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ABSTRACT 

In this research, polycrystalline Bi1-xGdxFe0.9Cr0.1O3 (x = 0.00, 0.05, 0.10, 0.15 and 0.20) 

ceramics have been synthesized by standard solid state reaction technique. The structural, 

microstructural, electrical, magnetic and magnetoelectric properties of various 

Bi1-xGdxFe0.9Cr0.1O3 have been studied. X-ray diffraction analysis confirmed the structural 

transformation from rhombohedral to orthorhombic for x = 0.10. Microstructural and 

quantitative analysis were performed by Field Emission Scanning Electron Microscope and 

Energy Dispersive X-ray spectroscopy respectively. Average grain size was found decreasing 

with increasing Gd content due to grain growth suppression by Gd and it was found 

increasing with sintering temperature. At lower frequency, dielectric constant showed 

dispersive behavior due to space charge polarization. Dielectric constant increased with 

increasing Gd content. From the impedance and AC conductivity measurements it is 

observed that the value of impedance decreases and AC conductivity increases with 

increasing frequency because of hopping of charge carriers. Impedance spectroscopy also 

showed that both grain and grain boundary contribution are present in the conduction 

mechanism and resistance is found decreasing with Gd content. The conduction phenomenon 

also understood from the electric modulus (M′) vs frequency graph. M′ approaches to zero in 

the lower frequency region and a continuous dispersion on increasing frequency may be 

contributed to the conduction phenomenon due to short range mobility of charge carriers. The 

real part of complex initial permeability (i′) of the samples increased with sintering 

temperature because of uniform grain growth. Improved magnetization was found in Gd 

doped Bi1-xGdxFe0.9Cr0.1O3 due to magnetic property of Gd. Magnetoelectric coefficient was 

observed to improve with Gd doping in Bi1-xGdxFe0.9Cr0.1O3 compositions and it also 

increased with increasing sintering temperature. 
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CHAPTER 1 

INTRODUCTION AND REVIEW WORKS 

1.1 Introduction 

As society evolves, the need for new technology increases more rapidly than ever. So 

that information technology is one of the cornerstones of this evolution having seen an 

exponential improvement during the last half century. In recent years, the need for ever 

decreasing sizes of transistors and other necessary components has intensified the focus of 

other ways of increasing computer performance without purely reducing structural 

dimensions. One different way of meeting this challenge has been by using multiferroics 

instead of single-ferroic materials in the process. Multiferroic materials posses two or more 

ferroic orders simultaneously [1]. The term multiferroic was first used by Hans Schmid in 

1994 [2]. Although current technologies incorporate both ferro-electric and -magnetic 

materials and have been for a long time, no known materials display these properties at room 

temperature [3]. Perovskite and related compounds are widely investigated because of their 

multiferroic, photocatalytic and magnetic properties which are useful for applications in 

capacitors, nonvolatile memory, nonlinear optics and photoelectrochemical cells [4]. One of 

the most promising multiferroic material is the perovskite bismuth ferrite (BFO), as it shows 

the coexistence of both ferroelectricity and antiferromagnetic order. But due to volatilization 

of bismuth and other impurities it is difficult to use in practical application [5]. Pure bismuth 

ferrite may be modified in several ways. An important route to modify its properties is to 

substitute bismuth with another cation, such as a rare-earth metal. Samarium is a rare-earth 

metal which differs from bismuth with its much smaller ionic radii [6].They tried to address 

the conductivity problem by doping other ions into both the A and B sites of the lattice, but 

no practical devices were obtained. Reviews of the general study of magnetoelectricity 



Chapter 1  Introduction and Review Works 

2 
 

appeared by Schmid in 1994 [2]. BFO is perhaps the only material that is both magnetic and a 

strong ferroelectric at room temperature [7]. As a result, it has an impact on the field of 

multiferroics that is comparable to that of yttrium barium copper oxide (YBCO) on 

superconductors, with hundreds of publications devoted to it in the past few years. In this 

review, the researcher tries to summarize both the basic physics and unresolved aspects of 

BFO, and device applications, which centered around on spintronics and memory devices that 

can be addressed both electrically and magnetically [8]. 

The ongoing search for a better way to control the phenomena of multiferroicity and 

the great interest in multiferroic materials is attributed to the exciting and potentially 

groundbreaking impact this can have on several technology aspects. Especially the ability to 

maintain magnetization and a dielectric polarization which can be modulated and activated by 

an electric field and a magnetic field, respectively, makes multiferroic materials potential in 

several different applications [9]. 

