using various analyses mentioned 

above. 

Chapter 6 reveals the experimental results and details of the work undertaken in 

developing bismuth iron oxide based nanostructures by microwave assisted sol gel 

method. An optimum microwave power to obtain pure phase bismuth iron oxide based 

nanoparticles is stated in this chapter. This chapter combines XRD, SEM, FTIR, VSM 

and precision impedance analysis to explore the crystal structure, surface morphology, 

magnetic and dielectric properties of the samples.  

Theoretical investigations using Amsterdam Density Functional (ADF) package are 

part of chapter 7. Whereas, the summary of all this research work has been given at the 

end of this dissertation as Chapter 8.!List of publications produced from this work and a 

list of conference proceedings/presentations are listed in the appendix.  
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CHAPTER – II  

Literature Review 

Among various types of multiferroics, Perovskite-type BiFeO3 (BFO) is the only 

room temperature ferroelectric. But it offers few disadvantages like formation of 

secondary phases, current leakage and low magnetization. The La doping in BFO can 

effectively overcome these limitations (Lee et al., 2010; Lee et al., 2005). Suresh et al. 

(2014) synthesized LaxBi1-xFeO3 via sol-gel (SG) as well as solid-state (SS) reaction 

methods.  The samples were prepared by SG and SS route using citric acid as chelating 

agent for x = 0.0 - 0.4. They compared the structural transition with respect to the La 

content, the dielectric properties and magnetic behavior of these compounds. The R3c 

structure changed to orthorhombic Pbnm phase as the La doping increased. The smaller 

particle size ~0.4 µm of SG prepared samples resulted in the high densification. Pure 

BFO (without bismuth loss) cannot be prepared by the solid-state reaction and was 

obtained by the sol–gel method. Single phase LBFO prepared by sol-gel method 

revealed large value of dielectric constant than the one obtained by the solid-state 

reaction method. M-H loops showed a huge coercivity (HC) of the order of ~ 15 kOe in 

both SG and SS samples due to the high anisotropy in these samples. The increase in the 

magnetization was observed due to the destruction of spin cycloid structure. 

It has been reported that multiferroic properties of BFO greatly improved with Pr3+ & 

Zr4+ and La3+ & Ti4+ co-doping (Sati et al., 2012; Reetu et al., 2011). Arora et al. (2014) 

selected Gd3+ ions and Zr4+ ions for doping on Bi-site and Fe-site, respectively, with the 

aim of augmenting the magnetic properties of BFO. Single-phase Bi1-x GdxFe1-y ZryO3 

(x=0.06; y=0, x= 0.10, y=0 and x=0.10, y= 0.03) nanoparticles were prepared in order to 
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investigate the effect of Gd and Zr substitution on magnetic, structural and optical 

properties of BiFeO3. Magnetic properties effectively increased with increasing amount 

of Gd ions, however, magnetization reduced slightly with addition of 3% Zr ions in the 

system. Electron spin Resonance (ESR) analysis indicated that breaking of spin cycloid 

was the main reason for enhancement of magnetization. 

Nanosize effects on the physical properties of multiferroics have been studied in-

depth in the last few years due to their significant applications in different nanoscale 

devices. This is mainly due the fact that the particle size less than 62nm enhances both 

magnetic and!ferroelectric properties due to the simultaneous act of exchange along with 

spin-orbit interactions that causes spin canting (Park et al., 2007), and suppression of 

modulated spin structure (Selbach et al., 2007).  

Jaiswal et al. (2010) reported the wet chemical synthesis of BFO nanoparticles with 

excellent crystallinity. The sol was prepared using iron nitrate, bismuth nitrate, citric 

acid and ammonia. Sol was dried at 160˚C for 5 hours to get powder. Finally calcination 

was done at 350˚C for 6 hours to get the crystalline phase and also at 750˚C for 6 hours 

to examine the effect of particle size on the magnetic properties. XRD study confirmed 

the formation of BFO nano particles with average grain size of 55nm and TEM results 

showed crystallinity of nanoparticles. The XPS results showed a considerable!widening 

of binding energy peaks related to Fe3+ 2p3/2 core levels because of the reduced particle 

size. Collectively, due to nano-size effect, M-H loops provided novel information about 

the material in the form of spin glass transition at sufficiently low temperatures whereas 

changed behavior was observed at temperature of bulk transition. 
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Wang et al. (2010) reported a tartaric acid based sol–gel method to prepare pure 

BiFeO3 nanoparticles by fast sintering at comparatively low temperature. 5 mmol 

bismuth nitrate pentahydrate and ferric nitrate nonahydrate in stoichiometric proportions 

were dissolved in diluted nitric acid. Tartaric acid and ethylene glycol were then 

successively added and dried gel was obtained at 140˚C. The resultant dried gel was 

preheated to 400˚C. As a comparison, citric acid instead of tartaric acid was added as a 

chelating agent. XRD pattern confirmed the formation of pure rhombohedral structure of 

BiFeO3 when tartaric acid was used as chelating agent, whereas some impurities 

appeared when citric acid was used. TEM and SEM images revealed the formation of 

uniform nanoparticles with quite narrow size distribution. The particle size was about 

60–90 nm with polyhedron morphology. The distinctive tartaric acid! based sol–gel 

system!assisted the molecular level mixing of the metal ions, leading to the formation of 

pure BFO nanoparticles with uniform morphology at moderately low temperature. The 

magnetic hysteresis loop indicated weak ferromagnetism of BiFeO3 nanoparticles at 

room temperature that was different from the linear M–H loop within the bulk material 

(Chen et al., 2006; Zhang et al., 2005). This magnetic behavior was ascribed to the 

effect of size confinement. The same ferromagnetic behavior was also observed in 

BiFeO3 films (Wang et al., 2006), nanotubes (Chen et al., 2006), and nanocrystallites 

(Wang et al., 2007). 

Qian et al. (2010) selected Co and La ions to substitute Fe and Bi ions respectively. 

PVA (polyvinyl alcohol) was added as a surfactant for the preparation of Co and La co-

doped BFO.  By changing the relevant heat treatment, they succeeded in formation of 

single phase of Bi0.8La0.2Fe1-xCoxO3 (BLFCOx, x=0, 0.005, 0.01, 0.02) nanoparticles 
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using sol–gel route. The XRD peaks indicated the presence of pure phase of 

nanoparticles. The magnetic hysteresis plots of the prepared samples were determined at 

room temperature. These measurements indicated ferromagnetic and ferrimagnetic 

properties in the samples that were due to the uncompensated moment, at low fields, 

along the easy axis. !An increase in values of remanence and coercivities of BLFCOx 

nanoparticles at 10kOe was observed with increased Co content. A wasp-waist shape of 

hysteresis loop of all the BLFCOx nanoparticles was observed. 

Biasotto et al. (2011) used hydrothermal microwave method to prepare crystalline 

bismuth ferrite nanoparticles at 180˚C with times ranging from 5 min to 1 h. Through 

XRD analysis, the perovskite structure of crystalline BFO was noticed that belongs to 

R3c space group (Qi et al., 2005; Tutov at al., 1969). It indicated that hydrothermal 

method could effectively be applied to synthesize almost pure crystalline nanoparticles.  

Da Silva et al. (2011) developed a single step complete mechano-chemical synthesis 

of nanocrystalline BiFeO3 through processing of RFe2O3/Bi2O3 mixture at room 

temperature. It was shown that the mechanosynthesis preparation of rhombohedrally 

distorted perovskite BiFeO3 phase was done after 12 hours. In comparison with the 

conventional synthesis routes, the mechano-chemical processes correspond to a single-

step procedure. This method involves extraordinary yield, low temperature and low cost 

for the development of BiFeO3.  

Chen et al. (2011) used the sol–gel-hydrothermal method as a novel method to 

develop Bi1-xLaxFeO3 (x = 0, 0.15, 0.3, 0.4) powders below 200˚C. The influence of 

hydrothermal condition on the morphology and crystal structure of La doped BFO 

nanoparicles were examined. The raw materials including bismuth nitrate pentahydrate, 
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lanthanum nitrate, iron nitrate, potassium hydroxide and ethylene alcohol were used in 

this study. The XRD of the samples interpreted that pure BLFO crystallites which are 

rhombohedrally distorted perovskite structure with R3c at room temperature was 

obtained for x = 0.3. It was noticed that the concentration of mineralizer (KOH) affected 

the phase purity of samples. 

Lotey et al. (2012) used sol-gel method to prepare pure as well as Gd-doped BiFeO3 

nanoparticles. The precursors used in this work were Bi(NO3).25H2O, Gd(NO3)3.3H2O 

as well as  Fe(NO3)3.9H2O in combination with tartaric acid. The homogenous structure 

with reduced nanoparticle size was obtained at low temperature.  The XRD reflection 

peaks of pure BiFeO3 were well matched with rhombohedral structure (R3c) with 

hexagonal phase. No additional peaks of secondary impurities such as Fe2O3, Bi2O3, 

Bi2Fe4O9, and Bi24Fe2O39 were detected in pure and Bi1-xGdxFeO3 nanoparticles. XRD 

patterns of Bi1-xGdxFeO3 (x = 0.12, 0.15) clearly revealed extra peaks attributed to 

impurities. This indicated that BiFeO3 doped with Gd remained pure for x = 0.1. The 

size of particle of pure BiFeO3 nanoparticles and Gd-doped BiFeO3 nanoparticles was in 

the range of 15-25 nm. Nanoparticles, pure as well as doped with Gd, exhibited 

ferromagnetic behavior. It was observed that with the decrease in size of particle and 

increase in concentration of doping solution caused enhancement of magnetization 

value. The SEM images revealed that there was reduction in grain size with increase in 

Gd concentration. 

Kim et al. (2012) prepared single-phase BiFeO3 powders by a hydrothermal synthesis 

at temperature of 200˚C. The phase evolution, microstructure development and magnetic 

and dielectric properties of BiFeO3 ceramics were studied by using different 
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characterization techniques. XRD pattern confirmed the formation of single phase 

BiFeO3 dense ceramics with plate- or polyhedron-shaped morphology. The size of 

particles was from several hundred nanometers to several micrometers and changes in 

the XRD pattern were observed after annealing. BFO ceramics depicted linear M–H 

curves within the magnetic field of 15 kOe which showed antiferromagnetic behavior of 

BFO ceramics. The dielectric dispersion was seen at the frequency range of 10 kHz to 1 

MHz in the BFO ceramic sintered at 700˚C or lower that was due to the ionic defects 

that remained after annealing. The values of dielectric loss and dielectric constant of the 

BFO ceramics sintered at 700˚C or higher were about 0.4 and 85 respectively. 

Cai et al. (2012) studied the phase evolution from sillenite (Bi25FeO40) to perovskite 

BiFeO3) in the process of hydrothermal reaction. The starting chemical regents to 

prepare bismuth ferrite crystallites were bismuth nitrate, iron nitrate, hydrochloric acid, 

polyvinyl alcohol and potassium hydroxide. The concentration of KOH was changed 

from 3 to 10 M. The temperature was changed from 120–240˚C, with the duration time 

from 0 h to 24 h. XRD patterns confirmed the formation of sillenite Bi25FeO40 phase for 

the duration time of <6 h and Perovskite BiFeO3 was detected when the reaction time 

was increased to 12 h. When reaction time was increased to 24 h, sillenite Bi25FeO40 

almost shifted to perovskite BiFeO3. 

Despite an extensive study, the novel optical, electric and magnetic behavior of nano 

BFO with diverse morphologies is still a significant issue. Hydrothermal (HT) synthesis 

is frequently used to control the morphology of grains (Jiang et al., 2011). In microwave 

(MW) assisted technique materials are heated thoroughly, offering a huge decline of 

synthesis temperature, time and energy (Bilecka et al., 2009). Zou et al. (2012) 
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developed nano BiFeO3 (BFO) with three distinct microstructures by using 

hydrothermal (HT) method, microwave-assisted sol gel (MSG) method using KOH, 

ammonia aqueous (NH3.H2O) and citric acid (CA) solutions respectively. BFO 

synthesized via HA method depicted well-dispersed platelet-like BFO with an even 

diameter and thickness having values of ~1 µm and ~50 nm respectively. 

