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ABSTRACT 

 
 

The structural, morphological, magnetic, ferroelectric and optical properties of 

Dysprosium (Dy) doped BiFeO3 multiferroic materials are reported. The bulk 

polycrystalline Bi0.9Dy0.1FeO3 samples were synthesized using solid state reaction 

technique and their nano counterparts were prepared using ultrasonic probe 

sonication. XRD patterns demonstrated significant improvement of phase purity due 

to Dy substitution both in bulk sample and corresponding nanoparticles. The FESEM 

images were carried out to analyze the surface morphology of bulk sample as well as 

to determine the size and distribution of the synthesized nanoparticles. From this, the 

particle size was found to vary from 75 to150 nm, 75 to 100 nm, and 50 to 100 nm, 

for 30, 60 and 90 minutes sonication, respectively. The magnetization of Dy doped 

bulk BiFeO3 was enhanced significantly compared to that of undoped BiFeO3. On the 

contrary, compared to Dy doped bulk BiFeO3 the magnetization of their 

corresponding nanoparticles prepared by ultrasonication was found to decrease. 

Furthermore, leakage current density measurements were performed where, 

interestingly, comparable performance was found for Bi0.9Dy0.1FeO3 bulk and its 

corresponding nanoparticles. Moreover, the polarization versus electric field 

measurements showed higher remanent polarization and coercive field for 

nanoparticles compared to their bulk samples, which might be associated with leaky 

behavior generated from oxygen related defects of the nanoparticles. Overall, this 

investigation provides evidence of Bi0.9Dy0.1FeO3 multiferroic having enhanced 

structural purity, magnetic and ferroelectric properties over undoped BiFeO3. In 

particular, it opens up the pathway of a material with equivalent bulk and nano 

leakage current performance, which may be useful in many applications. 
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Chapter 1 
Introduction 

 

1.1 Introduction 
Materials science and engineering have been at the leading edge of technological 

advancement since last few decades. The present information age relies on the 

development of “elegant” and “smaller” magnetic materials for multi-state memories, 

spintronics, heterogeneous read/write devices, data storage, processing and probing 

[1]. With the development of exciting technology, advanced functional materials have 

been widely used for electronic devices, where high performance, limited space and 

multifunction are required.  

 

Multiferroic materials, which simultaneously exhibit ferroelectricity and 

ferromagnetism [2], have recently stimulated a sharply increasing number of research 

activities for their scientific interest and significant technological promise in the novel 

multifunctional devices [3]. In multiferroic materials, the coupling between the 

different order parameters could produce new effects, such as magnetoelectric (ME) 

effect [4-7]. The combination of ferro-orders in multiferroics often means that the 

different properties interact with each other and this then allows the possibility of 

switching magnetically ordered states using electric fields or electrically ordered 

states using magnetic fields. It is worth mentioning that multiferroic materials are the 

most promising materials for spintronic devices such as field effect transistors, 

electrical switching, nanoelectronics, magnetoelectric random access memories 

(MERAM), high frequency filters and sensors [8]. Among compounds that are 

multiferroics, BiFeO3 (BFO) is a paradigmatic and currently the most studied 

material, because it can exhibits multiferroic properties at room temperature [9]. The 

multiferroic BiFeO3 is ferroelectric below TC ~ 1103 K and antiferromagnetic (AFM) 

below TN ~ 643 K [10]. The BiFeO3 have rhombohedrally distorted perovskite ABO3 

(A = Bi, B = Fe) structure with space group R3c and lattice parameters a = 5.58 Å and 

c = 13.87 Å [11-13]. For these reasons BFO is one of the prime candidates for room 

temperature magnetoelectric applications [14].  
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The AFM ordering of BFO is G-type having a spiral modulated spin structure (SMSS) 

with an incommensurate long-wavelength period of 62 nm [15]. This spiral spin 

structure cancels the macroscopic magnetization and prevents the observation of the 

linear magnetoelectric effect [16]. One of the most promising ways to destroy the 

SMSS in BFO is the fabrication of the nanoparticles of BiFeO3 with a particle size of 

the order of or smaller than 62 nm [4, 17]. BFO is found to exhibit weak 

ferromagnetic properties when the particle size is reduced to nanoscale [18]. From 

literature, it is apparent that the ferroelectric and magnetic properties of BFO could be 

due to the „A‟ site Bi ions and the „B‟ site Fe ions, respectively [19]. In addition to 

this, any imbalance in the stoichiometric ratio between Bi, Fe and O ions due to cation 

substitution also influences its multiferroic properties [16]. On the other hand, BFO 

also exhibits visible light driven photocatalytic activities due to its smaller band gap, 

that currently is being explored for applications such as for hydrogen production via 

water splitting and degradation of organic pollutants [20, 21]. 

 

Notably, synthesis of BiFeO3 multiferroic nanoparticles with improved ferromagnetic, 

ferroelectric and photocatalytic properties with a particle size of the order of or 

smaller than 62 nm is still a challenge [13,14,22] to the research community. So far 

various chemistry based routes like the sol–gel method, [14] the electrospray method, 

[17] the combustion synthesis process, [23] and the sonochemical synthesis process 

[24] were applied to synthesize multiferroic nanoparticles. Most of these chemical 

methods for the synthesis of multiferroic nanoparticles are either based on complex 

solution processes or involve toxic precursors [14]. Recently, a physical technique 

was developed in Nanotechnology Research Laboratory, Department of Physics, 

BUET to produce high quality monodisperse Gd and Ti co-doped BiFeO3 

nanoparticles [14] directly from their bulk powder materials using ultrasonic energy. 

 

The initial aim of the present investigation is to prepare Bi0.90Dy0.10FeO3 (BDFO) bulk 

polycrystalline ceramics by conventional solid state reaction technique [10]. Then 

fabrication of nanoparticles directly from their bulk powder materials by using the 

ultrasonic probe dispersion technique (direct sonication) with varying amount of 

sonication time by the application of ultrasonic energy.  
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In the present investigation, the objectives of partial substitution of Bi3+ ions by Dy3+ 

ions are threefold: (i) to form pure BFO phase, (ii) to reduce leakage current, and (iii) 

to suppress spiral spin structure for enhancing magnetization. Due to the size 

difference between Bi3+ (1.03 Å) and Dy3+ (0.912 Å) ions, the crystal lattice of BFO 

is influenced by the substitution in a similar way as by pressure [25]. Moreover, the 

introduction of Dy3+ on the perovskite Bi-site is expected to modify the magnetic 

properties of BFO because of the large magnetic moment of Dy3+ (~10.6 µB), ions 

which could result in additional magnetic interactions and ordering and the 

modification of the structure [26]. Therefore, the influence of substitution of Bi3+ ions 

by Dy3+ ions on structural, morphological, magnetic, electrical and optical properties 

of BFO were studied. 

 

1.2 Aims and Objectives 
The main objectives of the present research are as follows: 

(a) Preparation of 10 % Dy doped Bi0.90Dy0.10FeO3 bulk materials and their 

corresponding nanoparticles using conventional solid state reaction and 

ultrasonication methods, successively. 

(b) Investigation of the crystal structure of the bulk materials and the synthesized 

nanoparticles using X-ray diffraction (XRD) technique. 

(c) Investigation of the particle size distribution of the synthesized nanoparticles 

using Field Emission Scanning Electron Microscopy (FESEM) imaging. 

(d) Measurements of the magnetic properties such as remanent magnetization 

(Mr) and coercivity (Hc) of Bi0.90Dy0.10FeO3 bulk materials and synthesized 

nanoparticles from magnetization vs magnetic field (M-H) curves obtained 

from Superconducting Quantum Interface Device (SQUID) magnetometer. 

(e) Investigation of the ferroelectric properties of bulk materials and 

corresponding nanoparticles using a ferroelectric loop tracer (Polarization vs 

electric field). 

(f) Investigation of their optical properties using a UV-visible spectrometer. 
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1.3 Outline of the Thesis   
The thesis is organized as follows: 

 Chapter 1 of this thesis deals with the introduction, importance of 

multiferroics and objectives of the present work. 

 Chapter 2 gives a brief overview of the materials and theoretical background. 

 Chapter 3 provides the details of the sample preparation and the description 

of different measurement techniques that have been used in this research work. 

 Chapter 4 is dedicated to the results of various investigations of the study and 

explanation of results in the light of existing theories. 

 The conclusions drawn from the overall experimental results and discussion 

are presented in Chapter 5. 
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Chapter 2 
Theoretical Background 

2.1 Multiferroics 

Multiferroic materials exhibit ferroelectric (or antiferroelectric) properties in 

combination with ferromagnetic (or antiferromagnetic) properties in the same phase 

[1-6].Multiferroic materials is also known as magnetoelectric or ferroelectromagnetic 

materials, which exhibit both a magnetization and dielectric polarization in a single 

phase [where, single phase materials which simultaneously contains two or more 

primary ferroic properties among the four (ferroelectric, ferromagnetic; 

ferroelastic&ferrotoroidic)]. 

 
Figure 2.1:  The intersection of two sets named magnetically and electrically polarizable 

material with subsets of ferromagnetic, ferroelectric, and intersection called multiferroic and 

magneto electric [7]. 

 

In 1894, P. Cuire predicted [7] that crystals could be simultaneously ferromagnetic 

and ferroelectric. The magnetization in the crystal can be induced by the application 

of electric field and vice-versa. This effect is known as magnetoelectric effect. 

Multiferroic composites combining a ferroelectric and ferrimagnetic phase generated 

interest because of their applications promised for numerous types of novel 

multifunctional devices, such as in information storage, sensors and spintronics etc 

[7].  
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2.2.1 Perovskite 

The mineral perovskite (CaTiO3) was firstly discovered and named by Gustav Rose in 

1839. General chemical formula of perovskite structure is ABO3, where A is a mono 

or di- or trivalent metal and B is a tri-or tetra- or pentavalent metal (cation or mixture 

with different cations or/and vacancies) and O represents O-2. Which is visualized as a 

simple cubic lattice of an alkaline earth or lanthanide (A) with a transition metal (B) 

at the center of the unit cell surrounded by anions at the face centers. In figure2.2 A is 

the larger cation and B is the smaller cation. In this structure, the B cation is 6-fold 

coordinated and the A cation is 12-fold coordinated with the oxygen anions. 

 

 

 

 

 
  

 

 

Figure 2.2: Schematic illustration of the ABO3 perovskite structure. 

 

 

 

2.2.2 The Deformation of Perovskite 

Many function properties are directly related to deformation of perovskite. The 

deformation was first studied by H. D. Megaw [8-9], A. M. Glazer [10-11] and else. It 

can be classified into three types: 

 

1. Cation Displacement, 

2. Octahedron Distortion, 

3. Anion Octahedron Tilt. 
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Cation displacement is found in many compounds, especially in ferroelectric 

materials. Octahedron distortion occurs in magnetic perovskites. Tilt is a more 

complex deformation which reflects the rotation of neighboring octahedrons.There are 

two type of methods to avoid the incompatibility in ABO3 perovskite: 

I. A-site participates in electric order (or magnetic order) while B-site brings 

magnetic order (or electric order), i.e, A-site is occupied by the stereochemical 

activity lone pair cation, which provides the ferroelectric but B-site cation 

carries magnetic moment. 

II. Fabrication of double perovskite, one of the sublattices consists of dn magnetic 

cation, while the other consists of d0 ferroelectric cation. 

 

2.3 Origin of magnetism 

Magnetism originates from the spin and orbital magnetic motions of an electron and it 

depends on how the electrons interact with one another. Different types of magnetism 

can introduce with the help of how materials respond to magnetic fields. Electricity is 

the movement of electrons, whether in a wire or in an atom, so each atom represents a 

tiny permanent magnet in its own right. The circulating electron produces its own 

orbital magnetic moment, measured in Bohr magnetons (µB), and there is also a spin 

magnetic moment associated with it due to the electron itself spinning, like the earth, 

on its own axis (illustrated in figure 2.3). 