1.2 Motivation 

Multiferroic have recently drawn significant attention due to their huge technological 

importance [10]. Natural single phase multiferroics are rare, and their ME responses are 

either relatively weak or occurs at temperature too low for practical applications. BFO is the 

most widely studied multiferroic material. But preparation of pure BFO is a challenge due to 

the formation of different impurity phases [11, 12]. The ferroelectricity in BFO is considered 

to originate primarily from displacements of the Bi3+ ions due to the lone 6S2 pair. The 

magnetic ordering of BFO is G-type antiferromagnetic, having a spiral modulated spin 

structure (SMSS) with an incommensurate long-wavelength period of 62 nm [13]. This spiral 

spin structure cancels the macroscopic magnetization and prevents the observation of the 

linear magnetoelectric effect [14]. These problems ultimately limit the use of BFO in 

functional applications. Many current investigations seek to suppress the spiral spin structure 
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in an effort to release the inherent magnetization of this canted antiferromagnet and 

consequently to improve its multiferroic properties. One of the easiest ways to destroy the 

spiral spin structure in BFO is the structural modifications or deformations introduced by 

cation substitutions or doping. Therefore, to perturb the spiral spin structure and to improve 

the multiferroic properties of BFO, investigations were carried out substituting Bi by rare-

earth ions [15, 16] or alkaline-earth ions [17] and also substituting Fe by transition metal ions 

[18, 19]. Recent investigations also demonstrated that co-doping at Bi- and Fe-sites of BFO 

by ions such as La and Mn [20], La and Ti [21], Gd and Co [22], Ba and Mn [23], Dy and Cr 

[24] etc., respectively can significantly improve multiferroic properties of BFO for various 

applications. In this investigation, we have preferred this co-doping approach and have 

performed simultaneous minor substitution of Bi and Fe in BFO by ions such as Gd and Cr, 

respectively to observe their multiferroic properties. The partial substitution of Bi3+ with ions 

having the smaller ionic radius can suppress effectively the spiral spin structure of BFO [25], 

therefore, we have chosen Gd (ionic radius 0.938 Å) in place of Bi (ionic radius 1.03 Å) as a 

doping element. Also many investigations were done with Cr doping at Fe site in BFO 

ceramics [26, 27]. But to the best of our knowledge no reports with Gd and Cr co-doped in 

BFO at Bi- and Fe- sites respectively. 

1.3 Objectives 

Now a days multiferroic property of a material is very important for practical 

applications. Data can be stored in ideal multiferroics by either electric or magnetic field and 

thus the degrees of freedom for memory storage increases. To increase multiferroic property 

co-doped strategy has been adopted. 

The main objectives of the present research are as follows: 

 Synthesis of various Bi1-xGdxFe0.9Cr0.1O3 (x = 0.00, 0.05, 0.10, 0.15 and 0.20) 

compositions. 
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 Study of crystal structure (by X-ray diffraction) and hence determination of lattice 

parameters, density and porosity of various samples. 

 Investigation of surface morphology, microstructure and compositional analysis using 

Field Emission Scanning Electron Microscopy (FESEM) and Energy Dispersive X-

ray (EDX) spectroscopy, respectively. 

 Investigation of frequency dependent dielectric properties, impedance, AC 

conductivity. 

 Measurement of complex initial permeability, loss tangent and relative quality factor 

as a function of frequency. 

 Measurement of magnetization as a function of magnetic field at room temperature. 

 Investigation of Magnetoelectric voltage coefficient as a function of DC magnetic 

field at room temperature. 

1.4 Review works 

At the first half of the twentieth century several major studies have been done by 

different researchers in different parts of the world for the development of magnetic materials 

began in Japan by researchers Kato et al. in the 1930 and by J. Snoek of the Philips Research 

Laboratories in the period 1935-45 in the Netherlands. By Snoek in 1945 had laid down the 

basic fundamentals of the physics and technology of practical ferrite materials. In 1948, the 

Neel theory of ferromagnetic provided the theoretical understanding of this type of magnetic 

material [28]. 

Bhole [29] synthesized the BFO ceramics by solid state reaction method. The X-ray 

analysis depicts the BFO sample have rhombhohedral perovskite structure. The dielectric 

constant and loss as a function of temperature (30-325C) in the frequency range 10 kHz-

1MHz shows that the dielectric constant and loss increases with increasing temperature. The 
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room temperature dielectric measurement with frequency reveals the dielectric constant and 

loss decreases with increasing frequency for BFO ceramics. 