Dutta et al. (2013) reported the development of undoped and Sc3+ doped BiFeO3 

nanoparticles with the use of sonochemical technique. They prepared BiFe0.98Sc0.02O3, 

BiFe0.95Sc0.05O3, and BiFe0.9Sc0.1O3 nanostructures using: ferric nitrate, high-purity 

bismuth nitrate and scandium oxide. XRD patterns confirmed the presence of single 

phase in all samples with no impurities. EDX analysis was used to check the extent of 

Sc3+ doping in the samples. The size of the particles in the range from 25 to 30 nm was 

determined by using the transmission electron microscopy (TEM). These nanoparticles 

exhibited a weak ferromagnetism at room temperature and this behavior was quite 

different from the linear M−H relationship stated for bulk BiFeO3. Magnetoelectric 

coupling was detected in the BiFe0.95Sc0.05O3 sample. Well-shaped ferroelectric 

hysteresis loops at room temperature were measured for the doped samples. A weak 

coupling behavior was observed which was due to the ferromagnetism present in the 

samples.  

The morphology-dependent magnetic as well as optical properties were studied in 

BFO nanostructures (Park et al., 2007; Selbach et al., 2007). The hydrothermal method 

was extensively applied to prepare BFO with diverse microstructures with bismuth 

nitrate and ferric nitrate as precursors (Mi et al., 2011; Fei et al., 2011). The morphology 

of BFO was strongly affected by the alkaline concentration. Wang et al. (2013) 
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described a one-pot process to develop well-structured BFO microcrystals with the aid 

of microwave heating. An ultrasonic purification method was developed to attain pure 

BFO microcrystals from the crude materials without using any chemicals. SEM showed 

a change in microstructure from microsphere to microcube with increased amount of 

PMVEMA. 

Kumar et al. (2013) synthesized pure and 10 % Gd doped BiFeO3 nanowires of 100-

nm diameter by sol–gel template-assisted technique using anodic aluminium oxide 

template (AAO). They successfully improved the magnetic properties in BiFeO3 

nanowires. The XRD patterns elucidated that the structure of pure BiFeO3 samples had 

rhombohedral symmetry. The values of dielectric constant were around 379 and 533 for 

pure and 10 % Gd doped BiFeO3 nanowires, respectively at 1 kHz. Both samples 

showed dielectric dispersion. 

Chauhan et al. (2013) prepared Ba and Mn doped BiFeO3 by sol-gel method and 

reported the effect of Ba and Mn doping on structural, magnetic, dielectric, 

magnetoelectric chracteristics of BFO nanoparticles. Bismuth nitrate and barium nitrate 

ferric were used as precursors dissolved in deionized water. The yellow transparent 

solutions were stirred robustly for 12 hours at 333 K. Then the transparent solutions 

were dried for 2 days in oven to attain the fluffy gels. The lattice parameters calculated 

from XRD pattern using Rietveld refinement tool 'FullProf’ (Goswami et al., 2011) 

showed the replacement of Bi3+ ions with the Ba2+ ions. Ba content improved the unit 

cell volume and Fe-O-Fe bond angles as ionic radius of Ba2+ is larger than Bi3+ while 

Mn content reduced the unit cell volume and Fe-O-Fe bond angles because the ionic 

radius of Mn2+ has slightly small value than Fe3+. This resulted in structural phase 
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transition that was also confirmed from the Raman spectroscopy result. The distorted 

rhombohedral perovskite structure of BFO allows a weak ferromagnetic order due to 

canted spins (Sosnowska et al., 1982; Popov et al., 1993). The deformation in 

rhombohedral structure of BFO caused by the Ba2+ replacement revealed the spiral spin 

structure. The ferromagnetism at room temperature and improved remnant 

magnetization with Ba doping as compared to Mn doping in BFO samples was observed 

from magnetic measurements, which was ascribed to uncompensated spin moments of 

the nanoparticles along with the distortion in structure. An obvious variation in the 

dielectric constant near Neel temperature (TN) in both samples demonstrated the 

magnetoelectric coupling among magnetic and electric orders.  
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CHAPTER – III  

Experiment & Theory 

This chapter consists of two parts. 1st part deals with the development of bismuth iron 

oxide based nanostructures. While the 2nd part deals with the characterization techniques 

used for bismuth iron oxide based nanostructures. The theoretical base is also included 

in the 2nd part.  

Part - I 

According to advancement in the fields and different disciplines of science, it has 

been discovered that materials can be treated at an atomic scale to achieve specific 

applications through modern researches and experiments. In order to meet specified 

needs, physics and chemistry plays a crucial role leading to availability of sophisticated 

tools for characterization.  

3.1 Sol-Gel based Materials 

With unprecedented results, it has been proven that sol-gel method is relatively 

inexpensive processing of wide range of materials. Sol-gel method also known as 

inorganic polymerization, was first formulated by Ebelman in 1845. He used it to get a 

solid material by a process of hydrolysis of esters of silicic acid. In this process a 

solution is prepared having oxide or non-oxide precursors. With the help of this process, 

a coating can be applied to inside and outside of multifaceted shapes simultaneously.  

3.1.1 Elementary Reactions in the Sol-Gel Process 

Two elementary reactions (Hydrolysis and condensation) occur in the sol-gel method 

Addition of water molecules into a substance results in splitting of water molecules into 
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hydrogen cations (H+) and hydroxyl anions (OH-) called hydrolysis, whereas in 

condensation reaction two molecules are combined to form a single molecule. Figure 3.1 

describes the formation of sol and gel. 

 

Figure 3.1: Hydrolysis and condensation process (Corriu et al., 2009). 

3.1.2 Stages in Sol-Gel Polymerization 

In the first step, precursor is used to form nano-metric oligomers that after poly-

condensation give rise to cross-linked polymers. These polymers aggregate to form 

colloidal solution that is critical phase of sol-gel process. This viscous solution can 

shape the materials into different forms either thin films or fibres depending upon the 

requirements. !Steps in sol-gel process are explained below in the Figure 3.2. 
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Figure 3.2: Sol-Gel steps explaining various resultant structures (Riaz, 2007) 

The second step is the condensation of a sol into gel is a state of continuous network. 

This step is called the sol-gel transition step. This chemical reaction occurs at the 

surface of the colloids.  

In the third step solvent is removed from the gel, it is transformed into dense solid 

which has large number of bonds. This process is called phase development. Aerogel, 

highly porous and extremely low-density material, is formed after extraction of the 

liquid from the wet gel. Xerogel is a dense solid resulting from extraction of solvents 

under unconstrained shrinkage (Corriu et al., 2009).  

3.1.3 Chemistry of the Sol-Gel Method 

In the sol-gel method, solvent selection depends upon the nature of the precursor as 

shown in Table 3.1. 
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Table 3.1. Solvent selection on the basis of precursor 

Precursor Solvent 
Alkoxide Organic 

Inorganic Aqueous solution 
 

The preparation of metal oxide depends upon the poly-condensation reaction of metal 

alkoxide M(OR)z . 

Where  

OR= Alkoxy group 

Z= Oxidation state of metal atom 

Reaction of metal salts with alcohol results in metal alkoxides. 

MClz +zROH → M(OR)z +HCl 

The reaction depends upon electronegativity of the metal that is related to the 

chemical reactivity of the metal used. In order to complete an alcoholysis, a base is 

mixed in the reactive solution.  

First step involves hydrolysis of the alkoxy group that forms M-OH group. 

M – OR + H2O → M – OH + ROH 

Poly-condensation results in the formation of metal oxides. Two competitive 

mechanisms are: 

M – OH + HO – M → M – O – M + H2O 

M – OH + HO – M → M – O – M + ROH 

Multicomponent films can be developed using this method, and this process has good 

wetting ability. But this method is not commercially used due to its expensive and 

highly reactive nature. Therefore, inorganic precursors with aqueous solution are used 
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commercially. When metals are added into water they result in the formation of 

[M(H2O)]+3. M-OH2 bond formation gives electrons away from the water bonded 

molecular orbit. The bond of water molecule becomes weak due to transport of OH- and 

water starts to behave like acid rather than base as in the solvent water molecule. This 

results in formation of neutral precursor [M(OH)z]0. Reactions proceeding during this 

mechanism are (Livage et al., 2001) 

– M – OH +H2O – M –  →  – M – OH – M – + H2O 

– M – OH +HO – M   →  – M – OH – M  + H2O 

3.1.4 Limitations of the Sol-Gel Technology 

Besides all advantages of the sol-gel method, it never fulfils the entire industrial 

potential owing to certain limitations, e.g. weak bonding, high permeability, small wear 

resistance and challenging control of porosity. The maximum coating thickness of 

0.5µm can be achieved by using this method when crack free property is a crucial 

requirement. 

During thermal processes, entrapped organics within the thick coatings often appear 

that result in failure of the coatings. The sol-gel process is highly substrate dependent 

and difference in co-efficient of thermal expansion between film and substrate limits the 

wide use of sol-gel process (Riaz, 2007). Another limitation faced by sol-gel based 

sensors is the entrapment within the sol-gel glass that may result in the changes of 

characterization properties of the entrapped components that is due to the result of 

reduced level of freedom and interaction within the inner surface of the pores.    
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3.2 Preparation of BFO Nanoparticles by Sol-Gel 

For synthesis of bismuth iron oxide nanoparticles, bismuth nitrate and iron nitrate 

were used as precursors. Iron nitrate and bismuth nitrate were separately dissolved in 

ethylene glycol. Ethylene glycol, being a linearly structured molecule, helped in 

compensating for difference in hydrolysis rates of bismuth and iron. The two solutions 

were mixed together and heated on hot plate at 60˚C for several hours. The sol was then 

heat treated at 80˚C to obtain BFO nanoparticles (NPs). Two different methods were 

employed for synthesis of BFO NPs. The powders prepared were named as BFO-1 and 

BFO-2. The NPs were then calcined at 100˚C, 200˚C and 300˚C. 

3.3 Microwave Assisted Sol-Gel Method 

Research grade iron nitrate (Fe(NO3)3.6H2O, 99.9% purity) and bismuth nitrate 

(Bi(NO3),.5H2O, 99.9% purity) were used as precursors without further purification. For 

sol-gel process metal alkoxides are mostly used as precursors that have some downsides 

like high cost, toxic nature and high hydrolysis rate that makes it difficult to control the 

composition. Nitrates are cost effective precursors due to their low decomposition 

temperatures as compared to other salts (Gonj et al., 2009). The precursor solutions of 

bismuth and iron were prepared by separately dissolving Fe(NO3)3.6H2O, and 10wt% 

excess of Bi(NO3)3.5H2O in ethylene glycol. Excess 10 wt% bismuth was added to 

compensate for the loss of bismuth oxide. Bismuth and iron have different 

electronegativities (Fe ~1.83 and Bi ~2.03) that lead to different hydrolysis rates. 

Bismuth has a high hydrolysis rate as compared to iron so it becomes difficult to 

synthesize high quality sol without adding excess bismuth. Ethylene glycol 

(OHC2H4OH) is a linearly structured molecule with two hydroxyl groups which helps to 
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compensate for the difference in hydrolysis rates of bismuth and iron thus leading to the 

synthesis of a stable sol. Furthermore, it has been reported previously that choice of 

ethylene glycol as a solvent helps in not only achieving phase pure bismuth iron oxide at 

a lower temperature of 300oC but also helps in achieving ferromagnetic behaviour 

(Akbar et al., 2014; Riaz et al., 2014). Two solutions were prepared before the final 

synthesis. Solution 1 was prepared by dissolving 0.485g of bismuth nitrate in 30ml of 

ethylene glycol, which was stirred at room temperature for 60mins. Solution 2 was 

prepared by dissolving 0.403g of iron nitrate in 30ml of ethylene glycol, stirring at room 

temperature for 60mins. The two solutions were mixed together and stirred again at 

room temperature for 60mins. Mixed solution was then exposed to microwave radiations 

operated at fixed frequency (2.54GHz) with variation in power as 136W, 264W, 440W, 

616W and 800W. All of the steps, starting from sol synthesis, sol to gel conversion and 

finally gel to nanoparticles’ formation, were carried out under microwave radiations. 