 

In most materials there are resultant magnetic moments, due to the electrons being 

grouped in pairs causing the magnetic moment to be cancelled by its neighbor. In 

certain magnetic materials the magnetic moments of a large proportion of the 

electrons align, producing a unified magnetic field. The field produced in the material 

(or by an electromagnet) has a direction of flow and any magnet will experience a 

force trying to align it with an externally applied field, just like a compass needle. 
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Figure 2.3: The orbit of a spinning electron about the nucleus of an atom. 

The magnetic moment of a current carrying conductor is given by  

IA                 …   …  … (2.1) 

 Where I is the current in Ampere and A is the area in m2
. The magnetic moment of an 

electron in orbit is given by  

2/)2/(2 evrrevr     …  … (2.2) 

Where r is the radius of orbit, e electronic charge and v is the velocity of electron. The 

angular momentum of an electron must be an integral multiple of Planck‟s constant 

2/nhmvr     …  …  (2.3) 

Where m is the mass of eletron and h is the Planck's constant. If the electron revolves 

in the first orbit then n = 1. Therefore orbital magnetic moment of an electron is given 

by from equation (2.2) and (2.3) 

meh  4/   …  …  … (2.4) 

Which is known as Bohr magnetron, the smallest possible orbital magnetic moment. 

Similarly the smallest possible magnetic moment due to spin of the electron is 

meh  4/   …  …  … (2.5) 

According to quantum theory the spin of electrons has only two possibilities +1/2 or  

-1/2. Similar to equation (2.4), we can write in the form 

            Sme )2/(  …  …  …  (2.6) 

where S is the spin quantum number here given by )2/).(2/1( h .  In short, 

Smeg ).2/.(  …  …  … (2.7) 

Here g is the term known as g-factor. When 2g  spin contribution arises and when 

1g , orbital contribution arises. The mass of the nucleus is so large that the 
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magnetic moment contribution can be neglected compared to the electronic magnetic 

moment.  The gyromagnetic ratio is proportional to the g-factor and 'g' arises due to 

the precession of the electrons similar to the precession of a top in a gravitational 

force. The value of g tells us whether the origin of magnetic moment is spin or orbital 

motion of electrons. 

 
 

The origin of magnetic moments in solids as a consequence of overlapping of the 

electronic wave functions with those of neighboring atoms. This condition is best 

fulfilled by some transition metals and rare-earths elements. The exchange 

interactions depend sensitively upon the inter-atomic distance and the nature of the 

chemical bonds, particularly of nearest neighbor atoms. Thus, the nature of 

magnetization produced depends on the number of unpaired valence electrons present 

in the atoms of the solid and on the relative orientation of the neighboring magnetic 

moments. 

 

2.4 Magnetic behavior 
The origin of magnetism lies in the orbital and spin motions of electrons and how the 

electrons interact with one another. The best way to introduce the different types of 

magnetism is to describe how materials respond to magnetic fields. It's just that some 

materials are much more magnetic than others. Since the response of a material to a 

magnetic field (H) is characteristic of the magnetic induction of flux density (B) and 

the effect that a material has upon the magnetic induction in a magnetic field is 

represented by the magnetization (M).  

 

Thus a universal equation can be established by relating these three magnetic 

quantities as  

   )(0 MHB     …  …            (2.8) 

HB     …  …            (2.9) 

Where µ0 is permeability of vacuum, a universal constant, which has a value of 

mH /104 7  and µ is the permeability of a material. In equation (2.8) one can see 

that µ0H is the magnetic induction generated by the field alone and µ0M is the 

additional magnetic induction contributed by a material. The magnetic susceptibility χ 
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is defined as the ratio if magnetization to magnetic field and it is a dimensionless 

quantity that determines how easily a specimen can be magnetized.  

   H
M


   …  …  (2.10) 

The magnetic susceptibility and the permeability are related as follows 

   )1(0      …  …  (2.11) 

The magnetic behavior of materials can be classified into the following five major 

groups  

  i. Diamagnetism 

  ii. Paramagnetism 

  iii. Ferromagnetism 

  iv. Ferrimagnetism 

  v.Antiferromagnetism 

 

(i) Diamagnetism 

The diamagnetic materials when placed in a magnetic field, becomes weakly 

magnetized in the direction opposite to that of the applied field. There is no permanent 

dipole moment in each atom. The induced magnetic moment produced in these 

materials during the application of the external magnetic field decreases the magnetic 

induction present in the specimen. 

A material contains a large number of electrons and the orbits of these electrons are 

randomly oriented in space. The current that is produced due to movement of electron 

in an orbit produces magnetic field in a direction at right angles to the plane of the 

orbit. This magnetic field induces a magnetic moment in the atom in a direction 

opposite to it. These magnetic moments are randomly oriented. Hence the magnetic 

moments of all such electron gets cancelled resulting in the net magnetism equal to 

zero in the material. When an external magnetic field is applied to the material, 

rotation of dipoles take place producing an induced dipole moment: This induced 

dipole moment opposes the applied field. The magnetism which is created in a 

direction opposite to that of the external field is called diamagnetism. 

 

http://www.irm.umn.edu/hg2m/hg2m_b/hg2m_b.html#diamagnetism
http://www.irm.umn.edu/hg2m/hg2m_b/hg2m_b.html#paramagnetism
http://www.irm.umn.edu/hg2m/hg2m_b/hg2m_b.html#ferromagnetism
http://www.irm.umn.edu/hg2m/hg2m_b/hg2m_b.html#ferrimagnetism
http://www.irm.umn.edu/hg2m/hg2m_b/hg2m_b.html#antiferromagnetism
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(ii) Paramagnetism: 

Paramagnetic materials become weakly ionized when placed in a magnetic field in the 

same direction as that of the applied field. It has permanent dipole moment in each 

atom. When external magnetic field is applied, the induced magnetic moment is 

produced which increases the magnetic induction present in the specimen. 

 
Figure 2.4: A schematic diagram of spin structure in paramagnetic materials. 

The orientation of the magnetic moment along the direction of the external field gives 

rise to paramagnetism. The permanent magnetic moment arises due to orbital motion 

of electron around the nucleus and spin motion of electron about its own axis. The 

magnetic moment due to the former one disappears due to the effect of electric field 

of the neighboring charges. But the magnetic moment due to electron spin are 

randomly oriented in the absence of external field. When the external field is applied, 

the magnetic moments tend to align in the direction of the applied field resulting in 

large magnetization. But due to the thermal agitation of the atoms the magnetic 

moments are partially aligned in the direction of the external field resulting in weak 

magnetization. 

(iii) Ferromagnetism: 

Ferromagnetic materials are strongly magnetized in the direction of the applied 

magnetic field. It possesses enormous permanent magnetic moment in each atom. 

When external magnetic field is applied, a large amount of induced magnetic moment 

is produced which increases the magnetic induction present in the specimen. 

The presence of permanent magnetic moments in the atoms or molecules in the 

specimen gives rise to ferromagnetism as this magnetic moment align themselves in 

the same direction as that of the external field. The exchange interaction between  

Normal Magnetic field removed 

 

Magnetic field applied 
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Figure 2.5: Schematic diagram of spin-ordering in ferromagnetic materials. 

unpaired electrons of adjacent atoms in the crystal lattice gives rise to local molecular 

magnetic field resulting in spontaneous magnetization. 

 (iv) Antiferromagnetism: 

In materials that exhibit antiferromagnetism, the magnetic moments of atoms or 

molecules, usually related to the spins of electrons, align in a regular pattern with 

neighboring spins (on different sublattices) pointing in opposite directions. This is, 

like ferromagnetism and ferrimagnetism, a manifestation of ordered magnetism. 

Generally, antiferromagnetic order may exist at sufficiently low temperatures, 

vanishing at and above a certain temperature, the Neel temperature (named after Louis 

Neel,who had first identified this type of magnetic ordering). Above the Neel 

temperature, the material is typically paramagnetic. When no external field is applied, 

the antiferromagnetic structure corresponds to a vanishing total magnetization. In an 

external magnetic field, a kind of ferrimagnetic behavior may be displayed in the 

antiferromagnetic phase, with the absolute value of one of the sublattice 

magnetizations differing from that of the other sublattice, resulting in a nonzero net 

magnetization. Although the net magnetization should be zero at a temperature of 

absolute zero, the effect of spin canting often causes a small net magnetization to 

develop, as seen for example in hematite. 

The magnetic susceptibility of an antiferromagnetic material typically shows a 

maximum at the Neel temperature. In contrast, at the transition between the 

ferromagnetic to the paramagnetic phases the susceptibility will diverge. In the 

antiferromagnetic case, a divergence is observed in the staggered susceptibility. 

Magnetic field applied Magnetic field removed Normal Tc

c 



Chapter 2 Theoretical Background 

16 | P a g e  
 

 
Figure 2.6: Schematic diagram of spin-ordering in antiferromagnetic materials. 

 

Various microscopic (exchange) interactions between the magnetic moments or spins 

may lead to antiferromagnetic structures. In the simplest case, one may consider an 

Ising model on a bipartite lattice, e.g. the simple cubic lattice, with couplings between 

spins at nearest neighbor sites. Depending on the sign of that interaction, 

ferromagnetic or antiferromagnetic order will result. Geometrical frustration or 

competing ferro- and antiferromagnetic interactions may lead to different and, 

perhaps, more complicated magnetic structures. 

2.5.1 Nanoparticles 

The term 'nanoparticle' is used to describe a particle with size in the range of 1 to 100 

nm, at least in one of the three dimensions. Because of this very small size scale, they 

possess an immense surface area per unit volume, a high proportion of atoms in the 

surface and near surface layers, and the ability to exhibit quantum effects. In this size 

range, the physical, chemical and biological properties of the nanoparticle change in 

fundamental ways from the properties of both individual atoms/molecules and of the 

corresponding bulk material [12]. Nanoparticles exist with great chemical diversity in 

the form of metals, metal oxides, semiconductors, polymers, carbon materials, 

organics or biological. They also exhibit great morphological diversity with shapes 

such as spheres, cylinders, disks, platelets, hollow spheres and tubes, etc [13]. 

Nanoparticles can possess a number of different properties such as high electron 

density and strong optical absorption (e.g. metal particles, in particular Au), 

photoluminescence (semiconductor quantum dots, e.g. CdSe or CdTe) or 

phosphorescence (doped oxide materials, e.g. Y2O3), or magnetic moment (e.g. iron or 

manganese oxide nanoparticles). The unique properties of these various types of 

nanoparticles give them novel electrical, catalytic, magnetic, mechanical, thermal, or 

imaging features those are highly desirable for applications in catalysis, biomedicines, 

and electronics, and environmental sectors [14]. 
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2.5.2 Magnetism in nanostructures  
 
In this section, we provide an overview of the fundamental aspects of magnetism in 

nanostructures. 

 

2.5.3 Magnetic interactions 
It is well known that the occurrence of magnetic hysteresis in case of bulk FM 

materials can be explained by the formation of magnetic domains and by the motion 

of domain walls, which separate them. The formation of domains and domain walls is 

to minimize the net free energy, which depends on the magnetostatic (proportional to 

the volume of the material) and domain wall (proportional to the surface area) energy. 

For a magnetic material, upon size reduction to the nanometer scale, a situation may 

arise where the formation of domains may become energetically unfavorable due to 

the domain wall energy. Such a condition can be called the single domain limit for 

that particular material, below which the sample consists of particles with a single 

uniformly magnetized domain. 

 

2.5.4 Interactions of nanoparticles 

In the single domain limit, the inter-particle and intra-particle interactions play a vital 

role in determining the magnetic responses for an ensemble of nanoparticles. The 

interaction strength between nanoparticles modifies the energy landscape. Hence, it is 

essential to identify the different energy contributions, namely, anisotropy energy, 

Zeeman energy and dipolar interaction energy.  

For nanoparticles under experimental conditions, in addition to the uniaxial crystalline 

anisotropy, contributions from the surface, shape and strain anisotropy have drastic 

effects on the magnetic properties. Also, various other interactions such as exchange 

interactions, Ruderman-Kittel-Kasuya-Yosida (RKKY) interactions and 

superexchange interactions can factor into the magnetic response of the nanoparticles. 