Weiwei et al. [25] synthesized Gd doped BFO nanoparticles by polyol-mediated 

method. From the XRD pattern they observed the phase transition from a rhombohedral 

phase for x = 0 to an orthorhombic phase for x =0.2 and 0.3, and x = 0.1 is a mixture of both 

phases. Doping with Gd enhanced the ferroelectric and magnetic properties of BFO. 

Uniyal and Yadav [30] synthesized Gd doped BFO and studied dielectric, magnetic 

and ferroelectric properties. X-ray diffraction pattern showed that Bi1−xGdxFeO3 (x=0, 0.05 

and 0.1) ceramics were rhombohedral. Gd substitution reduced the antiferromagnetic Néel 

temperature (TN) in Bi1−xGdx FeO3. Magnetic hysteresis loops at room temperature were 

found unsaturated and indicated the coexistence of ferroelectricity and magnetism, but the 

magnetic moment was found to increase with increase in Gd concentration. 

Khomchenko et al. [31] prepared Bi1−xGdxFeO3 (x=0.1, 0.2, 0.3) samples by 

conventional solid state reaction method. They found structural phase transition within the 

concentrational range of 0.2<x<0.3. Also they found spontaneous magnetization in the Gd 

doped BFO samples. 

Lotey and Verma [32] synthesized nanoparticles Bi1-xGdxFeO3 with (x = 0, 0.04, 0.08, 

and 0.12) by sol–gel method. They observed structural and phase transformation from 

rhombohedral to orthorhombic. They achieved high energy conversion efficiency, 3.85%, for 

12% Gd doped BFO and observed high resistance in the Gd doped BFO. 
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CHAPTER 2 

THEORITICAL BACKGROUND 

2.1 Multiferroics 

Typical multiferroic belongs to the group of the perovskite transition metal oxides 

such as TbMnO3, YMn2O5 and LuFe2O4. Other examples are the bismuth compounds BFO 

and BiMnO3, and non-oxides such as BaNiF4 [1]. Bismuth iron oxides or bismuth ferrites 

(BFO) is one of the most interesting iron-containing perovskites due to their unique 

multifunctional properties which are of high technological and fundamental importance [2]. 

The attempts to combine ferromagnetic and ferroelectric properties into one phase started in 

the 1960s. Although ferromagnetism or ferroelectricity can be found in numerous systems, 

the multiferroic materials, which show simultaneously magnetic and electric ordering in a 

single phase, are relatively rare. The coupling between magnetic and electric properties gives 

rise to additional phenomena. It can result in magnetoelectric effects in which the 

magnetization can be tuned by an applied electric field and vice versa. This kind of material 

has a large application potential for new devices. 

 

Fig. 2.1 Schematic illustration of multiferroics [4]. 
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The coexistence of ferroelectricity and ferromagnetism and their coupling with 

elasticity provide an extra degree of freedom in the design of new functional sensors and 

multi-state memory devices [3]. 

The schematic diagram of multiferroicity is shown in Fig. 2.1. In figure, the left 

portion shows ferroelectric and the right portion shows ferromagnetic property, and the 

intersection of ferroelectric and ferromagnetic represents multiferroic property. The materials 

which have coexistence of ferroelectric and magnetic orders are called Multiferroics. 

2.2 Types of Multiferroics 

According to the materials constituents, multiferroic materials can be divided into two 

types: 

(i) Single phase and 

(ii) Composite 

A single phase multiferroic material is one that possesses at least two of the ferroic 

properties, such as ferroelectricity, ferromagnetism or ferroelasticity. Natural single phase 

multiferroic compounds are rare, and their magnetoelectric responses are either relatively 

weak or occurs at temperature too low for practical applications. 

The ME effect in composite material is known as a product property [5, 6], which results 

from the cross interaction between different orderings of the two phases in the composite. 

Neither the piezoelectric nor magnetic phase has the ME effect, but composites of these two 

phases have remarkable ME effect. 

Single phase multiferroics can be classified are two groups: 

(i) Type-I multiferroics 

(ii) Type-II multiferroics 
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2.2.1 Type-I multiferroics 

Type-I multiferroics are those materials in which ferroelectricity and magnetism have 

different sources; usually they show large polarization values and ferroelectricity appears at 

much higher temperature than magnetism. This difference in transition temperature reveals 

that both orders involve different energy scales and mechanisms, which provokes the 

occurrence of weak magnetoelectric coupling. BFO is the example of type-I multiferroic. 