The details can be seen in Figure 3.3. Inset of Figure 3.3 shows the snapshot of 

nanoparticles prepared using microwaves assisted sol-gel method. Previously, much of 

the attention was devoted to the use of microwaves in hydrothermal synthesis and even 

in this case the impact of microwave power level was not studied in detail. Cai et al 

(2013) studied the effect of microwave power in post-process sintering but the power 

they used was high i.e. 3.4-4kW. Gonjal et al. (2009) used microwave power of 800W 

and then heat-treated the amorphous powder for 24h at 500oC. 

The overall reaction mechanism, followed in this work, is proposed in Eqs. 3.1-3.5 

!"(!!!)! → !"!! + !!!!!!        (3.1) 

!"(!!!)! → !"!! + !!!!!!        (3.2) 
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!"!! + 3!!!! → !"(!")! → !"!!!      (3.3) 

!"!! + 3!!!! → !"(!")! → !"!!!      (3.4) 

!"!!! + !"!!! → 2!"#$!!        (3.5) 
 

 

Figure 3.3: Flow chart of preparation steps of BFO through microwave assisted sol-gel 
method 
 

Part - II 

3.4 Structural Analysis by XRD Technique 

Crystal structure and geometrical factors are very important to determine the diverse 

aspects of solid-state materials (e.g. powders, thin films, crystals etc.). X-Ray 

diffractometer is a novel tool to determine the microstructure of different materials 

down to the nanometer scale. 

The principle of diffraction is constructive interference of monochromatic X-rays. 

Constructive interference occurs only if the incident rays satisfy the Bragg’s law, given 

by:  
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Where  

n= reflection order (1, 2, 3…) 

d= atomic spacing of the planes 

In this research work bismuth iron oxide based nanoparticles were characterized by 

the Bruker D8 Advance X-ray diffractometer having Cu target and Ni filter. 

3.5 Scanning Electron Microscopy (SEM) 

The processing properties and behaviour of materials requires a detailed study of the 

material. SEM can singly be considered the ideal tool for detailed material 

characterization and gives ultra-fine information about the materials at nano level.  

Surface morphology of prepared samples were observed with the help of S-3400N 

Hitachi scanning electron microscope. This SEM has magnification of ×5 to ×300,000.  

3.6 Vibrating Sample Magnetometer (VSM) 

A vibrating sample magnetometer (VSM) is a standard and an effective technical tool 

that gives information about magnetic properties (saturation magnetization, coercivity, 

hysteresis and anisotropy). LakeShore 7407 Vibrating Sample Magnetometer was used 

for determining the magnetic behavior of prepared samples. 

3.7 Precision Impedance Analyzer 

Almost every material (solid and liquid) is able to pass current when voltage is 

applied across it. If a variable voltage is applied to the material, the total opposition to 

the current flow is impedance of the material that is normally expressed in complex 

notation given as: 

Z=R+iX 

2d Sin nθ λ=
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!Where  

R→ Ohmic resistance  

X → Reactance 

The impedance depends on the properties of the material i.e. physical structure of the 

material, chemical process without it or combination of both. Therefore, a change in 

impedance of the material is observed with the frequency of the applied voltage. The 

impedance spectroscopy is a non-destructive technique that is used to measure the 

complex impedance between electrical ports of a system under test in dependence of 

frequency (ω/2π).  In this research work, Wayne-Kerr 6500B precision impendence 

analyzer was used to get the frequency response of the material. The dielectric constant 

and dielectric loss factor were measured by using the obtained data. 

3.8 Fourier Transform Infrared (FTIR) Spectroscopy 

Infrared (IR) spectroscopy is widely used to assess the chemical nature of a substance 

including molecular interactions, chemical bonds and molecular energy levels. The total 

internal energy of a molecule is the sum of electronic energy levels, rotational and 

vibrational. Infrared spectroscopy involves interactions of electromagnetic fields in the 

IR region with matter. The electromagnetic (EM) waves generally interact with the 

molecular vibrations. By absorbing IR radiation a molecule gets excited to a higher 

vibrational energy state.  

FTIR analysis was performed to analyze the chemical interactions between the 

components. In this research work, FTIR transmittance spectra were recorded in the 

440–2000cm-1 with resolution of 5cm-1 region using M-2000 MIDAC FTIR. 
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3.9 Density Functional Theory (DFT) 

Density functional theory (DFT) is the best flourishing theoretical tool to investigate 

the fundamental ground state properties of different materials (i.e. structural, optical, 

electronic, and magnetic properties). It can also be used for studying the compounds 

with interesting properties of semiconductors, superconductors, half-metals, semi-

metals, and insulators. From applications point of view, DFT involves all kinds of bulk 

substances and nanostructures. DFT is also applied extensively in chemistry for the 

calculations of binding energies, bond angles, bond lengths, and nature of bonds, while 

in physics it can be used to explore the electronic band structures and magnetic 

properties of materials.  

Hohenberg, Kohn and Sham’s formulation uses electron density in order to explain 

the ground state properties of many-electron systems (Hohenberg et al., 1964; Kohn et 

al., 1965). Within the framework of this approach, the problem associated with 

interacting electrons in a static external potential is converted to a much easier-to-handle 

problem of non-interacting electrons that move in an effective potential. Nowadays, it 

can be applied for determining the electronic band structure of solids in physics and 

binding energy of molecules in chemistry.  In the present work, DFT calculations are 

used to investigate the electronic properties of bismuth iron oxide. Therefore, 

description of the method and an explanation of its features are necessary for the correct 

interpretation of the results obtained from the band structure calculations. 

An iterative process must be used to solve the Kohn-Sham equations self-

consistently. Since, determining the Kohn-Sham orbitals needs the information of the 

potentials which themselves be influenced by the spin density and hence on the orbitals 
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yet again. In recent times, progress has been done going beyond the LSDA by adding 

gradient in terms of the electron density to the exchange-correlation energy or its 

corresponding potential. Perdew et al. (1999) and Tao et al. (2003) presented a recent 

version called meta-GGA which is employed for the valuation of exchange-correlation 

energy not only the gradient of the density, but furthermore the kinetic energy density. 

But unluckily, such schemes are not so far self-consistent. 

3.10 Amsterdam Density Functional Program Package (ADF) 

ADF is a FORTRAN program for calculations on atoms and molecules level (in gas 

phase or solution). It can be used for the study of such diverse fields as molecular 

spectroscopy, organic and inorganic chemistry, crystallography and pharmacochemistry. 

A separate program BAND is available for the study of periodic systems: crystals, 

surfaces, and polymers. The COSMO-RS program is used for calculating 

thermodynamic properties of (mixed) fluids. 

The underlying theory is the Kohn-Sham approach to Density-Functional Theory 

(DFT). This implies a one-electron picture of the many-electron systems but yields in 

principle the exact electron density (and related properties) and the total energy. 
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CHAPTER – IV  

BFO Nanoparticles Prepared with Sol-Gel using EG –  

Results & Discussion 

This chapter contains results of bismuth iron oxide nanoparticles, prepared by sol-gel 

technique, obtained using various characterization techniques. The samples were 

prepared using ethylene glycol. Figure 4.1 shows XRD patterns for BFO NPs prepared 

using sol-gel method. The preparation conditions are given in Chapter – 3.  

BFO-1 shows amorphous behavior (Figure 4.1a). On the other hand, with change in 

synthesis conditions BFO-2 NPs show crystalline behavior. Diffraction peaks at 

2θ˚=22.2˚, 39.9˚, 50.9˚, 52.2˚ and 60.5˚ corresponding to planes (012), (202), (211), 

(122) and (125) indicate the presence of BiFeO3 phase. However, small diffraction 

peaks also indicate the presence of bismuth deficient Bi2Fe4O9 phase (Figure. 4.1b).       
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Figure 4.1: XRD patterns for BFO NPs (a) BFO-1 (b) BFO-2 

For studying the dielectric properties of bismuth iron oxide, impedance analyzer was 

used in parallel plate configuration. The parallel capacitance and parallel resistance were 

measured and then using Eq. 4.1 and Eq. 4.2 the dielectric constant ε and dielectric loss 

(tangent loss tan δ) were calculated.   

               (4.1) 

          (4.2) 

Where,  

C → capacitance, 

d → Thickness of the specimen 

A →Area of the device  

ε =
C × d
εo × A

ρπεε
δ

o2
1tan =
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εo →Permittivity of free space 

 ρ → Resistivity of NPs.  

Dielectric constant as well as tangent loss for BFO nanoparticles is plotted with 

respect to frequency in Figure. 4.2. Dielectric constant and tangent loss decrease as the 

frequency of applied field increases and becomes constant at high frequencies.!Decrease 

in dielectric constant at high values of frequencies can be described by using Maxwell-

Wagner two-layer model. According to this, the specimen is made up of two layers: 1) 

grains 2) grain boundaries. Grains are more conducting as compared to grain 

boundaries. At low frequencies the role of grain boundaries dominates thus resulting in 

high value of dielectric constant. At high frequencies the role of grains dominates that 

result in high value of dielectric constant. 

The value of dielectric constant of BFO-2 nanoparticles (300 at f=1KHz) is high as 

compared to that of BFO-1 (120 at f=1kHz) with low value of tangent loss. The high 

value of dielectric constant is attributed to the polycrystalline nature of BFO-2 (Figure 

4.1b). The polycrystalline nature of BFO-2 leads to increased number of grain 

boundaries that are less conducting thus resulting in high value of dielectric constant.  

 



!
!

!
!
!

45!

 

 

Figure 4.2: (a) Dielectric constant & (b) tangent loss as a function of dopant 
concentration 

 

Figure 4.3 shows M-H curve for bismuth iron oxide nanoparticles prepared using sol-

gel method. The particles show ferromagnetic behavior as opposed to antiferromagnetic 

nature of bulk BFO. The ferromagnetic behavior in BFO arises due to: 1) Suppression of 

spin structure. BFO has cycloidal spin arrangement of 620Å. So, as the particle size falls 
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below 620Å the helical spin structure is transformed to linear spin structure. This 

induces ferromagnetic behavior in otherwise antiferromagnetic BFO. 2) Presence of 

oxygen vacancies, and 3) valence fluctuation of Fe3+ and Fe2+ cations. 

BFO-2 nanoparticles show saturation magnetization of 1.75×10-3 emu. BFO-1 

nanoparticles show saturation magnetization of 1.5×10-3 emu. Ferromagnetic behavior 

of BFO-1 and BFO-2 nanoparticles is indicative of the particle size below 62nm 

(cycloidal spin arrangement of BFO).    

 

 

Figure 4.3: M-H curves for BFO nanoparticles 

Effect of temperature on the properties of BFO-2 was checked, and results of 

dielectric constant and tangent loss, calculated using Equations 4.1 & 4.2, are shown in 

Figure 4.4. 
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Figure 4.4: (a) Dielectric constant (b) tangent loss as a function of frequency 

 NPs show dispersion in low frequency region i.e. the values of dielectric constant (ε) 

and dielectric loss (tan δ) decrease with the increase in frequency and become constant 
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in the high frequency region (Figure. 4.4). The dispersion arises since the charge-

carriers require some time to get aligned in the direction of externally applied field. At 

high frequency, the field reversal is so high that the charge carriers have barely moved 

before field switches again (Arora et al., 2014). ! The dielectric dispersion curve is 

described by using Koop’s theory based on Maxwell-Wagner model according to which 

grain boundaries are found to be more active at low frequencies while grains are more 

active at high frequencies (Verma et al., 2011). The dielectric properties of thin films are 

influenced by both intrinsic and extrinsic properties. Among the intrinsic parameters 

film orientation, grain boundaries and dielectric response of single domain is extremely 

important. The small grain size can cause an increase in internal stresses to prevent the 

formation of 180° domain thus causing a decrease in dielectric constant of some 

multiferroic thin films (Tang et al., 2012).  

!Dielectric constant of BFO NPs calcined at different temperatures i.e. 100˚C, 200˚C 

and then at 300˚C is found to be 79, 112 and 195 (f =1kHz) with tangent loss of 5.0, 1.5 

and 1.2 respectively. Dielectric constant increases and tangent loss decreases with the 

increase in calcination temperature from 100˚C to 300˚C.    