In case of manganites, the double-exchange (DE) and superexchange (SE) 

interactions influence the stabilization of ferromagnetic and antiferromagnetic 

ordering. 
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2.6 Reason for choosing parent        

BiFeO3 (BFO) is a well-knownmultiferroic material that exhibits a distorted 

pervoskite structure with rhombohedral symmetry. Being a room temperature 

multiferroic (TC = 1103 K and TN = 653 K), it has been widely studied and known to 

exhibit excellent ferroelectric properties with large remnant polarization. However, 

considerable drawbacks that limit their multifunctional applications is the weak 

magnetic behavior such as low saturated magnetization and remnant magnetization, 

because of its G-type antiferromagnetic structure with nearest neighbor spins canting 

[15-16].The pure BFO shows both ferromagnetism and ferroelectricity in a single 

crystal above room temperature. The ions responsible for the production of 

ferroelectricity and magnetism are Bi3+ and Fe+3 ions. Ferroelectricity is produced due 

to Bi3+ and antiferromagnetism is due to Fe+3 ions. It has high leakage current density. 

Several efforts have been done to reduce its leakage current density (J) and to improve 

its ferroelectric and ferromagnetic properties. In this fashion many dopant, co-dopant 

and composites have been develop to improve the ferroelectric, ferromagnetic and 

simultaneously to improve the insulating behavior of BFO. BFO has a superimposed 

incommensurate cycloid spin structure with a periodicity of 620Å at room 

temperature. This structure cancels the macroscopic magnetization and inhibits 

observation of the linear magnetoelectric (ME) effect in the bulk BFO[17, 18]. The 

decrease in particle size has been proved to be effective in suppressing this cycloid 

structure and enhancing the magnetic moment of       as a result of their low 

dimensionality and quantum confinement effect [19, 20]. Interestingly, this 

ferromagnetic        exhibits characteristic features in dielectric properties around 

the magnetic transition temperature, highlighting useful multiferroic behavior [20]. 

 

2.7.1 Crystal Structure of BiFeO3 

Bulk BFO can be described as a rhombohedrally distorted ferroelectric perovskite 

with R3c space group as shown in figure 2.7. The lattice parameters of the 

rhombohedral unit cell are a = 5.59 Å and α = 60.68° [23]. In such a distorted 

perovskite structure, R3c symmetry allow spontaneous polarization (Ps) along the 

[111] direction [23]. 
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For BiFeO3, the octahedral tilting angle is found to be ~11-14° around the polar [111] 

axis, with directly related Fe-O-Fe angle, equal to around 1544-1568° [24]. The Fe-O-

Fe angle is essential because not only it controls both magnetic exchange and orbital 

overlap between Fe and O ions, but, also determines magnetic ordering temperature 

and conductivity [25]. In that case, the reduction in the tolerance factor by the 

substitution of smaller ionic radii A-site ions would induce more buckling in FeO6 

octahedra by improving insulating behavior [26].  

 
Figure 2.7: Crystal structure of bulk BiFeO3 with opposite rotation of successive oxygen 

octahedral around [111] polar axes. Red arrow indicates orientation of Fe magnetic moments 

in (111) plane[27].  

Since most of the rare earth ions have a smaller ionic radii compared to Bi3+ ion, 

therefore substitution of these ions is expected to bring a more insulating behavior in 

bismuth ferrite [26]. 

2.7.2 Ferroelectricity in BiFeO3 

Bulk BiFeO3 is known to be exhibited ferroelectric ordering below Curie temperature 

TC ~ 1103 K. Both X-ray and neutron diffraction studies confirmed the ferroelectric 

phase of BFO. The origin of ferroelectricity in BFO can be understood its highly 

distorted perovskite structure with rhombohedral symmetry and space group R3c. As 

shown in Figure 2.7, the primitive unit cell contains two formula units (ten atoms), 

arising from counter rotations of neighboring oxygen octahedra around [111] axis 
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[28]. The R3c symmetry allows development of a spontaneous polarization along 

[111] direction in such a way that Bi, Fe, and O are displaced relative to one another 

along [111] axis [28]. The largest relative displacements take place in Bi relative to O, 

which is consistent with a stereochemically active Bi 6s2 lone pair compared to cubic 

perovskite [29]. The polar displacements in BFO are very large in comparison of non 

lone-pair active perovskite ferroelectrics such as BaTiO3 and KNbO3, but consistent 

with those observed for other bismuth based perovskite structures [30]. According to 

first principle calculations, it has been reported that BFO has a large spontaneous 

polarization (Ps)of the order ~ 90-100 µC/cm2 for a rhombohedral structure with R3c 

space group and around 150 µC/cm2 for tetragonal structure. But, experimentally 

observed spontaneous polarization is found to be much lesser than theoretically 

predicted values [25].This discrepancy in the values of polarization is attributed to the 

presence of secondary phases, defects, volatilization of the bismuth atoms at high 

temperatures, electron hopping between Fe ions that lead to high leakage current.   

 

2.7.3 Ferromagnetism in BiFeO3 

With R3c space group, BiFeO3 exhibits antiferromagnetic ordering below Neel 

temperature TN ~ 653 K. The magnetic structure of BFO is a G-type 

antiferromagnetic, where spin is provided by the transition metal Fe3+ ions. In this 

arrangement, each Fe spins is surrounded by six antiparallel nearest neighbor Fe spins 

as shown in figure 2.8.It means that Fe magnetic moments are ferromagnetically 

coupled within (111) plane, while antiferromagnetically aligned within adjacent 

planes [31].However, it was observed that the antiferromagnetic spin structure of BFO 

is modified by a long range modulation of 62 nm leading to a spin cycloid structure, 

also known as spiral modulated spin structure (SMSS) (Figure 2.9) [31]. 

 This spiral modulated spin structure leadsto cancellation of any macroscopic 

magnetization.  
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Figure 2.8:Hexagonal structure of BiFeO3 lattice with Fe3+and O2-ions. The arrows indicate 

direction of Fe spins [31].  

 

 
Figure 2.9: Schematic representations of spiral spin structure of wavelength λ = 62 nm. The 

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

(black arrows) which spatially averaged out to zero due to the cycloid rotation [25].  

 

According to Dzyaloshinski-Moriya (D-M) interaction theory, the domain walls of 

BFO might show a weak ferromagnetic moment if Fe moments are oriented 

perpendicular to [111] direction as shown in Figure 2.10[32].However, this theory has 

not been established so far [33]. 
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Figure 2.10: Representation of weak ferromagnetism in BFO due to D-M interaction [32]. 

2.7.4 Challenges with BiFeO3 and objectives of the present work 

Despite the advantages of being exhibiting room temperature ferroelectricity and 

antiferromagtism (or weak ferromagnetism), BFO suffers many serious drawbacks 

like  

 low values of polarization and magnetization,  

 high conductivity due to leakage current,  

 the formation of secondary phase,  

 the presence of oxygen and bismuth vacancies, etc., which limit the potential 

applications of BFO in devices [25].  

A slight difference in stoichiometric ratio can produce several types of secondary 

phases such as Bi2Fe4O9 (mullite phase), Bi24Fe2O39, Bi36Fe2O57, Bi46Fe2O72, or a 

sillenite-type phase (Bi25FeO40) and parasite ferromagnetic phase Fe2O3 due to 

volatilization of bismuth at high temperature and valence fluctuation in Fe ion from 

Fe2+ to Fe3+[34-36]. BFO is very prone to show parasite phases and therefore it has a 

tendency to nucleate at grain boundaries and give rise to impurities. However, it has 

also been reported that BiFeO3 phase is metastable along with optically visible 

impurity spots appearing well below the melting temperature [37]. The synthesis of 

single phase BiFeO3 is still under examination. Although, a small fraction of 

impurities does not affect significantly the structural and magnetic properties of 

BiFeO3, but it can alter its dielectric, electrical and optical properties. Due to 
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volatilization of bismuth atoms, electron hopping between Fe ions, and conducting 

parasites phase, BFO exhibits high dielectric loss and large leakage current. 

Moreover, BFO exhibits lossy ferroelectric loops with small remnant polarization and 

large coercive fields. The absence of saturated ferroelectric loop in BFO hinders its 

potential applications at room temperature. Therefore, it becomes necessary to adopt 

artificial method for the formation of pure BFO compounds.  

The major problem is the G-type canted antiferromagnetic ordering with an 

incommensurate space modulated spiral spin structure of 62 nm that inhibits the 

observation of any linear ME effect in BFO [38].  

In order to overcome these problems much efforts have been devoted which include 

depositing ultra-thin BiFeO3 single layer or multilayer films to enhance ferroelectric 

property [39-40]; fabricating high quality single crystal of BFO to solve non-

stoichiometries problems [41]; synthesizing BFO nanoparticles with particle size 

below 62 nm to achieve ferromagnetism by destroying the spiral spin structure [42]. 

Further, the chemical substitution of rare earth ions (like Eu3+, Sm3+, Gd3+) [42-45] or 

divalent ions (like Pb2+, Sr2+, Ca2+) [46-48] at the A site and doping of non magnetic  

ions (like Zr4+, Ti4+, Nb5+) at the B site of BFO have proved effective ways to enhance 

multiferroic properties. Furthermore, attempts have also been made towards 

fabrication of different solid solution composites and multilayer structures of BFO 

with other ABO3 based perovskites materials such as BaTiO3-BiFeO3[49] and 

PbTiO3-BiFeO3[50] which leads to favorable structure distortion resulting in 

enhanced electrical and ferroic properties [36]. However, site engineering technique 

with substitution of dopants either at A-site or B-site in BFO perovskite cell is the 

most successful and effective approach. This is because a slight change in atomic 

composition can produce large distortion within perovskite unit cell that might have 

dramatic impacts on the properties of the material such as structural evolution, 

transport properties, magnetic properties and polarization [51]. Therefore, the 

objective of the present work is to prepare single phase BFO samples and to enhance 

its magnetic properties. In the present work, we have adopted the site engineering 

technique in which isovalent and aliovalent ions have been substituted/co-substituted 

at A-site and B-site in BFO lattice. In addition to influence of dopants on structural, 

magnetic and dielectric properties, we have also studied their optical properties.  
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2.8Microstructure 
  

A polycrystal is much more than many tiny crystals bonded together. The interfaces 

between the crystals, or the grain boundaries which separate and bond the grains, are 

complex and interactive interfaces. The whole set of a given material‟s properties 

(mechanical, chemical and especially electrical and magnetic) depend strongly on the 

nature of the microstructure. In the simplest case, the grain boundary is the region, 

which accommodates the difference in crystallographic orientation between the 

neighboring grains. For certain simple arrangements, the grain boundary is made of an 

array of dislocations whose number and spacing depends on the angular deviation 

between the grains. The ionic nature of ferrites leads to dislocation patterns 

considerably more complex than in metals, since electrostatic energy accounts for a 

significant fraction of the total boundary energy [52]. For low-loss ferrite, Ghate [52] 

states that the grain boundaries influence properties by 

i) creating a high resistivity intergranular layer, 

ii) acting as a sink for impurities which may act as a sintering aid and grain 

growth modifiers, 

iii) providing a path for oxygen diffusion, which may modify the oxidation 

state of cations near the boundaries. 

In addition to grain boundaries, ceramic imperfections can impede domain wall 

motion and thus reduce the magnetic property. Among these are pores, cracks, 

inclusions, second phases, as well as residual strains. Imperfections also act as energy 

wells that pin the domain walls and require higher activation energy to detach. 

Stresses are microstructural imperfections that can result from impurities or 

processing problems such as too rapid a cool. They affect the domain dynamics and 

are responsible for a much greater share of the degradation of properties than would 

expect [53]. 

 

Grain growth kinetics depends strongly on the impurity content. A minor dopant can 

drastically change the nature and concentration of defects in the matrix, affecting 

grain boundary motion, pore mobility and pore removal [54]. The effect of a given 

dopant depends on its valence and solubility with respect to host material. If it is not 

soluble at the sintering temperature, the dopant becomes a second phase which usually 

segregates to the grain boundary. 
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Figure 2.11: Porosity character: (a) intergranular, (b) intragranular. 