2.2.2 Type-II multiferroics 

Type-II multiferroic is novel class of multiferroics in which ferroelectricity exists 

only in a magnetically ordered state and caused by a particular type of magnetism. Type-II 

multiferroics divided into two groups: those in which ferroelectricity is caused by a particular 

type of magnetic spiral and those in which ferroelectricity appears even for collinear 

magnetic structures. TbMnO3, HbMnO3 are the examples of type-II multiferroic. 

2.3 Perovskite Structure 

The perovskite structure type is one of the most frequently encountered in solid-state 

inorganic chemistry. The general formula for perovskite structure is ABO3. Perovskite take 

their name from the calcium titanium oxide (CaTiO3) compound, which was first discovered 

in the Ural Mountains of Russia by Gustav Rose in 1839. In the ideal cubic unit cell, 12- 

coordinated A- site cations sit on the corners of the cube, octahedral O ions on the faces, and 

the B ion is in the center of the octahedral cage. Due to the flexibility of the corner-sharing 

octahedra, the perovskite structure can be easily distorted to accommodate a wide range of 

valence states on both the A- and B- sites by expanding, contracting the lattice or by rotating 

the bond angles. The resulting symmetry of distorted perovskite could be tetragonal, 

orthorhombic, rhombohedral or monoclinic [7]. For such perovskite structures the tolerance 
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factor ‟tˮ was introduced by Goldschmidt [8]. And the relationship between “t” and the ionic 

radii   ,    and    of A, B and O ions respectively is generally defined as: 

  
     

         
   (2.1) 

where t = 1 for the ideal cubic perovskite, but in practice there is some flexibility and the 

cubic structure can form with 0.9 < t < 1.0. The     octahedral can be tilted, rotated or 

distorted to compensate for the nonideal cation sizes and hence alter the unit cell forming a 

superstructure. 

The tilting classification scheme by Glazer can be used to systematically characterize 

the resultant superstructures [9]. 

 

Fig. 2.2 Perovskite ABO3 structure with A and B cations on the corner and body centre positions, respectively. 

2.4 Bismuth ferrite 

BFO is perhaps the only material that has both magnetic and strong ferroelectric 

properties at room temperature. Bismuth ferrite is probably the most well-studied Bi-based 

perovskite ferroelectric, due to its multiferroic properties [10]. The study of BFO, as a 

multiferroic material, had been started in 1958 by Smolenskii and colleagues but they were 

not able to grow single crystals and the polycrystalline ceramics were not useful for practical 

applications owing to their high conductivity [11]. Bismuth ferrite (BFO) has very high 
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ferroelectric curie temperature (                    and shows G-type antiferromagnetic 

having cycloidal spin structure with Néel temperature (TN=650K or 377°C). In its 

ferroelectric state, BFO shows a rhombohedrally distorted pervoskite structure [12]. 

2.5 Magnetic properties 

Ferromagnetism is the existence of a spontaneous magnetization which can be 

reversed by an opposite magnetic field, in the same way as electric polarization can be 

reversed by an electric field. All materials in nature possess general form of diamagnetic 

response to an applied magnetic field [14]. There are several other magnetic phenomena 

present in some inorganic solids caused by unpaired electrons usually located on metal 

cations. The different effects for a schematic are shown in Fig. 2.3 [13]. Paramagnetism (Fig. 

2.3 (A)) is a state where the magnetic polarization is randomly oriented and with a positive 

magnetic susceptibility, meaning that the material is in a state where it is attracted to the 

magnetic field. Unlike ferromagnetism (Fig. 2.3 (B)), where induced magnetic moment is 

retained in the absence of an externally applied magnetic field, and thermal motion causes the 

spins to become randomly oriented, reducing the total magnetization to zero when the field is 

removed. In antiferromagnetism (Fig. 2.3 (C)), the overall magnetic moment is zero due to 

neighboring spins pointing in opposite directions, whereas ferrimagnetism (Fig. 2.3 (D)) 

occurs when neighboring spins are pointing in opposite directions but of unequal size. 

As ferromagnets experience a phase transition from ferromagnetic to paramagnetic 

orientation above the Curie temperature Tc, antiferromagnets experience a phase transition 

from antiferromagnetic to paramagnetic above the Néel temperature TN [15]. Each Fe3+ with 

spin up is surrounded by six nearest neighbors with spin down. Perpendicular to the polar 

[111] hex axis is the easy plane of magnetization ((001) hex), this can be visualized in Fig. 