Figure 4.5 shows M-H curves for bismuth iron oxide NPs prepared using sol-gel 

method. The NPs show ferromagnetic behavior as opposed to antiferromagnetic nature 

of bulk bismuth iron oxide. In bulk, bismuth iron oxide exhibits G-type 

antiferromagnetic behavior having magnetic spins which are perpendicular to [111]pc 

axis placed in (111) plane. Within the same plane, ferromagnetic coupling occurs 

between the adjacent spins while with the spins in adjacent planes the coupling is 

antiferromagnetic. However the spins are not actually perfectly antiparallel. Because of 
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Dzyaloshinskii-Moriya interaction (anisotropic exchange interaction) canting of spin 

arrangement occurs. This canting of spiral spin arrangement induces ferromagnetic 

behavior in BFO that is otherwise antiferromagnetic in nature.   

 

Figure 4.5: M-H curves for bismuth iron oxide nanoparticles 

The enhanced magnetic properties in our bismuth iron oxide NPs can be due to: 1) 

presence of oxygen vacancies (Riaz et al., 2011), 2) canted spin assembly and/or 3) 

because of suppression of helical spin order. Bismuth iron oxide has a cycloid spin of 

620Å which when suppressed gives rise to uncompensated spins. In addition, due to 

presence of oxygen vacancies in bismuth iron oxide structure Fe2+ cations are introduced 

in Fe3+-O2--Fe2+ order thus enhancing the magnetic properties (Jian et al., 2013, Shah et 

al., 2014).  

Saturation magnetization of bismuth iron oxide NPs increases as the calcination 

temperature is increased. Saturation magnetization of NPs calcined at 100˚C, 200˚C and 

300˚C is 7.125×10-4 emu, 1.28×10-3 emu and 1.59×10-3 emu respectively (Figure. 4.5).  
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CHAPTER – V  

BFO Nanoparticles Prepared with Sol-Gel using AA and EG –  

Results & Discussion 

Once it was established that synthesis conditions used for BFO-2 were better than the 

ones used for BFO-1, advanced experiments were carried out using the optimized 

conditions with both ethylene glycol and acetic acid. This time the calcination was 

performed under a magnetic field of 500 Oe using a vacuum system. 

Figure 5.1 shows M-H loops for both the acetic acid (AA) based and ethylene glycol 

(EG) based BFO nanoparticles. It can be seen that as-prepared EG based nanoparticles 

show ferromagnetic nature whereas AA based nanoparticles show para-magnetism. 

Once again canting is supposed to be responsible for ferromagnetism in EG based 

bismuth iron oxide nanoparticles. This canting of spiral spin arrangement induces 

ferromagnetic behavior in BFO that is otherwise antiferromagnetic in nature as has been 

discussed in the previous sections. The para- and ferro-magnetic nature of AA and EG 

based BFO nanoparticles prepared under these conditions persisted even after MF 

annealing at 100-300oC temperature, as shown in Figures 5.2 and 5.3 respectively.  
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Figure 5.1: Magnetic loops of bismuth iron oxide nanoparticles prepared using acetic 
acid and ethylene glycol 

 

Figure 5.2: M-H loops of BFO nanoparticles prepared by acetic acid after magnetic 
field annealing (500Oe) at various temperatures 
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Figure 5.3: M-H loops of BFO nanoparticles prepared by ethylene glycol after magnetic 
field annealing (500Oe) at various temperatures 
 

Various magnetic parameters such as coercivity, saturation magnetization and 

retentivity of these BFO nanoparticles prepared under AA and EG conditions were 

calculated and are shown in Figures 5.4 – 5.9. 
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Figure 5.4: Coercivity values of BFO nanoparticles prepared by acetic acid after 
magnetic field annealing (500Oe) at various temperatures 
 

 

Figure 5.5: Coercivity values of BFO nanoparticles prepared by ethylene glycol after 
magnetic field annealing (500Oe) at various temperatures 



!
!

!
!
!

54!

 

Figure 5.6: Saturation magnetization values of BFO nanoparticles prepared by acetic 
acid after magnetic field annealing (500Oe) at various temperatures 

 

Figure 5.7: Saturation magnetization values of BFO nanoparticles prepared by ethylene 
glycol after magnetic field annealing (500Oe) at various temperatures 
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Figure 5.8: Retentivity values of BFO nanoparticles prepared by acetic acid after 
magnetic field annealing (500Oe) at various temperatures 

 

Figure 5.9: Retentivity values of BFO nanoparticles prepared by ethylene glycol after 
magnetic field annealing (500Oe) at various temperatures 
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It can be seen in the above figures that BFO nanoparticles prepared with ethylene 

glycol (EG) show reasonable behavior since EG not only helps achieve phase-pure 

material it induces ferromagnetic nature in BFO nanoparticles. This starting 

ferromagnetic behavior forces the properties to go in the right direction with annealing 

temperatures. Whereas, AA based materials show paramagnetic nature initially with 

change to ferromagnetism after annealing so the erratic behavior in magnetic properties 

is expected. 

The dielectric behavior of these AA and EG based nanoparticles of bismuth iron 

oxide was also checked using Impedance Analyzer mentioned in Chapter 3. The 

dielectric constant and tangent loss (calculated using Equations 4.1 & 4.2) for these 

BFO nanoparticles are shown in Figures 5.10 – 5.13 for various annealing conditions. 

The dispersion, shown in these figures, arises since the charge-carriers require some 

time to get aligned in the direction of externally applied field. At high frequency, the 

field reversal is so high that the charge carriers have barely moved before field switches 

again (Arora et al., 2014). The dielectric dispersion curve is explained on the basis of 

Koop’s theory based on Maxwell-Wagner model according to which grain boundaries 

are found to be more effective in low frequency region while grains are more effective 

in high frequency region (Verma et al., 2011). 
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Figure 5.10: Dielectric constant vs. frequency plots of BFO nanoparticles prepared by 
acetic acid after magnetic field annealing (500Oe) at various temperatures 
 

 

Figure 5.11: Dielectric loss vs. frequency plots of BFO nanoparticles prepared by acetic 
acid after magnetic field annealing (500Oe) at various temperatures 
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Figure 5.12: Dielectric constant vs. frequency plots of BFO nanoparticles prepared by 
ethylene glycol after magnetic field annealing (500Oe) at various temperatures 

 

Figure 5.13: Dielectric loss vs. frequency plots of BFO nanoparticles prepared by 
ethylene glycol after magnetic field annealing (500Oe) at various temperatures 



!
!

!
!
!

59!

Currently, multiferroic materials have attracted great attention of scientists for 

research from both a fundamental and technological point of view due to their 

simultaneous ferroelectric and ferromagnetic properties (Fiebig, 2005; Eerenstein et al., 

2006; Ramesh et al., 2007; Nan et al., 2008; Bibes et al., 2008; Ma et al., 2011). 

Coupling effect between electric and magnetic behavior has attracted worldwide 

attention for electric field controlled magnetic memory, spintronic devices, 4-state logic, 

photonic devices and magnetoelectric sensors. BiFeO3 is well known single-phase 

compound that shows magnetic and ferroelectric behaviour simultaneously at room 

temperature. 

It has been shown in the previous results that ethylene glycol is a better option than 

acetic acid for preparation of bismuth iron oxide nanoparticles. Ethylene glycol 

(OHC2H4OH) is a linearly structured molecule with two hydroxyl groups which helps to 

compensate for the difference in hydrolysis rates of bismuth and iron thus leading to the 

synthesis of a stable sol. Furthermore, it has been reported previously that choice of 

ethylene glycol as a solvent helps in not only achieving phase pure bismuth iron oxide at 

a lower temperature of 300oC but also helps in achieving ferromagnetic behaviour 

(Akbar et al., 2014; Riaz et al., 2014). 

Figure 5.14 shows electric hysteresis of the optimized sample of bismuth iron oxide 

nanoparticles prepared using EG and then heat-treated at 300oC under a magnetic field 

of 500 Oe. A well-shaped ferroelectric loop is demonstrated in this figure. It is known 

for bismuth iron oxide to show room temperature ferroelectricity due to lone pair of s 

orbital of the Bi ions (Woodward et al., 2003). Existence of room temperature 
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ferroelectricity in these undoped bismuth iron oxide nanoparticles is an excellent 

demonstration of these materials to be a useful class of multiferroics. 

 

 

Figure 5.14: Ferroelectric hysteresis plot of bismuth iron oxide nanoparticles prepared 
using ethylene glycol and MF annealed at 300oC  
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CHAPTER – VI  

BFO Nanoparticles Prepared with Microwave Assisted  

Sol-Gel Technique – Results & Discussion 

The solution, for preparing BFO nanoparticles (details can be seen in Chapter 3), was 

exposed to microwave radiations operated at a fixed frequency (2.54GHz) with variation 

in power as 136W, 264W, 440W, 616W and 800W. All of the steps, starting from sol 

synthesis, sol to gel conversion and finally gel to nanoparticles’ formation, were carried 

out under microwave radiations. Previously, much attention was devoted to the use of 

microwaves in hydrothermal synthesis and even in this case the impact of microwave 

power level was not studied in detail. Cai et al (2013) studied the effect of microwave 

power in post-process sintering but the power they used was high i.e. 3.4-4kW. Gonjal 

et al. (2009) used microwave power of 800W and then heat-treated the amorphous 

powder for 24h at 500oC. 

Figure 6.1 (a-c) shows XRD patterns of bismuth iron oxide nanoparticles prepared 

using microwave assisted sol-gel method. Microwave powers of 136W, 264W, 440W, 

616W and 800W have been employed for the synthesis process.  
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Figure 6.1: XRD pattern of bismuth iron oxide nanoparticles prepared with varying 
microwave power (a) 136W (b) 264W and 440W (c) 616W and 800W  
 

Amorphous behavior of BiFeO3 nanoparticles was observed at microwave power of 

136W. (113), (202), (211), (018), (208) and (131) planes appeared at 264W and 440W 

indicating the formation of rhombohedrally distorted perovskite structure of BiFeO3 

(Figure 6.1b). Restructuring along with reduction in the crystallite size, from 29nm to 

22nm, was observed as the microwave power was increased to 616W. Such re-

structuring resulted in the appearance of bismuth rich phase (Bi24Fe2O39) along with 

BiFeO3 (Figures. 6.1c). Another phase shift with reduced crystallite size was observed at 

800W (Figure 6.1c). This phase shift resulted in the formation of phase pure BiFeO3 

with increased crystallinity. Previous studies, reporting the synthesis of bismuth iron 

oxide nanoparticles using sol-gel method, were all based on high temperature synthesis 
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of nanoparticles (Sakar et al., 2013; Das et al., 2012; Rashad, 2012; Lin et al., 2013; 

Zhao et al., 2013, Wang et al., 2013; Oliveira et al., 2013) and in the case of 

hydrothermal method long reaction times of 48hrs or more were required to achieve 

pure phase (Lidstrom et al., 2001; Phani et al., 2007; Phani et al., 2006). Cai et al. 

(2013) prepared BiFeO3 nanoparticles (0.6-1.6µm) using ball-milling method and 

obtained phase pure at microwave sintering power of 3.4kW. Whereas, in this research 

work, phase pure BiFeO3 is obtained, in tens of minutes, with the use of microwave 

power during synthesis without any post-treatment.    

The most important advantage that microwaves offer is the effect arising from 

volumetric heating. In this case the material absorbs microwave energy directly and 

converts it into heat energy internally. This is opposite to the conventional synthesis 

process in which heat diffuses from the surface of the material and the heating takes 

place through conduction only. In this case heat cannot be intensified and the maximum 

temperature is at the surface. Phenomena that lead to the microwave heating effect are: 

(1) dipolar polarization (2) interfacial polarization and (3) conduction mechanism 

(Lidstrom et al., 2001; Phani et al., 2007; Phani et al., 2006). If the frequency of field is 

high, inter-molecular forces stop the orientation of molecules before it tries to follow the 

applied field. This results in improper interactions among the particles, whereas no 

random interactions take place if the frequency is low (Lidstrom et al., 2001; Phani et 

al., 2007; Phani et al., 2006).  

In our case the phenomenon of dielectric polarization takes place because of the 

presence of dielectric molecule of ethylene glycol. On exposure to high microwave’s 

power the polar molecules try to orientate themselves in the direction of external field. 
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However, because of the presence of inertia between the molecules these are not able to 

follow the externally applied field. This results in high random motion at high 

microwave power levels and generates heat, which is sufficient for the growth of phase 

pure BiFeO3 along with increased crystallinity  (Lidstrom et al., 2001; Phani et al., 2007; 

Phani et al., 2006). 