 

The porosity of ceramic samples results from two sources, intragranular porosity and 

intergranular porosity, figure. 2.11 An undesirable effect in ceramic samples is the 

formation of exaggerated or discontinuous grain growth which is characterized by the 

excessive growth of some grains at the expense of small,neighbouring ones, Figure. 

2.12.  

 

 
 

Figure 2.12: Grain growth (a) discontinuous, (b) duplex (schematic). 
 

When this occurs, the large grain has a high defect concentration. Discontinuous 

growth is believed to result from one or several of the following: powder mixtures 

with impurities; a very large distribution of initial particle size; sintering at 

excessively high temperatures; in ferrites containing Zn and /or Mn, a low O2partial 

pressure in the sintering atmosphere. When a very large grain is surrounded by 

smaller ones, it is called „duplex‟ microstructure. 

2.9.1 Magnetic Properties 

The lack of retrace ability of the magnetization curve is known as hysteresis. It is 

concerned to the existence of magnetic domains in the material. Once the magnetic 

domains are aligned in certain direction, it takes some energy to turn back to its 

original position. This property of ferromagnetic materials is helpful as a magnetic 
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memory. The M-H loop is obtained by measuring the induced electromotive force 

produced due to the change of flux.   

2.9.2 Hysteresis (M-H) Loop 

A piece of iron can be magnetized by placing it in a solenoid and passing current 

through it. If we increase the value of current gradually, the magnetizing field H also 

increases. As a result, the magnetization M produced in the specimen also increases. 

A graph between M and H is shown in the figure 2.13. 

At the starting point a, H and M both are zero. When we increase H, M also increases 

but not very uniformly till we reach the point b. beyond the point b, if H is further 

increased, the value of M remains constant.  

 
Figure 2.13: M-Hysteresis of a ferromagnetic material. 

 

Here all the moments are aligned in a single direction and the specimen is in a 

saturation state. Now if H is decreased, the value of M also decreases but at a much 

slower rate. When H is zero, the value of M is not zero but has a finite value equal to 

ac. This is called the remanence or retentivity of the magnetic material. On further 

increasing the value of H in the reverse direction, the value of M decreases and 

become zero. Here the value of magnetizimg field H becomes equal to ad. It is the 
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coercivity of the magnetic material. If the value of H is further increased, again we get 

the saturation state at point e. Now if we start to increase the value of H in the forward 

direction, we reach the point f. Here M has a finite value f in the reverse direction. On 

increasing the value of H in the positive direction, we again reach the saturation state 

at point b. From the graph, we see that the magnetization M does not become zero 

although the magnetizing field H is brought to zero i.e the value of M always lags 

behind H. This lagging of magnetization behind the magnetizing force when a piece 

of iron is taken through a cycle of magnetization is called Hysteresis. The graph 

showing the variation of M and H of an iron piece to form a cycle is called the 

Hysteresis loop. M-H loop shows the energy dissipation of a ferromagnetic material in 

the presence of an ac field.  

 

2.9.3 Remanence (Retentivity) 

It is the measure of the remaining magnetic field M of a magnetic material when the 

magnetizing force H is reduced to zero after the magnetic material is being saturated. 

It depends upon the degree of magnetization of the material before H is dropped to 

zero.  

2.9.4 Coercivity 

It is the measure of the reverse magnetic field required to demagnetize the material 

after being saturated.  

2.9.4.1 Soft Ferrites 

Soft Ferrites are those that can be easily magnetized or demagnetized. This shows that 

soft magnetic materials have low coercive field and high magnetization that is 

required in many applications. The hysteresis loop for a soft ferrite should be thin and 

long, therefore the energy loss is very low in soft magnetic material. Examples are 

nickel, iron, cobalt, manganese etc. They are used in transformer cores, inductors, 

recording heads and microwave devices [55].  

Soft ferrites have certain advantages over other electromagnetic materials including 

high resistivity and low eddy current losses over wide frequency ranges. They have 
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high permeability and are stable over a wide temperature range. These advantages 

make soft ferrites paramount over all other magnetic materials.   

2.9.4.2 Hard Ferrites 

Hard ferrites are difficult to magnetize or demagnetize. They are used as permanent 

magnets. A hard magnetic material has high coercive field and a wide hysteresis loop. 

Examples are alnico, rare earth metal alloys etc.[55].  

The development of permanent magnets began in 1950s with the introduction of hard 

ferrites. These materials are ferrimagnetic and have quite a low remanence (~400 

mT). The coercivity of these magnets (~250 kAm-1), however, is far in excess of other 

materials. The maximum energy product is only ~40 kJm-3. The magnets can also be 

used to moderate demagnetizing fields and hence can be used for applications such as 

permanent magnet motors. The hexagonal ferrite structure is found in both 

BaO.6Fe2O3 and SrO.6Fe2O3, but Sr ferrites have superior magnetic properties. 
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Chapter 3 
Sample Preparation And 

 Experimental Techniques 
 

 

3.1 Introduction 

For quality research, it is very important to use high purity raw materials. Another 

vital thing during sample preparation is to remain careful so that no impurity gets 

incorporated into the samples. Additionally, accurate weight calculation and 

measurement are also important to ensure single phase formation. After sample 

preparation, sample characterization and property measurement is carried out and 

finally a relationship between structure and property is established. Finally, during all 

experiments starting from sample preparation to property measurement, all parameters 

should be carefully controlled for getting good consistent results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3 Sample Preparation And Experimental Techniques 

35 | P a g e  
 

 

3.1.1 Materials Preparation 
There exist a wide variety of methods for the synthesis of polycrystalline materials. 

Out of them, the solid-state reaction method is the broadly used technique for the 

preparation of polycrystalline solids. In this method reactants are mixed together in a 

powder form and heated for extended periods at high temperature. High temperature 

provides a considerable amount of energy to accelerate the reaction rate. Hence, the 

final product obtained from this method is thermodynamically stable. The major 

benefit of this method is the formation of structurally single phase product with 

desired properties which depends on final sintering temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

                                    Figure 3.1: Flow chart of solid state reaction technique 

Weighing of high purity oxides 

Mixing the powder in the an agate 

mortar for 5 hours 

mortar for 4-5 hours First calcination of resulting powder at 

700˚C 

  

suitable temperature 

Grinding of calcined powder to get 

powder 

better homogeneity Second calcination of resulting powder 

at 750˚C 

Grinding of calcined powder to get 

better homogeneity 

better homogeneity Pressing the powder in the form of 

pallets using hydraulic press 

Sintering the pallets at 850˚C  

temperature 
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3.1.2 Calcination 
 
 
  
 

Calcination is a thermal treatment process in presence of air applied to ores and other 

solid materials to bring about a thermal decomposition phase transition or removal of 

a volatile fraction. The calcination processes normally take place below the melting 

point of the product materials. Calcination is to be distinguished from roasting, in 

which more complex gas solid reaction take place between the furnace atmospheres of 

the solid. The calcination reaction usually takes place at or above the thermal 

decomposition or transition temperature. This temperature is usually defined as the 

temperature at which the standard Gibbs free energy for a particular calcination 

reaction is zero [1]. The calcination process can be repeated several times to obtain a high 

degree of homogeneity. The calcined powders are crushed into fine powders. The ideal 

characteristics of fine powders are [2]: 

1) Small particle size (sub-micron) 

2) Narrow distribution in particle size 

3) Dispersed particles 

4) Equiaxed shape of particles 

5) High purity 

6) Homogeneous composition. 

 
Figure 3.2: Calcination cycle diagram 

In figure 3.3 the Laboratory Chamber Furnace (CAEBOLITE, ELF 11/6B / Germany) 

was used for calcining samples at 700 °C, 750 °C and sintering at 850 °C in air 

atmosphere. The calcining cycle of the experiment is shown in figure 3.2 
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Figure 3.3: Furnace used for annealing of the samples 

 

3.1.3 Pelletization 
It is a process of pressing the powder in uni-axial hydraulic press at room temperature 

by applying a force on to accelerate the reaction rate. Here we have to increase the 

area of contact between the particles, this can be achieved by pressing the reaction 

powder into pellets but even at high pressure the pellets are usually porous and the 

crystal contacts are not maximized. Typically cold pressed pellets are 20% to 40% 

porous. Depending upon requirement of our sample formation, sometimes hot press is 

required. So that the combined effect of temperature and pressing may cause the 

particle to fit together better but densification process is usually slow and may require 

several hours [3]. 

 

3.1.4 Sintering 
Process of forming objects from a metal powder by heating the powder at a 

temperature below its melting point. In the production of small metal objects it is 

often not practical to cast them. Through chemical or mechanical procedures a fine 

powder of the metal can be produced. When the powder is compacted into the desired 

shape and heated i.e., sintered, for up to three hours, the particles composing the 

powder join together to form a single solid object. 
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When thermal energy is applied to powder compact, the compact is densified and the 

average grain size is increases. Basic phenomena occurring from this process are 

densification and grain growth. This is a process used to produced density control 

materials or compound from metal or ceramic powder by applying thermal energy. 

During sintering at an appreciable tempreature,the atomic  

 
Figure 3.4: Sintering cycle diagram 

 

motion is more violent and the area between grains in contact inverses due to the 

thermal expansion of the grains and finally only one interface between two grains 

remains.This corresponds to a state with much lower surface energy. In this state, the 

atoms on the grain surfaces are affected by neighbouring atoms in all directions 

,which results in densified ceramics [4].  

 

Sintering aims to produce sintered part with reproducibility and if possible designed a 

microstructure through control the sintering variables. Microstructural control means 

control of gain size, sintered density, and size and distribution of other phases 

including pores. In most of the cases microstructural control prepare a full dense body 

with fine grain structure. 
 

Muffle Furnace was used to sinter the disk shaped samples in air atmosphere. The 

basic sintering cycles used in the experiments is shown in figure 3.4. The maximum 

sintering temperature, sintering rate and cooling rate were varied and which is given 

in figure 3.4.  
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3.2 Synthesis of nanoparticles 
 

The processes followed for synthesizing nanoparticles from their corresponding bulk 

samples are illustrated in the flowchart shown in figure 3.5. 

 
 

 
 

Figure 3.5: Flow chart for Synthesis of nanoparticles  
 
 
 
3.2.1 Ultrasonication method 
 
Sonication refers to the application of sound energy at frequencies largely inaudible to 

the human ear (higher than » 20 kHz), in order to facilitate the disruption of particle 

agglomerates through a process known as cavitation. Ultrasound disruption is more 

energy efficient and can achieve a higher degree of powder fragmentation, at constant 

specific energy, than other conventional dispersion techniques (Park et al. 1993; 

Hielscher 2005; Mandzy et al. 2005). Sonication is a convenient, relatively 

inexpensive tool that is simple to operate and maintain. 

Final products

Drying

Collection of supernatant

Sonicated for a reasonable time

Put into ultrasonic probe

Bulk powder mixed with 
isopropanol
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During the low-pressure cycle (rarefaction), microscopic vapor bubbles are formed in 

a process known as cavitation (Figure 3.6). 

 
Figure 3.6: Schematic illustration of ultrasonic wave-induced cavitation and agglomerate fracture. 

 

Ultrasonic waves can be generated in a liquid suspension either by immersing an 

ultrasound probe (transducer horn) into the suspension (direct sonication), or by 

introducing the sample container into a liquid that is propagating ultrasonic waves 

(indirect sonication). This is shown schematically in figure 3.7. Bath sonicators 

typically operate at much lower energy levels than are attainable using a probe or cup 

horn. 

 
Figure 3.7: Schematic illustration of direct (left) and indirect (middle and right) sonication 

configurations as described in the text 
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The flowchart in figure 3.8 illustrates the energy transformations that occur in a 

conventional probe sonicator. 

 
Figure 3.8: Flowchart illustrating the energy transformation process in a conventional probe (direct) 

sonicator.  