2.4 [16]. 
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Fig. 2.3 Schematic magnetic phenomena: (A) paramagnetism; (B) ferromagnetism; (C) antiferromagnetism; (D) 

ferrimagnetism [13]. 

The reduction of the Fe-O-Fe angle from 180° caused by the tilting of the FeO6 

octahedra reduces the overlap of O and Fe orbitals. It is this tilting of the sublattices to 154-

155  that yields a weak ferromagnetic moment. This is however cancelled due to an average 

spiral modulation [16]. 

 

Fig. 2.4 Structure of BFO, Shows the tilted FeO6 octahedra giving rise to the total weak ferromagnetic moment 

which in turn is cancelled due to average spiral modulation [17]. 
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2.6 Magnetoelectric effect 

Magnetoelectric (ME) effect is an important phenomenon for multiferroic materials. 

The induction of electric polarization by means of a magnetic field and the induction of 

magnetization by means of an electric field is defined as the ME effect (Fig. 2.5). The ME 

effect was theoretically explained by Dzyaloshinkii [18] with a prediction being made for 

Cr2O3 that was verified experimentally in this compound by Astrov [19] in late 1950s. After 

several years, the ME effect was observed in boracites materials (Ni3B7O13I) by Schmid [1]. 

ME effect in perovskite compound BFO was first observed by Smolenskii and Chupis [20]. 

The ME effects can be linear or/and non-linear with respect to the external electric field or 

magnetic field. In single phase multferroics the ME effect can be due to the coupling of 

magnetic and electric orders as observed in some multiferroics. The ME effect in composites 

is the result of mechanical coupling between ferroelectric and ferromagnetic materials. 

 

 

Fig. 2.5 Schematic diagram of ME effect in multiferroic materials [21]. 
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2.7 Theory of Permeability 

Permeability () is defined as the proportionality constant between the magnetic field 

induction B and applied field intensity H: 

B = H       (2.2) 

If the applied field is very low, approaching zero, the ratio is called the initial permeability 

(i), Fig. 2.6 and is given by, 

 
 
 

  

  
        (2.3) 

where  H0 

This simple definition needs further sophistications. A magnetic material subjected to an AC 

magnetic field can be written as 

        
          (2.4) 

It is observed that the magnetic flux density B lag behind H. This is caused due to the 

presence of various losses and is thus expressed as 

        
             (2.5) 

Here δ is the phase angle that marks the delay of B with respect to H. The permeability is 

then given by 

  
 

 
 

   
       

   
   

 
   

   

  
 

  

  
      

  

  
            (2.6) 

where   
  

  
          (2.7) 

and      
  

  
           (2.8) 

The real part (′) of complex initial permeability () represents the component of B 

which is in phase with H, so it corresponds to the normal permeability. If there are no losses, 

it should have =′. The imaginary part (′′) corresponds to that of B, which is delayed by 
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phase angle 90  from H [22, 23]. The presence of such a component requires a supply of 

energy to maintain the alternating magnetization, regardless of the origin of delay. 

The ratio of ′′ and ′ gives, 

  
  

 
 

  
  

    

  
  

     
     M      (2.9) 

This tanδM is called magnetic loss factor. 

The quality factor is defined as the reciprocal of this loss factor, i.e, 

Quality factor,   
 

     
    (2.10) 

And the relative quality factor,     
 

     
          (2.11) 

 

Fig. 2.6 Schematic magnetization curve showing the important parameter:initial permeability, i.(the slope of 

the curve at low fields) and the main magnetization mechanism in each magnetization range. 

The curves that show the variation of both ′ and ′′ with frequency are called the 

magnetic spectrum or permeability spectrum of the materials [22]. The variation of 

permeability with frequency is referred to as dispersion. The measurement of complex 

permeability gives us valuable information about the nature of domain wall and their 

movements. In dynamic measurements the eddy current loss is very important. This occurs 

due to the irreversible domain wall movements. The permeability of a ferromagnetic 
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substance is the combined effect of the wall permeability and rotational permeability 

mechanisms. 

2.8 Mechanism of Permeability 

The mechanisms of permeability can be explained as follows: A demagnetized 

magnetic material is divided into number of Weiss domains separated by Bloch walls. In each 

domain all the magnetic moments are oriented in parallel and the magnetization has its 

saturation value Ms. In the walls the magnetization direction changes gradually from the 

direction of magnetization in one domain to that in the next. The equilibrium positions of the 

walls results from the interactions with the magnetization in neighboring domains and from 

the influence of pores; crystal boundaries and chemical inhomogeneities which tend to favour 

certain wall positions. 