The crystallite size and dislocation density were calculated using Eq. 6.1 and Eq. 6.2 

(Cullity, 1956; Riaz et al., 2007). 

        (6.1) 

         (6.2) 

The trend in crystallite size, crystallinity and dislocation density with respect to 

microwave power is plotted in Figure 6.2. The decrease in crystallite size was observed 

by increasing the microwave power that causes an increase in dislocation density.  In 

synthesis of nanoparticles the sizes of nanoparticles strongly depend on the rate of 

nucleation. As it has been mentioned earlier that during microwave synthesis the 

dielectric heating process leads to volumetric heating where the energy is transferred to 

the material selectively. As a result of which the intrinsic temperature is localized 

around the ion and is high as compared to that in the non-microwave treated solution. 

This localized heating controls the rate of nucleation and delays Ostwald ripening 

mechanism (Farhadi et al., 2010). It can be seen in Figure 6.2 that crystallite size 

reduces by increasing the microwave power. 
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Figure 6.2: Effect of microwave power on (a) crystallite size and crystallinity & (b) 
dislocation density of BiFeO3 nanoparticles 
 

The lattice parameters and X-ray density are determined on the basis of hexagonal 

distortion in the rhombohedral unit cell using Powder Cell Software and compared with 

Eqs. 6.3 and 6.4. 
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       (6.3) 

 

          (6.4) 

(hkl) → Miller indices 

 V   → The volume of unit cell in Å3 

 ΣA  → The sum of atomic weights of the atoms in the unit cell.  

Lattice parameter, unit cell volume and X-ray density are plotted with respect to 

microwave power in Figure 6.3(a,b). The lattice parameter ‘a’ increases and ‘c’ 

decreases as the microwave power increases to 616W and further increase in the 

microwave power reverses the order (Figure 6.3a) consequently changing the unit cell 

volume (Figure 6.3b) relatively. This arises due to the fact that at low microwave power 

the bismuth rich phase was present that consequently leads to change in lattice 

parameters, X-ray density and volume of the unit cell.   
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Figure 6.3: (a) Lattice parameters (b) unit cell volume and density as a function of 
microwave power 
 

The high value of X-ray density indicates a compact structure of nanoparticles. 

Refined cell parameters, obtained using Powder Cell software, are given in Table 6.2.    
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Table 6.2 
Refined cell parameters of microwave assisted bismuth iron oxide nanoparticles 

obtained using “Powder Cell” software 
 

 Input parameters 
X-ray 

Wavelength= 
1.5405Å 

Symmetry: 
Hexagonal 

Output Parameters 

Microwave 
power  

h k l 2θ˚ d-spacing 
(Å) 

Standard 
deviation in 
2θ˚ 

RMS error a (Å) c(Å) 

264W 
1 1 3 38.10 2.3600 

2.697398×10-6 1.490116×10-8 5.52657 13.61024 
2 0 2 39.90 2.2576 

440W 
1 1 3 38.00 2.3660 

3.81646×10-6 7.45058×10-9 5.539609 13.65238 2 0 2 39.80 2.2631 

616W 

1 1 3 38.10 2.3600 

0.4300651 1.34509×10-3 5.611216 13.26773 2 0 2 39.80 2.2631 
0 2 4 46.10 1.9674 
2 1 1 49.90 1.8261 

800W 

1 0 4 31.60 2.7989 

0.00 7.235888×10-4 5.499144 13.89661 
1 1 0 32.80 2.7283 
0 2 4 38.000 1.9554 
2 0 2 39.500 2.2576 
1 1 6 51.400 1.7763 

 

In order to further verify the changes that occur during the microwave synthesis of 

BiFeO3 nanoparticles Fourier Transform Infrared (FTIR) spectroscopy was carried out. 

Figure 6.4 shows FTIR of BiFeO3 nanoparticles prepared with microwave assisted sol-

gel method. Hydroxyl group and residual water are normally noticed in the as-grown 

samples that can be eliminated with the help of heat treatment. It is well known that rise 

in solution temperature or pressure has significant role for the hydroxylation of metal 

ions (Bhushan et al., 2009). 
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Figure 6.4: (a) FTIR of bismuth iron oxide nanoparticles prepared by microwave 
assisted sol-gel route (b) Magnified view of FTIR in wave number range of 445-800cm-1 
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OH- ions were noticed in the crystallized nanoparticles that were due to alkali used in 

the present reaction conditions. Moreover, the hydroxyl content (i.e. at 680cm-1) was 

found to decrease with increased microwave power. IR bands at 1081cm-1, 1381cm-1 

and 1677cm-1 decrease as the microwave power is increased to 616W. This could be due 

to strong action of microwaves to eliminate such groups at higher energies. (Wang et al., 

2013; Bhushan et al., 2009; Ke et al., 2011; Chen et al., 2011). Wang et al. (2013) have 

reported such IR bands in BiFeO3 nanoparticles prepared by solid-state reaction at 

600oC. Decrease in intensity of these bands indicates a decreased contribution from 

carbonates and nitrates in these bismuth iron oxide nanoparticles using high microwave 

power. Absorptive bands at 400–600 cm-1 can be attributed to Fe–O bending and 

stretching vibrations that are features of the octahedral FeO6 groups present in the 

perovskite compounds. These bands also correspond to BiO6 structure. Band appearing 

around 629cm-1 belongs to Fe-O and Bi-O. Hu et al. (2011) observed these metal-oxide 

bands in BiFeO3 nanoparticles prepared by wet chemical method. Absorption bands for 

bismuth oxide and iron oxide both occur at the same wave number and are broad thus 

indicating the formation of BiFeO3. Biasotto et al. (2011) have reported that the 

formation of metal-oxide bands confirmed the formation of perovskite structure. Metal-

oxide bands can be clearly seen in Figure 6.4(b). 

Figure 6.5 shows SEM images of bismuth iron oxide nanoparticles. Spherical 

nanoparticles, with diameter ~100nm, were observed at microwave power of 136W 

(Fig. 6.5a). Particles with similar shape but reduced size ~ 60 nm were observed by 

increasing the microwave power to 264W (Fig. 6.5b). Cubic shaped nanoparticles with 

diameter ~100 nm were observed at 440W. However, closer insight of Figure 6.5(c) 
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reveals that these nanopartilces are made up of small particles of ~ 20-25 nm. Further 

increase in the microwave power to 616W resulted in agglomerated nanoparticles with 

~35nm diameter (Figure 6.5d). This agglomeration might have been observed because 

of re-structuring in the crystallographic phases as was observed in the XRD pattern 

(Figure 6.1c). A notable change in the shape and size was noticed with further increase 

in microwave power to 800W. Nano-needles like structures with diameter of ~15 nm 

can be seen in Figure 6.5(e) at 800W.  
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Figure 6.5: SEM images of BiFeO3 nanoparticles with different microwave powers (a) 
136W (b) 264W (c) 440W (d) 616W (e) 800W 
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Previously reported grain sizes ≥ 40nm were prepared by rapid phase liquid sintering 

method at a temperature of 860˚C. Wang et al. (2013) reported grain size of 80-500nm 

using solid-state precursor method. Ponzoni et al. (2013) prepared cubic agglomerates 

with size in the range of 0.2-0.8µm using microwave assisted hydrothermal synthesis. 

Cai et al. (2013) obtained grain sizes of BFO ceramics in the range of 0.6-1.6µm using 

microwave sintering method. 

 Frequency dependent dielectric constant (ε) and dielectric loss (tan δ) were 

calculated using Eq. 4.1 and Eq. 4.2. A decrease in dielectric constant (ε) and dielectric 

loss (tan δ) is observed as frequency is increased and becomes constant at higher values 

of frequency that can be seen in Figure 6.6. 
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Figure 6.6: (a) Dielectric constant and (b) Tangent Loss for BiFeO3 nanoparticles as a 
function of frequency  
 

Dispersion arises, as the space-charge carriers present in the specimen require some 

time to get aligned in the direction of external electric field. At low frequencies, the 

space charge carriers get enough time to align in the direction of oscillating field. As the 

frequency is increased the space charge carriers do not get enough time to get aligned 
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with field before the field switches again so dielectric constant and loss become constant 

at high frequencies.  This variation in dielectric constant is in agreement with Maxwell-

Wagner two-layer model. This model describes that the polarization in a dielectric 

material arises due to inhomogeneity in the structure. Grains, more conducting, are 

detached by the grain boundaries that are less conducting. The electrons within the 

grains reach the boundary via electron hopping process. Due to low conductivity / high 

resistivity of the grain boundaries, electrons pileup at the grain boundaries resulting in 

space charge polarization. With the increase in frequency of external field, only few 

electrons reach the grain boundaries thus decreasing the dielectric constant (Verma et 

al., 2011; Nasir et al., 2011). 

Figure 6.7 shows dielectric constant (ε) and dielectric loss (tan δ) with respect to 

microwave power with different frequencies.  Dielectric constant comes from both 

intrinsic and extrinsic parameters including (i) crystallite / grain size, (ii) grain 

boundaries, (iii) stresses, (iv) crystal field and (v) domain wall pinning etc. Crystal field 

associated with surface bonds changes with the decrease in crystallite / grain size thus 

changing the dielectric constant (Nasir et al., 2011).  
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Figure 6.7: (a) Dielectric constant (b) Tangent Loss as a function of microwave power  

Decrease in crystallite size increases the grain boundaries hindering the hopping-

process between different states and grains (Bhushan et al., 2009; Verma et al., 2011). 

The accumulation of cations at the grain boundaries increases the resistance and 

ultimately the dielectric constant values. These increased dielectric values have been 
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correlated to structural changes that are indicative of large number of grain boundaries 

(Figure. 6.7a). High dielectric constant ‘ε’ (~135 at 1kHz) was observed at 264W. 

Higher values of ε at all frequencies might have been observed because of the formation 

of phase pure BiFeO3 at 264W [XRD result of Fig. 6.1(b)] and then shows a minimum 

value of ε at 616W. This lowest value might have been observed because of the 

formation of mixed BiFeO3 phases at 616W as observed in Figure 6.1(c). Dielectric 

constant value again increases, at all frequencies, with increase in microwave power to 

800W. This trend is again in agreement with the structural results presented in Figure 

6.1(c). Phase pure BiFeO3, with increased crystallinity and reduced crystallite size, 

generates high value of dielectric constant. Variation in dielectric constant and tangent 

loss can be because of several more reasons including oxygen vacancies and unit cell 

contraction that lead to decrease in displacement of Fe3+ cations in Fe-O system. 

Bhushan et al. (2009) reported dielectric constant of 45.5 for undoped bismuth iron 

oxide nanoparticles using sol-gel method. Yang et al. (2010) reported dielectric constant 

of ~38 for Ba doped BFO using sol-gel method with synthesis temperature of 650˚C. 

Pandit et al. (2011) reported dielectric constant of 88 for lanthanum doped BiFeO3 

ceramics prepared using solid-state reaction route.  

Figure 6.8 shows room temperature magnetic properties of bismuth iron oxide 

nanoparticles prepared using microwave powers of 136W, 264W, 440W, 616W and 

800W. Paramagnetic behavior of bismuth iron oxide nanoparticles was observed at 

microwave power of 136W. This result is in agreement with the amorphous XRD result 

shown in Figure 6.1(a). Weak ferromagnetic behavior was observed at 264W and 440W. 

Presence of open hysteresis in un-doped BiFeO3 nanoparticles indicates the formation of 
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ferromagnetic domains. As a result, spin orbit coupling canting between two adjacent 

planes produces uncompensated magnetic moment of Fe3+ cations, which is the cause of 

ferromagnetic behavior (Akbar et al., 2014). The uncompensated magnetic moment 

seems to have appeared during sol’s synthesis (Riaz et al., 2011) since in our case even 

un-doped films show ferromagnetic behaviour. Strong ferromagnetic behavior is 

observed at microwave powers of 616W and 800W. Increased value of saturation 

magnetization (~14emu/g) was observed in case of phase pure BiFeO3 nanoparticles 

prepared at 800W.  