 

Thus, in principle, the cavitation process can effectively break down powder 

agglomerates. Coagulation in ultrasonic fields can occur from enhanced particle-

particle interactions due to the increased collision frequency as well as the favorable 

reduction in free energy that accompanies the resulting reduction in the liquid-solid 

interface. Under such conditions, sonicated particles in the neighborhood of a 

collapsing bubble collide with each other while simultaneously experiencing localized 

intense heating and subsequent cooling cycles. Depending on the effective energy 

delivered to the particles and the thermal properties of the material and medium, these 

concomitant effects can lead to re-agglomeration or even thermally induced inter-

particle fusion; that is, sonication- induced aggregate formation. 

 Chemical effects of sonication 

 Measuring and reporting delivered power 

 Sonication time and operation mode 

 Sample volume and concentration 

 Sonicator probe, container geometry, and tip immersion 

 
3.2.2 Sonication time and operation mode 
In a sonication bath, the sound waves must travel through both the bath or cup liquid 

(typically water) and the wall of the sample container before reaching the suspension.  

The total amount of energy (E) delivered to a suspension not only depends on the 



Chapter 3 Sample Preparation And Experimental Techniques 

42 | P a g e  
 

applied power (P) but also on the total amount of time (t) that the suspension is 

subject to the ultrasonic treatment and is expressed by, 

E = P × t                                                                   

Consequently, two suspensions treated at the same power for different times can show 

significantly different dispersion states.  

3.3 Preparation of Bi0.90Dy0.10FeO3 nanoparticles 

Pellets of mutiferroic Bi0.90Dy0.10FeO3 were prepared by a conventional solid state 

reaction technique. Details of the preparation process were described in section 3.1.1. 

The pellets were then ground into powder by performing manual grinding for 

approximately 2 hours. The obtained powders were subsequently mixed with 

isopropanol with a ratio of 3 g powder and 250 ml isopropanol [5]. Then, the mixtures 

of isopropanol and powder were put into an ultrasonic probe and bath and sonicated 

for 30, 60 and 90 minutes. After 24 hours settling time, ∼95% of the mass was 

precipitated and the ∼5% supernatant was collected from the solution to obtain 

nanoparticles [6]. The supernatant was dried naturally and the collected nanoparticles 

were used to measure the required properties. 

 

3.4 Experimental Techniques  
In order to investigate different properties of ferrites, some specific techniques have 

been used. Each technique gives different information, some are chemical and 

physical properties, and others are structural, morphological, electrical and optical 

properties. That is why a system should be equipped with more than one technique to 

obtain maximum information. The different techniques/experiments chosen in this 

work are explained below:  
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3.4.1 X-ray Diffraction Study 
X-ray diffraction (XRD) is a rapid analytical technique primarily used for phase 

identification of a crystalline material and can provide information on unit cell 

dimensions. The analyzed material is finely ground, homogenized, and average bulk 

composition is determined. 

The atomic planes of a crystal cause an incident beam of X-rays to interfere with one 

another as they leave the crystal. The phenomenon is called X-ray diffraction. X-ray 

diffraction is now a common technique for the study of crystal structures and atomic 

spacing. X-ray diffraction is based on constructive interference of monochromatic X-

rays and a crystalline sample. 

 

Figure 3.9: X-ray Diffractometer (Rigaku Ultimate VII). 

X-ray diffractometers consist of three basic elements: an X-ray tube, a sample holder, 

and an X-ray detector. X-rays are generated by a cathode ray tube by heating a 

filament to produce electrons, accelerating the electrons toward a target by applying a 

voltage, and bombarding the target material with electrons. When electrons have 

sufficient energy to dislodge inner shell electrons of the target material, characteristic 

X-ray spectra are produced. These spectra consist of several components, the most 

common being Kα and Kβ. Copper is the most common target material for single-

crystal diffraction, with CuKα radiation λ = 1.5418Å. Then the diffracted X-rays are 



Chapter 3 Sample Preparation And Experimental Techniques 

44 | P a g e  
 

filtered to produce monochromatic radiation, collimated to concentrate, and directed 

toward the sample. The interaction of the incident rays with the sample produces 

constructive interference (and a diffracted ray) when conditions satisfy Bragg's Law 

which is given by: 

2𝑑ℎ𝑘𝑙 sin 𝜃 = 𝑛𝜆 

This law relates the wavelength (𝜆) of electromagnetic radiation to the diffraction 

angle (𝜃) and the lattice spacing (𝑑ℎ𝑘𝑙) between two crystal plane in a crystalline 

sample. These diffracted X-rays are then detected, processed and counted. By 

scanning the sample through a range of 2θ angles, all possible diffraction directions of 

the lattice should be attained due to the random orientation of the powdered material. 

The intensity of diffracted X-rays is continuously recorded as the sample and detector 

rotate through their respective angles. A peak in intensity occurs when the mineral 

contains lattice planes with 𝑑ℎ𝑘𝑙-spacings appropriate to diffract X-rays at that value 

of  𝜃. Once all 𝑑ℎ𝑘𝑙-spacings have been determined they can be compared with 

standard data, available from the International Centre for Diffraction Data as the 

Powder Diffraction File (PDF), which facilitates to identify any impurity phases 

appeared as extra peaks. 

The average size of particles of crystals in the form of powder can be determined from 

XRD patterns using Scherrer equation which is given by: 

𝜏 =
𝐾𝜆

𝛽 cos 𝜃
 

Where τ is the mean size of the ordered (crystalline) domains, which may be smaller 

or equal to the grain size; K is a dimensionless shape factor, with a value close to 
unity. The shape factor has a typical value of about 0.9, but varies with the actual 

shape of the crystallite; λ is the X-ray wavelength; β is the line broadening at half the 

maximum intensity (FWHM). θ is the Bragg angle. 

 

http://serc.carleton.edu/research_education/geochemsheets/BraggsLaw.html
http://www.icdd.com/
https://en.wikipedia.org/wiki/X-ray
https://en.wikipedia.org/wiki/Wavelength
https://en.wikipedia.org/wiki/Intensity_%28physics%29
https://en.wikipedia.org/wiki/Full_width_at_half_maximum
https://en.wikipedia.org/wiki/Bragg_diffraction
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3.4.2 Field Emission Scanning Electron Microscopy 
A field-emission cathode in the electron gun of a scanning electron microscope 

provides narrower probing beams at low as well as high electron energy (figure 3.10), 

resulting in both improved spatial resolution and minimized sample charging and 

damage. 

 

Figure 3.10: Field Emission Scanning Electron Microscope [7]. 

 
Figure 3.11: JFC 1600 Auto Fine Coater 

At first the powder sample was taken in a cupper tape which is actually consists of 

three layers, the lower one is a cupper layer, the middle one is a carbon tape and the 

upper one is the cupper tape where the sample was adhered. Then the sample was 
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coated with platinum by ion sputtering method in auto fine coater for about 40 

seconds. A 10 nm layer of platinum is coated upon the sample. Then the cupper tape 

is mounted on a holder in the specimen chamber and inserted in the FESEM (Figure 

3.11). The micrographs obtained from FESEM analysis were useful for morphological 

studies of the samples. 

3.4.3  P-E loop Measurement  
The measurement methods have been developed over the years with advances in 

electronic hardware and software. The most often quoted method of hysteresis loop 

measurement is based on a paper by Sawyer and Tower [8]. A schematic of the 

experimental setup is shown in figure 3.12 and 3.13. Here the field applied across the 

sample is attenuated by a resistive divider, and the current is integrated into charge by 

virtue of a large capacitor in series with the sample. Both these voltages are then fed 

into the X and Y axes of an oscilloscope to generate the P-E loop. The applied voltage 

was usually a sinusoid at mains frequency as this was the simplest method to generate 

the required voltage and current. The P-E loop of the pellet were measured by 

automatic PE loop tracer (MARINE INDIA). 

 
                           Figure 3.12: P-E loop measurements (Schematic of Sawyer Tower circuit) [8]. 

 
       Figure 3.13: P-E hysteresis loop measurement [automatic PE loop tracer by MARINE INDIA]. 
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3.4.4  SQUID Magnetometer: 
A SQUID (Superconducting Quantum Interference Device) is a very sensitive 

magnetometer used to measure extremely subtle magnetic fields, based on 

superconducting loops containing Josephson junctions. It consists of two 

superconductors separated by thin insulating layers to form two parallel Josephson 

junctions. A fundamental property of superconducting rings is that they can enclose 

magnetic flux only in multiples of a universal constant called the flux quantum, 

ℎ
2𝑒⁄ = 2.07 × 10−15  Wb. Because the flux quantum is very small, this physical 

effect can be exploited to produce an extraordinarily sensitive magnetic detector 

known as the SQUID. Applying current to the SQUID (biasing it) sends Cooper pairs 

of electrons tunneling through the junctions. A magnetic field applied to the ring, 

however, alters the flow. Specifically, it changes the quantum-mechanical phase 

difference across each of the two junctions. These phase changes, in turn, affect the 

critical current of the SQUID. A progressive increase or decrease in the magnetic field 

causes the critical current to oscillate between a maximum value and a minimum one. 

The maximum occurs when the flux administered to the SQUID equals an integral 

number of flux quanta through the ring; the minimum value corresponds to a half-

integral number of quanta. The flux applied to the SQUID can assume any value, 

unlike the flux contained within a closed superconducting ring, which must be an 

integral number. 

 
Figure 3.14: The DC SQUID construction and principle: (a) shows the two Josephson junctions 

forming a superconducting ring, which forms the DC SQUID. (b) Shows the output voltage as a 

function of applied flux. A tiny flux signal produces a corresponding voltage swing across the SQUID, 

which conventional electronics can measure [9]. 

 

https://en.wikipedia.org/wiki/Magnetometer
https://en.wikipedia.org/wiki/Magnetic_field
https://en.wikipedia.org/wiki/Josephson_junction
http://hyperphysics.phy-astr.gsu.edu/hbase/solids/squid.html#c3
http://hyperphysics.phy-astr.gsu.edu/hbase/solids/squid.html#c3
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In practice, we do not measure the current but rather the voltage across the SQUID, 

which also swings back and forth under a steadily changing magnetic field as shown 

in figure 3.14. The sample is placed in a superconducting pick-up coil that is 

connected to the actual SQUID. Since the magnetic flux through a superconducting 

ring is quantized, the sample will induce a super current in the pick-up coils that will 

keep the flux at a constant value. In magnetic measurement, SQUID magnetometer 

has better sensitivity (~10-6 emu) compared to vibrating sample magnetometer 

(VSM) (10-4 emu). It is so because superconducting Josephson junctions were used in 

SQUID magnetometer which is extremely sensitive for any tiny alteration in magnetic 

flux or voltage. 

3.4.5  Diffuse reflectance spectroscopy (DRS) 
Diffuse reflectance spectroscopy (DRS) is the most powerful sampling technique for 

the powder or crystalline materials in mid-IR and near IR region. It is a very effective 

technique, closely related to UV-Vis spectroscopy, a visible light is used to excite 

valence electrons to empty orbitals within the sample. The basic parts of a 

spectrophotometer are: 

 a light source 

 a holder for the sample 

 a diffraction grating in a monochromator or a prism to separate the different 

wavelengths of light, and  

 a detector 

 
 

Figure 3.15: UV-vis spectrophotometer, (UV-2600, SHIMADZU) 

https://en.wikipedia.org/wiki/Diffraction_grating
https://en.wikipedia.org/wiki/Monochromator
https://en.wikipedia.org/wiki/Prism_(optics)
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The working of DRS is based upon a focused projection of the spectrometer, light 

beam into the sample. As we know when a light passes through a sample it may get 

reflected, transmitted or absorbed. The diffuse reflection refers to the fraction of the 

incident light beam scattered within the sample and comes back to the surface. The 

incident light beam scattered in different directions will be corresponding to diffuse 

reflection, while light beam reflected symmetrically will be corresponded to specular 

reflection as shown in figure 3.17. In DRS, we mixed the sample with non-absorbing 

material such as barium sulphate (BaSO4). Here, BaSO4 is considered as a reference 

sample with assuming its reflectance equal to 100%. The dilution of sample with 

BaSO4 normally reduced the fraction of specular reflection, which is normally due to 

modification in band shapes and their relative intensities. The schematic 

representation of diffuse reflectance spectrophotometer with integrated spheres is 

shown in figure 3.18. In the present work, Ultraviolet-visible diffuse reflectance 

spectra (UV-Vis DRS mode) of the samples were measured by UV-2600, 

SHIMADZU.  

 

                                  Figure 3.16: Scattering of incident light from a solid sample. 

 

 
 

Figure 3.17: Diffuse reflection using integrated spheres for (a) standard sample BaSO4, (b) for the 

sample under study. 
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The optical energy band gap of the samples was calculated from the classical Tauc’s 

relation to the direct band gap transition (αhν)2 = A(hν - Eg), where A is a constant, α 

is the absorption coefficient of the material, hν is the photon energy and Eg is the 

direct band gap of the material. 
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Chapter 4 
Results and Discussion 

 

4.1 Introduction 

This chapter describes the investigation of structural, morphological, magnetic, 

ferroelectric and optical properties of synthesized bulk polycrystalline materials 

prepared by solid state reaction technique and their corresponding nanoparticles 

fabricated by ultrasonication probe dispersion technique. 

 

4.2 XRD analysis of Bi0.90Dy0.10FeO3 materials 

The crystal structure of the Bi0.90Dy0.10FeO3 (BDFO) bulk powder materials 

synthesized by solid state reaction technique and nanoparticles prepared by ultrasonic 

probe dispersion technique (direct sonication) with varying amount of sonication time  

 

Figure 4.1: X-ray diffraction patterns of BiFeO3 bulk, Bi0.90Dy0.10FeO3 bulk polycrystalline 

sample and nanoparticles sonicated for 30, 60 and 90 minutes. 
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were determined with powder X-ray diffraction (XRD) and data were collected at 
room temperature using a diffractometer (Rigaku SmartLab) with CuKα (  = 1.5418 
Å) radiation. 

The major diffraction peaks for the undoped sample as shown in figure 4.1 matched 

well with those reported in the Crystallography Open Database (COD file #96-210-

2910, http://www.crystallography.net) for the rhombohedrally distorted perovskite 

structure of BiFeO3 (BFO) prepared by solid state reaction technique [1] (with space 

group R3c) [2]. In the bulk undoped BFO materials, a significant number of 

secondary phases appeared as shown in figure 4.1. During the solid state synthesis of 

bulk undoped BFO and even in cations substituted BFO, the formation of these 

secondary phases were observed in a number of previous investigations [3,4]. In a 

perticular investigation, it was observed that the specific reaction pathway has good 

influence on the final distribution of the secondary phases [5], however, the 

mechanism leading to the formation of those secondary phases is still unknown. 

Interestingly, these secondary phases were found to be suppressed when doped with 

10% Dy in case of the bulk polycrystalline materials as shown in figure 4.1. 

From XRD pattern the lattice parameters a and c, the volume of the unit cell V, and 

the ratio c/a were calculated and listed in table 4.1. These values are consistent with 

reported values for related compounds [6]. 

Table 4.1: The lattice parameters a and c, the volume of unit cell V and the ratio of 

c/a for the Bi0.90Dy0.10FeO3 bulk polycrystalline sample and nanoparticles sonicated 

for 30, 60 and 90 minutes. 

Specification a=b 

(Å) 

c (Å) c/a V(Å3) FWHM 

(radians) 

Microstrain 

BDFO Bulk 5.557 13.807 2.484 369.4 0.630 0.0226 

Nanoparticles (sonicated 

for 30 minutes) 

5.566 13.752 2.470 369.1 0.704 0.0247 

Nanoparticles (sonicated 

for 60 minutes) 

5.563 13.739 2.469 368.3 0.694 0.0363 

Nanoparticles (sonicated 

for 90 minutes) 

5.555 13.780 2.480 368.3 0.694 0.0380 
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If we look at the values of c/a for the listed compounds in table 4.1, we observe 

deviation from the threshold value cited in [7] which indicates formation of 

rhombohedrally distorted perovskite structure (with space group R3c) of 

Bi0.90Dy0.10FeO3 bulk polycrystalline sample and its corresponding nanoparticles 

[7,8]. 

From the XRD patterns depicted in figure 4.1, we notice that the impurity phases are 

suppressed significantly. In case of our direct sonication probe dispersion technique 

[9], we observed a tendency of conversion from crystalline to amorphous phase 

indicated by the gradual decrease of the intensity of (104) and (110) peaks with 

increasing sonication time. Interestingly, for ultrasonication bath (indirect) technique 

this type of problem was not found [10]. So, we may infer that compared to the bath 

(indirect) sonication technique, our developed method (direct ultrasonication) suffers 

from an apparent disadvantage of crystallinity distortion. However, it provides an 

advantage of superior performance in terms of phase purity of the crystal.   

From the enlarged view of figure 4.2, we notice that the (104) and (110) diffraction 

peaks of single-site doped Bi0.90Dy0.10FeO3 bulk samples as well as of their 

nanoparticles shifted to higher angle as compared with that of BiFeO3 bulk 

polycrystalline sample. This indicates the substitution of substituted Bi3+ ions by Dy3+ 

ions which has affected the original structure of BiFeO3. Again, for the sonicated 

nanoparticles of Bi0.90Dy0.10FeO3, we observe the gradual decrease in intensity of the 

peaks along with the merging of the two peaks with increasing sonication period. This 

shifting and merging into single broad peak provides an indication of a compositional 

driven phase transition from rhombohedral to orthorhombic phase [11,12]. This may 

be explained by the fact that the ionic radius of Dy3+ (0.912 Å) is smaller than that of 

Bi3+ (1.03 Å), leading to the changes in the lattice parameters and enhancement of  the 

Fe–O–Fe bond angle [11]  along  with contraction of the unit cell as reported in other 

Dy doped BiFeO3 ceramics [12,13].  
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Figure 4.2: Enlarged view of (104) and (110) peaks around 2θ ≈ 320 is an indication of the 

phase transition from distorted rhombohedral to orthorhombic structure. The gradual decrease 

of the intensity of these two peaks demonstrates that the crystalline to amorphous phase 

conversion of the ultrasonically prepared nanoparticles are increased with sonication time. 

 

In this regard, it may be added that to determine numeric values of any probable 

lattice distortion during substitution/co-substitution and unit cell parameters 

accurately, Rietveld refinement of XRD patterns is necessary. However, due to 

constraints of facilities, this has not been performed for the time being in this 

investigation. But for future expansion of the work, this definitely provides scope of 

improvement and further refined investigation. 
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4.3.1 Morphological Studies and particle size studies of 
Bi0.90Dy0.10FeO3 materials 

To investigate the microstructure of the surface morphology of the Bi0.90Dy0.10FeO3 

bulk pellets and nanoparticles, Field Emission Scanning Electron Microscope 

(FESEM) imaging was carried out for all of the samples. In figure 4.3, FESEM 

images and their corresponding histograms of the Bi0.90Dy0.10FeO3 bulk materials and 

nanoparticles, respectively are shown with the histograms representing the 

distribution of the particles in terms of their corresponding size. It is observed that the 

average particle size decreases significantly (in nanometer scale) with increase of 

sonication time. It should be noted that in a previous investigation carried out by 

Basith et.al [10], high quality monodisperse Gd and Ti co-doped BiFeO3 

nanoparticles were produced using ultrasonic energy through bath (indirect process) 

directly from their bulk powder materials. In this present investigation for ultrasonic 

probe dispersion (direct process), 30 minutes is enough to produce nanoparticles 

within the range of 60 nm to 90 nm, whereas, within the same timeframe,  bath 

sonication/indirect process is able to produce 150 to 250 nm grains only. Since for the 

direct process, lesser time is required to produce the same amount of decline in 

particle size, we may infer that at ultrasonic probe dispersion (direct process), higher 

mechanical energy is bombarded at the particles from the ultrasonic wave in direct 

process compared to bath technique. 

Previous investigation showed the particle size of the pure BiFeO3 was 5  15 m 

[1]. From the FESEM imaging, average grain size of Bi0.90Dy0.10FeO3 bulk (pellet) is 

800 to 1200 nm [Figure 4.3 (a)] and its corresponding histogram [Figure 4.3 (b)]. 

Particle size varies with varying of sonication time. For 30 minutes of sonication, the 

average particles size was measured to be from 75 to 150 nm from figure 4.3 (c) and 

its corresponding histogram as shown in figure 4.3 (d). Increasing of sonication time 

(up to 60 munities) the average particle size was slightly reduced to around 75-100 

nm [determined from Figure 4.3 (e) and its respective histogram [Figure 4.3 (f)]. 

Further increase of 90 munities sonication time provided significantly reduced 

nanoparticles of 50 to 100 nm calculated from its corresponding histogram [Figure 4.3 

(h)]. All calculated data are shown in Table 4.2. 
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Figure 4.3: FESEM imaging of of Bi0.90Dy0.10FeO3 (a) bulk polycrystalline sample and 

nanoparticles sonicated for (c) 30, (e) 60 and (g) 90 minutes. The corresponding histograms 

are shown in figures (b), (d), (f) and (h). 
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Table 4.2: Particle size 

Sample Range of Particle size(nm) 

Bulk 800-1200 

Nanoparticles (sonicated for 30 minutes) 75-150 

Nanoparticles (sonicated for 60 minutes) 75-100 

Nanoparticles (sonicated for 90 minutes) 50-100 

 

The reduction of the particle size may initially be attributed to the addition of Dy ions 

into the BiFeO3 [2,14]. The ultrasonic process reduces the particle size of synthesized 

nanoparticles. This is due to the fact that ultrasound irradiation generates many 

localized hot spots in the solution with the particles [15] and during the process, the 

implosive collapse of the bubble causes an inward rush of liquid known as 

‘microstreaming’ in which high velocity is produced [16]. Due to the high velocity, 

the bubbles bombard the agglomerations with high momentum producing splitting 

and dispersion rapidly. 

It  has  been  suggested  that  the  grain  growth depends  upon  the  concentration  of  

oxygen  vacancies  [17]  and diffusion  rate  of  the ions.  Due  to  highly  volatile  

nature  of  Bi,  its evaporation  generates  large  number  of  oxygen  vacancies  in 

pure  BiFeO3.  This  makes  it  easy  for  the  ions  to  diffuse,  resulting in  a  very  

large  grain  size  as  compared  to  the Dy doped BiFeO3 samples. But, when the Dy 

ion is substituted within BiFeO3 at Bi site, then the leakage current density is expected 

to reduce compared to the bulk BiFeO3, which is an indication of reduced oxygen 

vacancies.  

 

To summarize, our findings clearly demonstrate that the varying sonication time in 

ultrasonication technique controlled the volatilization of Bi as well as reducing 

leakage current density (discussed will later) and controlled the grain/ particle growth.  
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4.3.2 Energy dispersive X-ray spectroscopy 

Energy dispersive X-ray spectroscopy (EDS) confirms the presence of expected 

amount of mass percentage of the atoms in synthesized Bi0.90Dy0.10FeO3 samples. 

Figure 4.4 shows EDS spectrum of the Bi0.90Dy0.10FeO3 sample and from the data of 

table 4.3, it is verified that the synthesized sample contains the expected amounts of 

Bi, Fe, Dy and O. 

 

Figure 4.4: The EDS spectrum of Bi0.90Dy0.10FeO3 bulk powder sample and presence of 

expected amounts of Bi, Fe, Dy and O in the synthesized. 
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Table 4.3: The presence of expected amounts of Bi, Fe, Dy and O in the synthesized 

of Bi0.90Dy0.10FeO3 bulk sample. 

Element Mass% 

O 8.03 

Fe 1.46 

Dy 8.39 

Bi 82.13 

Total 100.00 
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4.4 Magnetic Characterization of Bi0.90Dy0.10FeO3 materials using 

SQUID 
The magnetic properties of the Bi0.90Dy0.10FeO3 bulk samples and ultrasonically 

prepared nanoparticles by probe have been studied at room and low temperature by 

using a Superconducting Quantum Interference Device (SQUID) magnetometer. 