 

Figure 6.8: Room temperature magnetic properties of bismuth iron oxide nanoparticles 
with microwave power (a) 136-440W (b) 616W, 800W 
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Change in magnetic properties from bulk antiferromagnetic to weak ferromagnetic 

and then consequently to strong ferromagnetic arises due to several factors:  

(1) Suppression of spiral spins structure. BiFeO3 exhibits G-type antiferromagnetic 

behavior with magnetic ordering period of 62nm (Sakar et al., 2013; Das et al., 2012; 

Rashad, 2012). The decrease of nanoparticle’s size below this order induces 

ferromagnetic behavior in otherwise antiferromagnetic BiFeO3.  

(2) Presence of un-compensated spins at the surface that leads to spin canting.  

(3) Deficiency of oxygen that relates to conversion of Fe2+ cations to Fe3+ cations 

(Oliveira et al., 2013).  

However, the last reason has less weightage as the magnetic moment of Fe+2 cations 

is extremely close to that of Fe+3 cations (Oliveira et al., 2013). Variation in saturation 

magnetization (Ms) and coercivity (Hc) with respect to microwave power is given in 

Figure 6.9.  

 

Figure 6.9: Effect of microwave power on saturation magnetization and coercivity of 
nanoparticles 



!
!

!
!
!

82!

 

It is important to mention here that magnetic properties reported in this work, for 

phase pure BiFeO3, are much enhanced as compared to those reported in the literature. 

Varshney et al. (2014) obtained weak ferromagnetic behavior in Pr-doped BiFeO3 using 

solid-state reaction route. Wang et al. (2013) prepared BiFeO3 nanoparticles using solid-

state precursor method and obtained antiferromagnetic behavior. Li et al. (2013) 

observed weak ferromagnetic behavior in La doped BiFeO3 nanoparticles prepared 

using sol-gel method.  
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CHAPTER – VII  

BFO Nanoparticles – Theoretical Results & Discussion 

ADF is a FORTRAN program for calculations on atoms and molecules level (in gas 

phase or solution). It can be used for the study of such diverse fields as molecular 

spectroscopy, organic and inorganic chemistry, crystallography and pharmacochemistry. 

A separate program BAND is available for the study of periodic systems: crystals, 

surfaces, and polymers. The COSMO-RS program is used for calculating 

thermodynamic properties of (mixed) fluids. 

The underlying theory is the Kohn-Sham approach to Density-Functional Theory 

(DFT). This implies a one-electron picture of the many-electron systems but yields in 

principle the exact electron density (and related properties) and the total energy. 

The program BAND was used for theoretical calculations on bismuth iron oxide at 

nano level (30 atoms in total were used for these calculations). The main starting points 

are given here, along with the atomic arrangement of Bi, Fe and O atoms in the unit cell.  

Material name: BiFeO3 

Structure type: Rhombohedral distorted perovskite structure (Hexagonal) 

Space group: R3c 

Lattice constants: a= 5.5725 Å and c= 13.8437 Å 

Total atoms: 30 
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It has been observed that there is structural distortion of the oxygen octahedral with a 

rotation angle (ω = 11-14˚) around the polar axis. Whereas, the rotational angle of the 

oxygen octahedra in case of ideal cubic perovskite should be zero, due to the same size 

of ions. The difference in size of ions results in tilted metal–oxygen octahedral. The 

value of tolerance factor (t) for bismuth iron oxide was obtained as 0.88 (Goldschmidt, 

1926) with bismuth ions in eight-fold coordination and iron ions in six-fold coordination 

with high spin (Moreau et al., 1971). As ‘t’ becomes smaller than unity the oxygen 

octahedral tilts and fits into small unit cell. As a result, distortion in Fe-O-Fe angle 

occurs that is the main factor to control the magnetic exchange and orbital overlapping 

among oxygen and iron ions in bismuth iron oxide (Moreau et al., 1971; Shannon, 

1976). 

Figure 7.1 shows the total density of states plots for bismuth iron oxide nanoparticles. 

It can be seen in this figure that the total density of states appear symmetrical for both 

majority and minority spins. This would mean that there is no magnetic moment in BFO 

nanoparticles, whereas a clear magnetic hysteresis has been observed experimentally. 

This figure shows total spin polarized density of states using the GGA+U 



!
!

!
!
!

85!

approximation. The value of U has been used to be equal to 5 eV taken from the 

literature (Jeng et al., 2006).  

 

Figure 7.1: Total Density of States for majority and minority spins in BFO 
nanoparticles 

Therefore, partial density of states is plotted, for all 3 elements, as shown in Figures 
7.2 – 7.4. 
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Figure 7.2: Partial Density of States for the individual elements of BFO 

 

Figure 7.3: Partial Density of States for s & p bands of oxygen and Bi along with s & d 
bands of Fe  
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It is clear from the above figures that no states of Fe d orbital are present at the Fermi 

level with the application of the present U value. The fully occupied d orbitals are 

pushed down with respect to Fermi energy. Fermi level is shifted towards the edge of 

the conduction band with occupied d orbital. It is to be emphasized that the system has 

moved towards the high-energy region as compared to GGA approximation. It is clear 

that the highest peak in the valence band is due to Bi s states while conduction band is 

formed by the Bi p and Fe d states. The lowest conduction band at -10 eV is mainly 

from Bi p states. From -35 to -14 eV, the valence band is formed by the Bi s and O p 

states. The hybridization between Bi and O is obvious, which is the driving force of 

ferroelectricity in such ferroelectric materials. To examine the stability of BiFeO3 spinel 

structure we calculated the energy formation of the optimized geometry. The total 

energy of BiFeO3 nanoparticles with GGA+U is -135 eV indicating the stability in 

structure.  

According to the crystal field theory, Fe five-fold d orbital splits into doubly 

degenerate states eg and t2g. Figure 7.4 shows the partial density of states crystal field 

theory of BiFeO3 structure to understand the degeneracy of d orbital of Fe t2g high-

energy states (dxy, dyz, dzx) and eg (dz
2, and dx

2
-y

2) states at the lower energy. It is clear 

that minority and majority spin are fully occupied with 6 electrons due to eg (dx
2

-y
2) and 

t2g (dxy) orbitals. 
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Figure 7.4: Partial Density of States of Fe d orbital with doubly degenerate states eg and 
t2g 
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CHAPTER – VIII  

Conclusions 

Bismuth iron oxide nanoparticles were prepared using low cost, application oriented 

sol-gel method. Two different types of nanoparticles were prepared named as BFO-1 

and BFO-2. BFO-2 nanoparticles showed crystalline behavior while BFO-1 

nanoparticles showed amorphous behavior. High value of dielectric constant (280) and 

low tangent loss (1.25) were observed for BFO-2 nanoparticles due to their crystalline 

behavior. These nanoparticles showed ferromagnetic behavior due to conversion of 

helical spin structure to linear spin structure. These nanoparticles can have applications 

in the relevant technology by making thin films based on these nanoparticels.  

These nanoparticles were calcined at 100˚C, 200˚C and 300˚C. With increase in 

calcination temperature from 100-300˚C, the dielectric constant increased from 79 to 

195, whereas dielectric loss changed from 5.0 to 1.2. These bismuth iron oxide 

nanoparticles showed ferromagnetic behavior with saturation magnetization of  

1.59×10-3 emu. Ferromagnetic behavior in otherwise antiferromagnetic bismuth iron 

oxide arises as the helical spin structure is suppressed thus, converting to linear spin 

structure. 

The above-mentioned BFO nanoparticles were prepared using ethylene glycol (EG). 

Once the synthesis conditions were optimized advanced experiments were carried out 

using ethylene glycol (EG) and acetic acid (AA). This time the annealing was performed 

under magnetic field of 500 Oe. Once again EG based nanoparticles showed better 

properties than the ones prepared by AA. The EG based nanoparticles were also tested 

for room temperature ferroelectricity, and a clear polarization hysteresis loop was 
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observed for these BFO nanoparticles.  

Bismuth iron oxide nanoparticles were also prepared by a novel microwave-assisted 

sol-gel technique. This technique utilized microwaves for all preparation steps starting 

from sol synthesis to gel formation and to nanoparticles. In summary: (1) Bismuth iron 

oxide nanoparticles have been prepared using microwave assisted sol-gel method. 

Microwave power was varied as 136W, 264W, 440W, 616W and 880W. Ethylene 

glycol was used as a solvent. (2) Nanoparticles prepared using low microwave power of 

136W showed amorphous behavior whereas, phase pure BiFeO3 was observed at 

microwave powers of 264 – 440W. Re-structuring in crystallographic phases at 616W 

resulted in mixed BiFeO3. Phase pure BiFeO3 nanoparticles were once again obtained at 

800W. Crystallite size reduced with the increase in microwave power. (3) Appearance 

of absorption bands between 470cm-1 to 600cm-1 correspond to BiO6 and FeO6 

structures indicating the formation of BiFeO3 phase (4) Spherical and cubic shaped 

nanoparticles (~60-100nm) were observed at microwave powers of 136-440W. 

Increasing the microwave power to 616W reduced grain size of 35nm. Nanoneedles, 

~15-20nm diameter, were observed at 800W. (5) High value of dielectric constant ~135 

at 1 kHz and low dielectric loss of 3.5 was observed at 264W. (6) Strong ferromagnetic 

behavior (Ms ~14emu/g) as opposed to antiferromagnetic nature of BiFeO3 was 

observed at 800W.  

Density functional theory (DFT) is the best flourishing theoretical tool to investigate 

the fundamental ground state properties of different materials (i.e. structural, optical, 

electronic, and magnetic properties). The program BAND of the ADF package was used 

for theoretical calculations on bismuth iron oxide at nano level (30 atoms in total were 
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used for these calculations). The main starting points are given here, along with the 

atomic arrangement of Bi, Fe and O atoms in the unit cell.  

Material name: BiFeO3 

Structure type: Rhombohedral distorted perovskite structure (Hexagonal) 

Space group: R3c 

Lattice constants: a= 5.5725 Å and c= 13.8437 Å 

Total atoms: 30 

 

The total and partial density of states for these BFO nanoparticles were obtained and 

it became clear that the highest peak in the valence band was due to Bi s states while 

conduction band was formed by the Bi p and Fe d states. The lowest conduction band at 

-10 eV was mainly from Bi p states. From -35 to -14 eV, the valence band was formed 

by the Bi s and O p states. The hybridization between Bi and O was obvious, which is 

the driving force of ferroelectricity in such ferroelectric materials. Ferromagnetism in 

these BFO nanoparticles, as opposed to anti-ferromagnetic nature of bulk BFO, was also 

evident in the partial density of states plots; Fe is mainly responsible for the asymmetry 

in the PDOS plots. 
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Abstract Among the various multiferroic materials bis-
muth iron oxide is a promising candidate due to its relatively

high antiferromagnetic Neel temperature and high ferro-

electric Curie temperature as compared to all other multif-
erroic materials. However, synthesis of phase pure BiFeO3 is

extremely difficult due to the volatile nature of Bi2O3 that

leads to bismuth-deficient phases and if excess of bismuth is
employed it gives rise to bismuth rich phases. Moreover, the

synthesis of phase pure BiFeO3 requires high temperature

annealing in the range of 400–700 "C. In order to overcome
these difficulties, we here report microwave-assisted sol–gel

synthesis of phase pure BiFeO3 nanoparticles. In the present

study, power of microwaves is varied as 136, 264, 440, 616
and 800 W. XRD results show formation of phase pure

BiFeO3 with rhombohedrally distorted perovskite structure

at 264, 440 and 800 W. Crystallite size decreases to 21 nm
with the increase in microwave power to 800 W. The pre-

sence of absorption bands at 470 and 580 cm-1 in FTIR

spectra, corresponding to FeO6 and BiO6, indicate the for-
mation of pure BiFeO3 phase. BiFeO3 nanoparticles show

high dielectric constant (135 at 1 kHz) at 264 W. SEM
images show the formation of spherical and cubic nano-

particles in the range of 100–150 nm with microwave

powers of 136–440 W. Increasing the microwave power to
616 W gives spherical nanoparticles with sizes of 60 nm

while further increasing the microwave power to 800 W

results in nanoneedles with diameter of 30 nm. Ferromag-
netic behavior, instead of antiferromagnetic nature of Bi-

FeO3, is observed for the nanoparticles prepared at

microwave power of 616 and 800 W. This demonstrates that
microwave-assisted sol–gel technique gives phase pure Bi-

FeO3 nanoparticles using low power and less time, along

with excellent ferromagnetic and dielectric properties as
compared to conventional heating method.

Keywords Sol–gel ! Ferromagnetism ! BiFeO3 !
Microwaves ! Dielectric

1 Introduction

Multiferroic materials that exhibit magnetoelectric coupling

between ferroelectric and ferromagnetic/antiferromagnetic
properties have found wide applications in data storage, spin-

tronic devices, photonic devices, electronic devices and non-

volatile memories. Bismuth iron oxide belongs to the family of
perovskite structures that exhibits ferroelectric and ferromag-

netic properties with high transition temperature along with the
magneto-coupling effect [1–5]. Bismuth iron oxide is quite

difficult to prepare due to the volatile nature of Bi2O3 that leads

to bismuth-deficient mullenite phase Bi2Fe4O9, whereas
excess of bismuth, used to compensate for the volatile nature of

Bi2O3, leads to bismuth excess sillenite phase Bi24Fe2O39 [2–

6]. The impurity phase of bismuth iron oxide can be removed
by leaching in the presence of HNO3. However, such process

yields particles with poor/coarse surface and extremely poor

reproducibility [3–8]. Previous reports depict that high tem-
peratures in the range of 400–700 "C are required to synthesize

phase pure BiFeO3 [4–10]. In addition, a-Bi2O3 compound

required for the formation of phase pure BiFeO3 evaporates
under high temperature treatments. Moreover, applied field of
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approximately 200 kV cm-1 can cause decomposition of

BiFeO3 thus forming Fe2O3 phase with bismuth iron oxide [4].
There are many methods that can be used for the syn-

thesis of BiFeO3 nanoparticles including hydrothermal

method, co-precipitation method and sol–gel method.
Hydrothermal method requires long reaction times and

high temperatures [11]. Similarly, using sol–gel and co-

precipitation method high temperature treatment, at or
above 600 "C, is required [6, 7]. These problems can be

overcome by using microwave-assisted sol–gel technique
[12–15]. Use of microwaves instead of conventional heat-

ing process has been widely used in organic synthesis

because of the high heating speed/rate, low synthesis time,
restraining the side reactions and resulting in high repro-

ducibility [12]. Microwaves frequency lies in the range of

300 MHz–300 GHz. The alternating electric and magnetic
fields of microwaves interact with the specimen. As a result

of these interactions, polar molecules like water tend to

orient in the direction of applied field. Furthermore, when
the direction of the applied field is reversed, molecules

reorient themselves in the direction of changed field

resulting in heat energy via molecular friction. The energy
transfer between material and microwaves occurs via two

processes, namely relaxation and/or resonance [16–18].

There are several reports regarding the use of microwaves
in hydrothermal method [16–18], but combining the

advantages of microwaves and sol–gel has long been

neglected especially the impact of microwave power has
rarely been reported.

In the present study, microwave-assisted sol–gel tech-

nique is used to synthesize phase pure BiFeO3 nanoparti-
cles. Power of microwaves is varied as 136, 264, 440, 616

and 800 W. To the best of authors’ knowledge, the use of

microwaves in sol–gel synthesis of bismuth iron oxide
nanoparticles has rarely been reported. Structural, magnetic

and dielectric properties have been correlated with the

variation in microwave power.

2 Experimental details

Research grade iron nitrate (Fe(NO3)3!6H2O, 99.9 % pur-

ity) and bismuth nitrate (Bi(NO3)!5H2O, 99.9 % purity)
were used as precursors without further purification. For

sol–gel process, metal alkoxides are mostly used as pre-

cursors that have some downsides such as high cost, toxic
nature and high hydrolysis rate that makes it difficult to

control the composition. Nitrates are cost effective pre-

cursors due to their low decomposition temperatures as
compared to other salts [19]. The precursor solutions of

bismuth and iron were prepared by separately dissolving

Fe(NO3)3!6H2O, and 10 wt% excess of Bi(NO3)3!5H2O in

ethylene glycol. Figure 1 shows an overview of the sol–gel

process followed in this research work. Excess of 10 wt%
bismuth was added to compensate for the loss of bismuth

oxide. Bismuth and iron have different electronegativities

(Fe *1.83 and Bi *2.03) that lead to different hydrolysis
rates. Bismuth has a high hydrolysis rate as compared to

iron so it becomes difficult to synthesize high quality sol

without adding excess bismuth. Ethylene glycol (OHC2

H4OH) is a linearly structured molecule with two hydroxyl

groups which helps to compensate for the difference in
hydrolysis rates of bismuth and iron thus leading to the

synthesis of a stable sol. Furthermore, it has been reported

previously that choice of ethylene glycol as a solvent helps
in not only achieving phase pure bismuth iron oxide at a

lower temperature of 300 "C but also helps in achieving

ferromagnetic behavior [20–22]. Two solutions were pre-
pared before the final synthesis. Solution 1 was prepared by

dissolving 0.485 g bismuth nitrate in 30 ml of ethylene

glycol, which was stirred at room temperature for 60 min.
Solution 2 was prepared by dissolving 0.403 g of iron

nitrate in 30 ml of ethylene glycol, stirring at room tem-

perature for 60 min. The two solutions were mixed toge-
ther and stirred again at room temperature for 60 min.

Mixed solution was then exposed to microwave radiations

operated at a fixed frequency (2.54 GHz) with variation in
power as 136, 264, 440, 616 and 800 W. All of the steps,

starting from sol synthesis, sol to gel conversion and finally

gel to nanoparticles’ formation, were carried out under
microwave radiations. The details can be seen in Fig. 1.

Inset of Fig. 1 shows the snapshot of nanoparticles pre-

pared using microwaves assisted sol–gel method. Previ-
ously, much of the attention was devoted to the use of

microwaves in hydrothermal synthesis and even in this

case the impact of microwave power level was not studied
in detail. Cai et al. [14] studied the effect of microwave

power in post-process sintering, but the power they used

was high, i.e., 3.4–4 kW. Gonjal et al. [23] used microwave
power of 800 W and then heat treated the amorphous

powder for 24 h at 500 "C.

The overall reaction mechanism, followed in this work,
is proposed in Eqs. 1–5

BiðNO3Þ3 ! Biþ3 þ NO%1
3 ð1Þ

FeðNO3Þ3 ! Feþ3 þ NO%1
3 ð2Þ

Biþ3 þ 3OH%1 ! BiðOHÞ3 ! Bi2O3 ð3Þ

Feþ3 þ 3OH%1 ! FeðOHÞ3 ! Fe2O3 ð4Þ

Bi2O3 þ Fe2O3 ! 2BiFeO3 ð5Þ

BiFeO3 nanoparticles were characterized structurally

using Burker D8 Advance X-ray Diffractometer (XRD)
using Ni filtered CuKa (k = 1.5406 Å) radiations.
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Magnetic properties were studied using Lakeshore’s

7407 Vibrating Sample Magnetometer (VSM) under con-

tinuous mode. Shape and size of nanoparticles were
observed using Hitachi S-3400N scanning electron micro-

scope (SEM). Dielectric properties were observed with the

help of 6500B Impedance Analyzer in parallel plate
configuration.

3 Results and discussion

Figure 2a–c shows XRD patterns of bismuth iron oxide
nanoparticles prepared using microwave-assisted sol–gel

method. Microwave powers of 136, 264, 440, 616 and

800 W have been employed for the synthesis process.
Amorphous behavior of BiFeO3 nanoparticles was

observed at microwave power of 136 W. (113), (202),

(211), (018), (208) and (131) planes appeared at 264 and
440 W indicating the formation of rhombohedrally dis-

torted perovskite structure of BiFeO3 (Fig. 2b). Restruc-

turing along with reduction in the crystallite size, from 29
to 22 nm, was observed with the increase in microwave

power to 616 W. Such restructuring resulted in the

appearance of bismuth rich phase (Bi24Fe2O39) along with
BiFeO3 (Fig. 2c). Another phase shift with the reduced

crystallite size was observed at 800 W (Fig. 2c). This

phase shift resulted in the formation of phase pure BiFeO3

with increased crystallinity. Previous studies, reporting the

synthesis of bismuth iron oxide nanoparticles using sol–gel

method, were all based on high temperature synthesis of
nanoparticles [4–10], and in the case of hydrothermal

method, long reaction times of 48 h or more were required
to achieve pure phase [16–18]. Cai et al. [14] prepared

BiFeO3 nanoparticles (0.6–1.6 lm) using ball-milling

method and obtained phase pure at microwave sintering
power of 3.4 kW. Whereas in this research work, phase

pure BiFeO3 is obtained, in tens of minutes, with the use of

microwave power during synthesis without any post-

treatment.
The most important advantage that microwaves offer is

the effect arising from volumetric heating. In this case, the

material absorbs microwave energy directly and converts it
into heat energy internally. This is opposite to the con-

ventional synthesis process in which heat diffuses from the

surface of the material and the heating takes place through
conduction only. In this case, heat cannot be intensified and

the maximum temperature is at the surface. Phenomena

that lead to the microwave heating effect are as follows: (1)
dipolar polarization, (2) interfacial polarization and (3)

conduction mechanism [16–18]. If the frequency of field is

high inter-molecular forces stop the orientation of mole-
cules before it tries to follow the applied field. This results

in improper interactions among the particles, whereas no

random interactions take place if the frequency is low [16–
18].

In our case, the phenomena of dielectric polarization

take place because of the presence of dielectric molecule of
ethylene glycol. On exposure to high microwaves power,

the polar molecules try to orient themselves in the direction

of externally applied field. However, because of the pre-
sence of inertia between the molecules, these are not able

to follow the externally applied field. This results in high

random motion at high microwave power levels and gen-
erates heat which is sufficient for the growth of phase pure

BiFeO3 along with increasing crystallinity [16–18].

The crystallite size and dislocation density were calcu-
lated using Eqs. 6 and 7 [24, 25].

t ¼ kk
B cos h

ð6Þ

d ¼ n

t2
ð7Þ

Fig. 1 Flowchart showing
intermediate steps for the
microwave-assisted synthesis of
bismuth iron oxide
nanoparticles, inset shows
nanoparticles prepared at
(a) 136 W (b) 264 W (c) 440 W
(d) 616 W (e) 800 W
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The crystallite size, crystallinity and dislocation density

are plotted as a function of microwave power in Fig. 3a, b.
The crystallite size decreases with the increase in micro-

wave power causing an increase in dislocation density. In

synthesis of nanoparticles, the size of nanoparticles
strongly depends on the rate of nucleation. As it has been

mentioned earlier (in the introduction Sect. 1), during

microwave synthesis, the dielectric heating process leads to
volumetric heating where the energy is transferred to the

material selectively as a result of which the intrinsic tem-

perature is localized around the ion and is high as com-
pared to that in the non-microwave-treated solution. This

localized heating controls the rate of nucleation and delays
Ostwald ripening mechanism [26]. It can be seen in Fig. 3

that crystallite size reduces with the increase in microwave

power.

b Fig. 2 XRD pattern of bismuth iron oxide nanoparticles prepared
with varying microwave power a 136 W b 264 and 440 W c 616 and
800 W

Fig. 3 Effect of microwave power on a crystallite size and crystal-
linity and b dislocation density of BiFeO3 nanoparticles
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The lattice parameters and X-ray density are determined

on the basis of hexagonal distortion in the rhombohedral
unit cell using Powder Cell Software and compared with

Eqs. 8 and 9.

sin2 h ¼ k2

3a2
h2 þ k2 þ hk
! "

þ k2l2

4c2
ð8Þ

q ¼ 1:66042RA

V
ð9Þ

where (hkl) are miller indices, V is the unit cell volume in
Å3, RA is the sum of atomic weights of the atoms in the

unit cell. Lattice parameter, unit cell volume and X-ray
density are plotted as a function of microwave power in

Fig. 4a, b. The lattice parameters decrease as the micro-

wave power was increased to 616 W and further increase
in the microwave power increased the lattice parameters a

and c (Fig. 4a) consequently increasing the unit cell vol-

ume (Fig. 4b). This arises due to the fact that at low
microwave power, the bismuth rich phase was present that

consequently leads to change in lattice parameters, unit cell

volume and X-ray density. The high value of X-ray density
indicates a compact structure of nanoparticles. Refined cell

parameters, obtained using Powder Cell software, are given

in Table 1.
In order to further verify the changes that occur during

the microwave synthesis of BiFeO3 nanoparticles, Fourier

transform infrared (FTIR) spectroscopy was carried out.
Figure 5 shows FTIR of BiFeO3 nanoparticles prepared