 

4.4.1 Field dependent magnetization by using SQUID 

For magnetic characterization, the M-H hysteresis loops of Bi0.90Dy0.10FeO3 bulk 

samples and ultrasonically prepared nanoparticles measured at room temperature with 

an applied magnetic field of up to ±50 kOe are shown in figure 4.5 (a). All the 

samples exhibit weak ferromagnetic nature with notable remanent magnetization and 

coercivity. 

The enlarged view of this hysteresis loops are shown in figure 4.5 (b-e). The M-H 

curve of Bi0.90Dy0.10FeO3 bulk samples and ultrasonically prepared nanoparticles 

demonstrate weak ferromagnetic nature [10]. Unlike undoped bulk BiFeO3, inset of 

figure 4.5 (a) the Bi0.90Dy0.10FeO3 bulk samples show weak ferromagnetic nature with 

higher values of the magnetization compare to the magnetization value of BiFeO3 

[10]. But, the magnetization of ultrasonically prepared nanoparticles of 

Bi0.90Dy0.10FeO3 was found to decrease compared to that of Bi0.90Dy0.10FeO3 and 

undoped BiFeO3 bulk materials which may be associated with the amorphization of 

the nanoparticles prepared by the probe generated ultrasonic energy, which is 

confirmed from the XRD result. All results are shown in table 4.4. 

From the hysteresis loops, the remanent magnetization (Mr), coercive fields (Hc) and 

exchange bias field (HEB) were quantified as: Mr = |(Mr1-Mr2)|/2 where Mr1 and Mr2 

are the magnetization with positive and negative points of intersection with H = 0, 

respectively [10], Hc = (Hc1−Hc2)/2, where Hc1 and Hc2 are the left and right coercive 

fields [10] and HEB = −(Hc1 + Hc2)/2 where Hc1 and Hc2 are the left and right coercive 

fields, respectively [10]. Calculated values of Mr, Hc and HEB for Bi0.90Dy0.10FeO3 bulk 

samples and ultrasonically prepared nanoparticles are inserted in table 4.4.  
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Figure 4.5: (a) Room temperature M-H hysteresis loops of Bi0.90Dy0.10FeO3 bulk sample and 

ultrasonically prepared nanoparticle (inset of (a) contains the M-H hysteresis loop of undoped 

BFO at 50 kOe). An enlarged view of the M-H hysteresis loops of Bi0.90Dy0.10FeO3 bulk 

materials and its ultrasonically prepared nanoparticles are presented in figures (b-e). 

 

BDFO  Bulk 
BDFO  Nano 

BDFO  Nano BDFO  Nano 

BDFO Bulk 
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Table 4.4: The table shows the calculated values of particle size, coercive field (HC), 

remanent magnetization (Mr) and exchange bias field (HEB) for BiFeO3 bulk, 

Bi0.90Dy0.10FeO3 bulk polycrystalline sample and nanoparticles sonicated for 30, 60 

and 90 minutes. 

Sample  Particle 
    size 
   (nm) 

Coercive 
  Field  
   HC  
  (Oe) 

Exchange 
Bias Field 
     HEB 
    (Oe) 

   Remanent 
Magnetization 
          Mr  
     (emu/g) 

BFO Bulk 5000-15000 132       81   0.001 
BDFO Bulk 800-1200 3793       29          0.118 

Nanoparticles 
(sonicated for 30 minutes) 

75-150 1835       12          0.051 

Nanoparticles 
(sonicated for 60 minutes) 

75-100 1761       64          0.053 

Nanoparticles 
(sonicated for 90 minutes) 

50-100 1822      128          0.048 

 

The observed value of remanent magnetization of Bi0.90Dy0.10FeO3 bulk samples were 

found to increase compared to the magnetization value of BiFeO3 [10], which is 

higher than the reported values for A-site doped and co-doped BiFeO3 bulk ceramics 

[18,19]. It is generally expected that due to Dy doping, the spin cycloid structure of 

BiFeO3 would be destroyed. As a result, the latent magnetization locked within the 

cycloid structure is released, therefore making the samples ferromagnetically ordered 

[20]. Previous investigations have reported further enhancement of magnetization 

values [18,19] when nanoparticles were synthesized and characterized from their 

corresponding bulk compositions of similar materials. This induced us to perform 

further characterization of the nano samples of Bi0.90Dy0.10FeO3 with anticipation of 

improved magnetic properties. Surprisingly, the remanent magnetization of 

ultrasonically prepared Bi0.90Dy0.10FeO3 nanoparticles were, in fact, found to decrease 

with increasing of sonication time. This is in utter contrast to the other experimental 

results [18,19] indicating its soft nature and better suitability for device applications 

[21].  

The particle size has an effect on coercivity, bellow a critical size, the nanoparticles 

behave like super paramagnetic nanoparticles. Other contributing factor towards the 

change in coercivity is anisotropy (magnetocrystalline anisotropy, magnetoelastic 
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anisotropy, shape anisotropy etc.) [22]. Besides these, the impurity phases played a 

significant role to enhance ferromagnetism in bulk materials [22]. Since in the case of 

our investigation, it has been confirmed from the XRD patterns that the sample has 

significantly high phase purity, the magnetization of the nanoparticles might have 

decreased instead of increasing. Moreover, the coercivity is an extrinsic property and 

depends mostly on a number of factors like the microstructure, in particular the 

homogeneity of the grain, their size distribution, domain wall pinning effect etc. and 

hence such a variation of coercivity is not unexpected [22]. 

 
4.4.2 Temperature dependent magnetization by using SQUID 
 
To further explore the magnetic properties of Bi0.90Dy0.10FeO3 bulk and their 

ultrasonically prepared nanoparticles, we have carried out temperature dependent zero 

field cooled (ZFC) and field cooled (FC) magnetization measurements under a 

magnetic field of 500 Oe (low temperature magnetization measurements performed 

up to 5 K). To perform the experiment in the ZFC process, the sample was initially 

cooled from 300K to 5K and data were collected while heating in the presence of the 

applied field. On the other hand, in the FC mode, data were collected while cooling in 

the presence of 500 Oe magnetic field [23].  

In figures 4.6 (a) and (b), we have demonstrated the M−T curves of the 

Bi0.90Dy0.10FeO3 bulk samples and their ultrasonically prepared nanoparticles 

(sonicated for 60 minutes) respectively. Both ZFC and FC magnetization curves 

overlap with each other throughout the temperature range under investigation 

indicating that no magnetic transition has occurred [24]. In both cases, the 

magnetization value gradually increased with decreasing temperature. The 

magnetization increases slowly as temperature is decreased up to 150 K and then 

sharply rises up with further decreasing temperature. The steep increase of 

magnetization particularly below 50 K in figures 4.6 (a) and (b) indicates the weak 

ferromagnetic nature of this material system at sufficiently low temperature. Similar 

result was observed by J. Lu et al. and Weiwei Hu et al. [25,26] which suggests that 

the sample has retained its intrinsic property where no phase or glass transition has 

taken place. This, in fact, is perhaps most likely due to significant phase purity in the 

synthesized samples [22]. 
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Figure 4.6: (a) Temperature dependent zero field cooled and field cooled magnetization (M-T 

curves) of Bi0.90Dy0.10FeO3 bulk materials, (b) Ultrasonically prepared nanoparticles sonicated 

for 60 minutes and (c) For BFO. In each case the applied magnetic field was 500 Oe. 

Again, in figure 4.6 (c), the M-T curves of undoped BFO are plotted. For this sample, 

Basith et al. reported an anomaly around 264 K [22] where a neck in the curve was 

found. However, in the sample under scrutiny has not shown any such anomaly. It 

was anticipated that this anomalous pattern was observed due to domain wall pinning 

effects as a result of random distribution of oxygen vacancies in Ref. [22]. Since for 

our sample, we have not observed such behavior around 264 K temperature, we 

anticipate a suppression in the amount of oxygen vacancies which will be further 

examined by leakage current measurements.  

 

 

 

BDFO Bulk 
BDFO Nano 

(C) 
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4.5 Ferroelectric Measurement 

The measurement of the ferroelectric P-E hysteresis loop has also been carried out 

which is very important for investigating the ferroelectric behaviors of synthesized 

Bi0.90Dy0.10FeO3 bulk materials and ultrasonically prepared nanoparticles. Generally 

speaking, it is very difficult to obtain an identical P-E loop from the BiFeO3 ceramics 

due to their high leakage current of bulk materials which is predominantly connected 

with impurity phases and oxygen vacancies [22]. The substitution of rare-earth 

elements in place of Bi3+ provided improved ferroelectric property and also electrical 

resistivity [6]. Introduction of oxygen vacancy produces mixed valence state of Fe2+ 

and Fe3+ due to charge neutrality. Electrons trapped by oxygen vacancy are activated 

by external potential and contribute to leakage current. The  electrical  behavior  is  

dominated  by  leakage  currents  and conduction  effects  resulting  from  the  

presence  of  small  amounts of  Fe2+ ions  and  oxygen  vacancies [27] in BiFeO3 

ceramic  samples. Therefore, large number of oxygen vacancies, high concentration of 

Fe2+ ions, large grain size and more compact structure give rise to the leaky behavior 

in the BiFeO3 system [27,28]. 

To compare the leaky behavior of representative Bi0.90Dy0.10FeO3 bulk materials and 

ultrasonically prepared nanoparticles sonicated for 60 minutes, leakage current 

density versus electric field (J-E) measurements were performed for an applied field 

of up to ±20 kV/cm as shown in figure 4.7. Also similar measurements were done for 

undoped BFO as well. 

However, we have observed no significant change in leakage current density of 

Bi0.90Dy0.10FeO3 bulk materials and their corresponding ultrasonically prepared 

nanoparticles sonicated for 60 minutes. This phenomenon may be explicated from two 

aspects. Firstly, for both Bi0.90Dy0.10FeO3 bulk materials and their ultrasonically 

prepared nanoparticles sonicated for 60 minutes, very few impurity phases are present 

which has been confirmed from the XRD patterns (Figure 4.1). Secondly, the 

temperature dependent M-T curves shown in figure 4.6 have indicated the intrinsic 

property of these samples. Although the leakage current density of Bi0.90Dy0.10FeO3 

bulk materials and ultrasonically prepared nanoparticles sonicated for 60 minutes are 

identical is much lower than the parent BiFeO3 ceramics. As a result, the P-E loops of 
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Bi0.90Dy0.10FeO3 bulk materials and their corresponding nanoparticles exhibit almost 

identical shape, which will be confirmed by the following experiments. 

 

Figure 4.7: Leakage current density of BFO bulk, Bi0.90Dy0.10FeO3 bulk materials and 

nanoparticles sonicated for 60 minutes as a function of applied electric field. 

 

From the figure 4.7 electrical resistivity of Bi0.90Dy0.10FeO3 bulk materials and 

ultrasonically  prepared nanoparticles sonicated for 60 minutes is defined as the ratio 

of the electric field to the current density as,  = .  Here, , E and J are the electrical 

resistivity, electric field, leakage current density respectively. The electrical resistivity 

of ultrasonically prepared Bi0.90Dy0.10FeO3 nanoparticles is lower than the 

Bi0.90Dy0.10FeO3 bulk materials (Table 4.5). 

We have also carried out ferroelectric measurement to establish polarization versus 

electric field hysteresis loops (P-E) at applied field with a maximum value of ±20 

kV/cm for Bi0.90Dy0.10FeO3 bulk materials and ultrasonically prepared nanoparticles 
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sonicated for 60 minutes in the figure 4.8 at the room temperature (frequency of 50 

Hz). The P–E loop of bulk BFO is also given in the inset for comparison. 

 

Figure 4.8: Room temperature polarization vs. electric field loops of Bi0.90Dy0.10FeO3 bulk 

materials and nanoparticles prepared by ultrasonication sonicated for 60 minutes. 

 

Which shows improved ferroelectric behavior than the BiFeO3 bulk ceramics. Beside 

this the Bi0.90Dy0.10FeO3 nanoparticles (sonicated for 60 minutes) shows improved 

identical P-E loop compared to the Bi0.90Dy0.10FeO3 bulk materials due to reduce 

electrical resistivity (Table 4.5), hybridization of the 6s2 lone pair electrons of Bi+3 

with the 2s/2p orbitals of O2 [2,29]. 

From the figure 4.8, we found that the remanent polarization (Pr) and the coercive 

field (Ec) of Bi0.90Dy0.10FeO3 nanoparticles sonicated for 60 minutes are higher 

compared to that of Bi0.90Dy0.10FeO3 bulk ceramics. But, the electrical resistivity ( ) 

of Bi0.90Dy0.10FeO3 nanopartiles sonicated for 60 minutes is reduced compared that of 

Bi0.90Dy0.10FeO3 bulk ceramics (Table 4.5). 

 

BDFO Bulk 
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In bulk counterparts, Pr is lower, however, the loop is nearly saturated. The P-E 

hysteresis loops for BFO multiferroics are often dominated by leakage current 

affected by mixed valence of Fe2+ and Fe3+ ions, or from oxygen vacancy related 

defects, or from both [29]. The interpretation of ferroelectric behavior of materials 

with such P-E loops can often be misleading to erroneous conclusions. It has been 

asserted in Ref. [29] that true ferroelectrics exhibit saturation in polarization and have 

concave region in P-E loop. We find that BDFO bulk provides saturated polarization 

while BFO bulk and BDFO nano do not, indicating more reliable ferroelectric 

characteristics for BDFO bulk. The oxygen vacancies due to Bi volatility and hopping 

of itinerant electrons between Fe2+ and Fe3+ ions result in high conductivity and 

leakage current in undoped BFO. Hence replacement of highly volatile Bi with Dy 

reduces the concentration of oxygen vacancies giving reduced leakage current and 

improved P-E loop. 

Table 4.5: The remanent polarization (Pr), coercive field (Ec) and electrical resistivity 

( ) of    Bi0.90Dy0.10FeO3 nanoparticles sonicated for 60 minutes 

 
P–E hysteresis loop 

analysis 
Leakage current density analysis 

Remanent  
Polarization 

(Pr)  
(μC/cm2) 

Coercive  
Field (Ec) 
(kV/cm) 

Applied Field 

(kV/cm) 

Leakage 
current 
 density  

(J )  

(A/cm2) 

Electrical 
Resistivity  

( )  

Bulk Nano Bulk Nano Bulk Nano Bulk Nano Bulk Nano 

6.24 16.98 13.54 14.01 20 20 5.30 5.30 424.98 386.14 

 

Beside this the annealing process also enhances the oxygen vacancy concentration in 

the synthesized product [30]. Studies [30] showed that slow heating rate and long 

sintering time will enable the equilibrium concentration of the oxygen vacancies at 
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high temperature to be reached and thus huge no of oxygen vacancies are produced in 

BiFeO3 product. 

It would be excellent to apply high electric fields at room temperature. Although the 

leakage current density is reduced, it is still impossible to apply high electric fields at 

room temperature due to the breakdown voltage of the materials [30].  

 

4.6    UV-vis Diffuse Reflectance Studies (Estimation of band gap     

         energy) 

For determining the optical band gap of the synthesized Bi0.90Dy0.10FeO3 bulk 

materials and ultrasonically prepared nanoparticles (sonicated for 60 minutes), UV-

visible diffuse reflectance spectra (DRS) were recorded at room temperature. Initially, 

40 mg of Bi0.90Dy0.10FeO3 bulk materials and nanopowders were pressed with 2 g of 

Barium Shalphate (BaSO4) salt into a thin translucent disc, as the BaSO4 salt has no 

significant light reflection in visible light region and also transparent to near 

ultraviolet to the long-wave infrared wavelengths region [31]. 

Figure 4.9 shows the room temperature UV-Visible diffuse reflectance for 

Bi0.90Dy0.10FeO3 bulk materials and ultrasonically prepared nanoparticles sonicated 

for 60 minutes derived from the diffuse reflectance spectrum using Kubelka-Munk 

function which is proportional to the extinction coefficient [32], 

    F(R) =    … … … … … … … … … … (4.2)  

The band gap energy for the photocatalysts can be calculated by using the following 

equation [32], 

F(R)*hν = A (hν - Eg)n  … … … … … … … …(4.3)  

Where, hν, A and Eg denotes the energy (in eV), proportionality constant and band 

gap energy respectively. Moreover, n represents the type of electronic transition in a 

semiconducting materials may have direct or indirect band gap (allowed or forbidden) 

depending upon their crystal structures which resulting from the 

preparative conditions i.e. n = 2 for direct and n = 1/2 for indirect electron transition. 
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Usually it is direct if the material is crystalline and indirect if the material is non-

crystalline. But the same material may has the both if it has a partial crystalline nature 

[33]. The XRD patterns confirm that, the crystalline to amorphous phase conversion 

of the ultrasonically prepared nanoparticles are gradually increased with sonication 

time so, the value of n = ½ is chosen as indirect electron transition. 

Figure 4.9, displays [F(R)*hν]1/2 vs hν curves to calculate the band gap of 

Bi0.90Dy0.10FeO3 bulk materials and ultrasonically prepared nanoparticles sonicated 

for 60 minutes. The band gap is calculated by extrapolating the linear portion of the 

curve to the x-axis. The calculated optical band gap values are 1.85 eV and 2.05 eV 

for Bi0.90Dy0.10FeO3 bulk materials and ultrasonically prepared nanoparticles 

sonicated for 60 minutes, respectively. The obtained values of the band gap for 

Bi0.90Dy0.10FeO3 bulk materials and ultrasonically prepared nanoparticles sonicated 

for 60 minutes are smaller compared to the reported values for pure and doped 

BiFeO3 bulk ceramics [34-36] and BiFeO3 nanoparticles [37]. 

 

 

Figure 4.9: Estimated energy band gap from diffuse reflectance spectra of Bi0.90Dy0.10FeO3 

bulk materials and ultrasonically prepared nanoparticles sonicated for 60 minutes. 

BDFO Bulk 
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In general the substitution of rare earth (RE) ions show remarkable optical properties 

due to their electronic  configuration (4f7 5d1 6s2) both for divalent and trivalent ion  

[32]. The optical active electrons are in the 4f shell, so that they are not the outermost 

ones. They are shielded from external fields by  two  atomic  shells of Bi and Fe  with  

larger  radial  extension  (5s2 5p6), which  explains the atomic-like behavior of  their  

spectra [32].  Accordingly, the effective interactions between the Dy ions and the 

electronic states of BiFeO3 can modify its optical properties very significantly. 

Therefore, the observed changes in the band gap energy could be attributed to the 

formation of new electronic states of Dy3+ ions underneath the conduction band (CB) 

of the host BiFeO3. The hybridization between the Fe (3d) and O (2p) states 

essentially leads to the formation of optical band structures in BiFeO3 [32]. In 

particular, the top of the valence band is composed of strong hybridization among O 

(2p), Bi (6p), and Dy (4f) states, and the bottom of the conduction band is led by Fe 

(3d) states. Under such circumstances, the presence of Dy  ions introduces 4f electron 

levels close to the lower edge of the CB and thus the photo-excited electrons in Dy 

substituted BiFeO3 can be transferred from O (2p) to Dy (4f) instead of Fe (3d) states, 

considerably reducing the band gap energy as depicted in figure 4.10. 

 

 

 

 

 

 

 

 

 

 
 
Figure 4.10: Substitution induced reduction in the band gap energy of Bi0.90 Dy0.10FeO3 

nanoparticles. 
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There  is  another  perspective  for  the  observed  band  gap reduction  that  could  be  

attributed  to  the  structural  distortion induced modification in this Dy substituted 

BiFeO3 nanostructures. The hybridization between Fe (3d) and O (2p) in turn depends 

on the Fe-O-Fe exchange angle and any change in the bond angle also alters the band 

gap of BiFeO3. The bond angle variation in Fe-O-Fe due to the Dy substitution could 

also be attributed to the reduced band gap energy in these compositions. The decrease 

in the band gap of Bi0.90Dy0.10FeO3 bulk materials and ultrasonically prepared 

nanoparticles sonicated for 60 minutes may be attributed due to reducing of particle 

size, the distortion of structural formation as well as secondary phase free (which is 

confirmed from XRD patterns), reducing of leakage current density. 

It is reported that the photocatalytic activity increases slightly with the decrease of 

particle size. Generally, the decrease in particle size is expected to reduce the 

recombination opportunities of the photogenerated electron–hole (e−–h+) pairs in the 

volume, which can effectively move to the surface. Furthermore, smaller particles 

have a larger surface area and thus provide more available surface active sites for the 

reaction. These collectively lead to an increase in the photocatalytic activity on 

reducing particle size [38]. 

The energy band gap in the visible region, Bi0.90Dy0.10FeO3 bulk materials and 

ultrasonically prepared nanoparticles sonicated for 60 minutes are smaller compared 

to reported value of undoped BiFeO3 which might have potentiality in energy related 

applications (like photocatalytic and solar cell applications). 
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Chapter 5 
Conclusions 

 

5.1 Summary 
The bulk polycrystalline Bi0.90Dy0.10FeO3 (BDFO) samples were synthesized using 

solid state reaction technique and their nano counterparts were prepared using 

ultrasonic probe sonication. Then the structural, morphological, electrical, magnetic 

and optical characterizations of BDFO bulk and corresponding nanoparticles were 

performed in this investigation. 

 XRD results indicated that BDFO bulk and their nano counterparts possess 

improved phase purity compared to that of undoped BFO. However, the nano 

samples suffer from amorphization due to ultrasonication. Thus, a bulk 

material like BDFO bulk would be more suitable in many applications with 

negligible impurity phases and better crystallinity compared to that of undoped 

BFO.  

 The FESEM images were used to ensure formation of desired bulk and nano 

states and to determine their sizes.  

 The magnetization of the Dy doped BFO nanoparticles was found to decrease 

compared to that of bulk materials which may be associated with the 

amorphization of the nanoparticles prepared by the probe generated ultrasonic 

energy.  

 Among BDFO bulk and its corresponding nanoparticles, the bulk sample 

displayed a tendency of saturation polarization which is an indication of its 

true ferroelectric nature. 

 Leakage current density measurements of the samples were then carried out. 

Interestingly, BDFO bulk samples had even lower leakage current compared 

to their corresponding nanoparticles. This further asserts our idea of BDFO 

being a multiferroic with comparable or even superior properties.  

 Our optical investigation demonstrated that between the Bi0.90Dy0.10FeO3 bulk 

sample and its ultrasonically prepared nanoparticle (sonicated for 60 minutes), 

the band gap is lower for the bulk sample.  
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5.2 Conclusions 
 From the obtained structural, ferroelectric and magnteic properties, it is 

obvious that doping Dy in Bi site in BiFeO3 provides superior results for Dy 

doped bulk BiFeO3 compared to undoped BFO. 

 

 As for the synthesis procedure is concerned, although direct sonication 

technique (probe sonication) provides desired small sized nano particles in a 

lesser duration, this affects the crystallinity of the nanoparticles negatively.  

 

5.3 Suggestions for future work 

In this thesis, we synthesized Dy doped bulk BiFeO3 ceramics and their 

corresponding nanoparticles. For obtaining the nano sized particles, ultrasonic probe 

dispersion technique was utilized. Previously, Basith et al. [1] reported the properties 

of nanoparticles synthesized using the indirect ultrasonic bath dispersion method. In 

that investigation, no significant amorphization of the particles was observed with 

increasing sonication time. In figure 5.1, we can see that when the nanoparticles of 

10% Gd and Ti co-doped BiFeO3 were formed from the bulk ceramics using 90 min 

indirect sonication, very negligible amount of dilution of peak intensities was 

observed indicating minor amorphization. However, in the present investigation for 

the ultrasonic probe procedure, significant amount of amorphization of the peaks 

resulted. 

 
Figure 5.1 : XRD patterns of 10% Gd and Ti-codped BiFeO3 bulk and nanoparticles 

synthesized using 90 mins ultrasonic bath dispersion technique 
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So in our future endeavors, we intend to perform synthesis of the samples investigated 

in this thesis using ultrasonic bath dispersion technique and compare the results 

obtained thereby with those reported in this dissertation. 
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