Fig. 4 a Lattice parameters b unit cell volume and density as a
function of microwave power

Table 1 Refined cell parameters of microwave-assisted bismuth iron oxide nanoparticles obtained using ‘‘Powder Cell’’ software

Microwave power Input parameters
X-ray wavelength = 1.5406 Å
Symmetry: hexagonal

Output parameters

h k l 2h" d-spacing (Å) Standard deviation in 2h" RMS error a (Å) c (Å)

264 W 1 1 3 38.10 2.3600 2.697398 9 10-6 1.490116 9 10-8 5.52657 13.61024

2 0 2 39.90 2.2576

440 W 1 1 3 38.00 2.3660 3.81646 9 10-6 7.45058 9 10-9 5.539609 13.65238

2 0 2 39.80 2.2631

616 W 1 1 3 38.10 2.3600 0.4300651 1.34509 9 10-3 5.611216 13.26773

2 0 2 39.80 2.2631

0 2 4 46.10 1.9674

2 1 1 49.90 1.8261

800 W 1 0 4 31.60 2.7989 0.00 7.235888 9 10-4 5.499144 13.89661

1 1 0 32.80 2.7283

0 2 4 38.000 1.9554

2 0 2 39.500 2.2576

1 1 6 51.400 1.7763
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with microwave-assisted sol–gel method. Usually, heat

treatment is required to remove hydroxyl and residual

water groups from the as-prepared samples. Increased
solution temperature can accelerate the deprotonation and

hydroxylation of metal ions [27]. Because of the use of

alkali in the present reaction, nanoparticles were found to
have OH- ions. Hydroxyl content (i.e., at 680 cm-1) was

found to decrease with increased microwave power. IR

bands at 1,081, 1,381 and 1,677 cm-1 decrease as the

microwave power is increased to 616 W. This might have
observed because of the strong action of microwaves to

remove such groups at higher energies. [9, 27–29]. Wang

et al. [9] have reported such IR bands in BiFeO3 nano-
particles prepared by solid-state reaction at 600 "C.

Decrease in intensity of these bands indicates a decreased

contribution from carbonates and nitrates in these bismuth
iron oxide nanoparticles using high microwave power.

Absorptive bands at 400–600 cm-1 can be attributed to
Fe–O stretching and bending vibrations being characteris-

tics of the octahedral FeO6 groups in the perovskite com-

pounds. These bands also correspond to BiO6 structure.
Band around 629 cm-1 belongs to the Fe–O and Bi–O. Hu

et al. [30] observed these metal-oxide bands in BiFeO3

nanoparticles prepared by wet chemical method. Absorp-
tion bands for bismuth oxide and iron oxide both occur at

same wave number and are broad thus indicating the for-

mation of BiFeO3. Biasotto et al. [31] have reported that
the formation of metal-oxide bands confirm the formation

of perovskite structure. Metal-oxide bands can be clearly

seen in Fig. 5b.
Figure 6 shows SEM images of bismuth iron oxide

nanoparticles. Spherical nanoparticles, with diame-

ter *100 nm, were observed at microwave power of
136 W (Fig. 6a). Particles with same shape but reduced

size *60 nm were observed with the increase in micro-

wave power to 264 W (Fig. 6b). Cubic-shaped nanoparti-
cles with diameter *100 nm were observed at 440 W.

However, closer insight of Fig. 6c reveals that these

nanoparticles are made up of small particles
of *20–25 nm. Further increase in the microwave power

to 616 W resulted in agglomerated nanoparticles

with *35 nm diameter (Fig. 6d). This agglomeration
might have been observed because of restructuring in the

crystallographic phases as was observed in the XRD pat-

tern (Fig. 2c). A remarkable change in the shape and size
was observed with further increase in microwave power to

800 W. Nanoneedles like structures with diameter

of *15 nm can be seen in Fig. 6e at 800 W. Previously,
Sagdeo et al. [5] reported grain sizes C40 nm prepared by

rapid phase liquid sintering method at a temperature of

860 "C. Wang et al. [9] reported grain size of 80–500 nm
using solid-state precursor method. Ponzoni et al. [13]

prepared cubic agglomerates with size in the range of

0.2–0.8 lm using microwave-assisted hydrothermal syn-
thesis. Cai et al. [14] obtained grain sizes of BFO ceramics

in the range of 0.6–1.6 lm using microwave sintering

method.
Frequency dependent dielectric constant and tangent

loss were calculated using Eqs. 10 and 11.

Fig. 5 a FTIR of bismuth iron oxide nanoparticles prepared by
microwave-assisted sol–gel route. b Magnified view of FTIR in wave
number range of 445–800 cm-1
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e ¼ C ' d

eo ' A
ð10Þ

tan d ¼ 1

2peeoq
ð11Þ

where C is the capacitance in parallel plate configuration,

d is thickness of the specimen, A is area of the device, eo is
the permittivity of free space and q is the resistivity. The

dielectric constant and tangent loss (tan d) decrease with

increase in frequency and become constant at high fre-
quency as can be seen in Fig. 7. Dispersion arises as the

space-charge carriers present in the specimen require some

time to get aligned in the direction of externally applied
electric field. At low frequencies, the space-charge carriers

get enough time to align in the direction of oscillating field.
As the frequency of field is increased, the space-charge

carriers do not get enough time to get aligned with field

before the field switches again so dielectric constant and
loss become constant at high frequencies. This variation in

dielectric constant is in accordance with Maxwell–Wagner

two layer model. According to this model, the polarization
in a dielectric material arises due to inhomogeneity in the

structure. Grains, more conducting, are separated by the

less conducting grain boundaries. The electrons within the
grains reach the boundary via electron hopping process and

due to low conductivity/high resistivity of the grain

boundaries the electrons pile up at the grain boundaries
thus resulting in space-charge polarization. As the fre-

quency of externally applied field increases, only few

electrons reach the grain boundaries thus decreasing the
dielectric constant [32, 33].

Figure 8 shows dielectric constant and tangent loss as a

function of microwave power with different frequencies.
Dielectric constant comes from both intrinsic and extrinsic

Fig. 6 SEM images of BiFeO3 nanoparticles with different microwave powers a 136 W b 264 W c 440 W d 616 W e 800 W
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parameters including (1) crystallite/grain size, (2) grain

boundaries, (3) stresses, (4) crystal field and (5) domain

wall pinning. Crystal field associated with surface bonds
changes with the decrease in crystallite/grain size thus

changing the dielectric constant [32]. Decrease in crystal-

lite size increases the grain boundaries hindering the hop-
ping process between the different states and grains [27,

32]. The accumulation of cations at the grain boundaries

increases the resistance and ultimately the dielectric con-
stant values. These increased dielectric values have been

correlated with structural changes that are indicative of

large number of grain boundaries (Fig. 3a). High dielectric
constant ‘e’ (*135 at 1 kHz) was observed at 264 W.

Higher values of e at all frequencies might have been

observed because of the formation of phase pure BiFeO3 at
264 W (XRD result of Fig. 2b) and then shows a minimum

value of e at 616 W. This lowest value might have been

observed because of the formation of mixed BiFeO3 phases
at 616 W as observed in Fig. 2c. Dielectric constant value

again increases, at all frequencies, with increase in

microwave power to 800 W. This trend is again in agree-

ment with the structural results presented in Fig. 2c. Phase
pure BiFeO3, with increased crystallinity and reduced

crystallite size, generates high value of dielectric constant.

Variation in dielectric constant and tangent loss can be
because of several more reasons including oxygen vacan-

cies, unit cell contraction that lead to decrease in dis-

placement of Fe3? cations in Fe–O system. Bhushan et al.
[27] reported dielectric constant of 45.5 for undoped bis-

muth iron oxide nanoparticles using sol–gel method. Yang

et al. [34] reported dielectric constant of *38 for Ba-
doped BFO using sol–gel method with synthesis tempera-

ture of 650 "C. Pandit et al. [35] reported dielectric con-
stant of 88 for lanthanum-doped BiFeO3 ceramics prepared

using solid-state reaction route.

Figure 9 shows room temperature magnetic properties
of bismuth iron oxide nanoparticles prepared using

microwave powers of 136, 264, 440, 616 and 800 W.

Fig. 7 a Dielectric constant and b Tangent Loss for BiFeO3

nanoparticles as a function of frequency
Fig. 8 a Dielectric constant b Tangent loss as a function of
microwave power
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Paramagnetic behavior of bismuth iron oxide nanoparticles

was observed at microwave power of 136 W. This result is
in agreement with the amorphous XRD result shown in

Fig. 2a Weak ferromagnetic behavior was observed at 264

and 440 W. The presence of open hysteresis in un-doped
BiFeO3 nanoparticles indicates the formation of ferro-

magnetic domains. As a result, spin orbit coupling canting

between two adjacent planes produces uncompensated
magnetic moment of Fe3? cations which is the cause of

ferromagnetic behavior [36]. The uncompensated magnetic

moment seems to have appeared during sol’s synthesis [37]
since in our case even un-doped films show ferromagnetic

behavior. Strong ferromagnetic behavior is observed at
microwave powers of 616 and 800 W. Increased value of

saturation magnetization (*14 emu/g) was observed in

case of phase pure BiFeO3 nanoparticles prepared at
800 W. Change in magnetic properties from bulk antifer-

romagnetic to weak ferromagnetic and then consequently

to strong ferromagnetic raises due to several factors: (1)
suppression of spiral spin structure. BiFeO3 exhibits G-type

antiferromagnetic behavior with magnetic ordering period

of 62 nm [4, 6]. The decrease in nanoparticle’s size below
this order induces ferromagnetic behavior in otherwise

antiferromagnetic BiFeO3, (2) the presence of un-com-

pensated spins at the surface that leads to spin canting and
(3) deficiency of oxygen that relates to conversion of Fe2?

cations to Fe3? cations [10]. However, the last reason has

less weightage as the magnetic moment of Fe2? cations is
extremely close to that of Fe3? cations [10]. Variation in

saturation magnetization (Ms) and coercivity (Hc) as a

function of microwave power is shown in Fig. 10.
It is important to mention here that magnetic properties

reported in this work, for phase pure BiFeO3, are much

enhanced as compared to those reported in the literature.
Varshney et al. [38] obtained weak ferromagnetic behavior

in Pr-doped BiFeO3 using solid-state reaction route. Wang

et al. [9] prepared BiFeO3 nanoparticles using solid-state
precursor method and obtained antiferromagnetic behavior.

Li et al. [39] observed weak ferromagnetic behavior in La-

doped BiFeO3 nanoparticles prepared using sol–gel method.

4 Summary

(1) Bismuth iron oxide nanoparticles have been prepared

using microwave-assisted sol–gel method. Microwave
power was varied as 136, 264, 440, 616 and 880 W. Eth-

ylene glycol was used as a solvent. (2) Nanoparticles pre-

pared using low microwave power of 136 W showed
amorphous behavior, whereas phase pure BiFeO3 was

observed at microwave powers of 264–440 W. Restruc-

turing in crystallographic phases at 616 W resulted in
mixed BiFeO3. Another phase shift, with increased crys-

tallinity, was observed with the further increase in micro-

wave power to 800 W resulting in pure BiFeO3 phase.
Crystallite size reduced with the increase in microwave

Fig. 9 Room temperature magnetic properties of bismuth iron oxide
nanoparticles with microwave power a 136–440 W b 616 W, 800 W

Fig. 10 Effect of microwave power on saturation magnetization and
coercivity of nanoparticles

J Sol-Gel Sci Technol

123



power. (3) Appearance of absorption bands between

470–600 cm-1 correspond to BiO6 and FeO6 structures
indicating the formation of BiFeO3 phase (4) Spherical-

and cubic-shaped nanoparticles (*60–100 nm) were

observed at microwave powers of 136–440 W. Increasing
the microwave power to 616 W reduced grain size

to 35 nm. Nanoneedles, *15–20 nm diameter, were

observed at 800 W. (5) High value of dielectric con-
stant *135 at 1 kHz and low dielectric loss of 3.5 was

observed at 264 W. (6) Strong ferromagnetic behavior
(Ms *14 emu/g) as opposed to antiferromagnetic nature of

BiFeO3 was observed at 800 W.
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