2.9 M-H hysteresis loop 

The relationship between field streangth (H) and magnetization (M) is not linear in 

ferromagnetic materials. If a magnet is demagnetized (H=M=0) and the relationship between 

H and M is plotted for increasing levels of field strength, M follows the initial magnetization 

curve. This curve increases rapidly at first and then approaches an asymptote called magnetic 

saturation. If the magnetic field is now reduced monotocally, M follows a different curve. At 

zero field streangth, the magnetization is offset from the origin by an amount called the 

remanence. If the M-H relationship is plotted for all streangths of applied magnetic field the 

result is a hysteresis loop (Fig. 2.7). The lack of retraceability of the magnetization curve is 

the property called hysteresis and it is related to the existence of magnetic domains in the 

material. Once the magnetic domains are reoriented, it takes some energy to turn them back 

again. This property of ferromagnetic materials is useful as a magnetic memory. Technical 

terms are defined by the hysteresis loop is shown in Fig. 2.7. Remanent magnetization (Mr) is 
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the magnetization left behind in a ferromagnetic material after an external magnetic field is 

dropped to zero from saturation. The coercivity (Hc) is usually defined as the reverse field H 

that reduces the magnetization M to zero, starting from saturation. 

 

Fig. 2.7 M-H curve showing different technical terms. 

2.10 Electrical Properties 

The investigations into electrical properties are essential for their use in various 

applications as dielectric behavior and conductivity measurement; i.e. (dielectric constant, 

dielectric loss factor and ac conductivity) as a function of frequency. 

2.10.1 Dielectric properties 

A material is classified as “dielectric” if it has the ability to store energy when an 

external electric field is applied. These properties are not constant; they can change with 

frequency, temperature, orientation, mixture, and pressure and molecule structure of the 

material. For most solids, there is no net separation of positive and negative charges; that 

there is no net dipole moment. The molecules of solids are arranged in such a way that the 

unit cell of the crystal has no net dipole moment. If such a solid is placed in electric field then 

the field is induced in the solid which opposes the applied electric field. This field arises from 

the two sources, a distortion of the electron cloud of the atoms or molecules and a slight 

movement of the atoms themselves. The average dipole moment per unit volume induced in 
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the solid is the electrical polarization and is proportional to the applied electric field. The 

polarizability (α) of the dielectric is defined by [24]: 

          (2.12) 

where, p is the dipole moment induced by local electric field, E. 

Polarization can be divided into four categories, each having a distinct mechanism based on 

the type of dipole moment which is established [24]: 

                           (2.13) 

where,    is electric polarization,    is an ionic polarization,    is dipolar polarization and 

   is space charge polarization. 

2.10.1.1 Electric polarization 

Electric polarization is the slight relative shift of positive and negative electric charge 

in opposite directions within an insulator, or dielectric, induced by an external electric field. 

Polarization occurs when an electric field distorts the negative cloud of electrons around 

positive atomic nuclei in a direction opposite the field. This slight separation of charge makes 

one side of the atom somewhat positive and the opposite side somewhat negative. In some 

materials whose molecules are permanently polarized by chemical forces, such as water 

molecules, some of the polarization is caused by molecules rotating into the same alignment 

under the influence of the electric field. 

 

Fig. 2.8 Schematic illustration of electronic polarization. 
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2.10.1.2 Ionic polarization 

An ionic crystal would possess polarization even in the absence of an electric field, 

since each ion pair constitutes an electric dipole. But this is not so, because the lattice 

symmetry ensures that these dipoles cancel each other everywhere. Actually the polarization 

in ionic crystals arises on account of the fact that the ions are displaced from their 

equilibrium positions by the force of the applied electric field. 

 

Fig. 2.9 Schematic illustration of ionic polarization. 

2.10.1.3 Orientational Polarization 

Permanent dipole moment in a material gives rise to orientational polarization. In the 

absence of an electric field, the dipole moment is canceled out by thermal agitation, therefore, 

net zero dipole moment per molecule is formed. Else there is no dipole moment even if the 

material is dipolar. When an electric field is applied the molecule begins to rotate and aligns 

with the field, causing a net average dipole moment per molecule. 

 

Fig. 2.10 Schematic illustration of orientational polarization. 
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2.10.1.4 Interfacial Polarization 

This occurs when there is an accumulation of charge at an interface between two 

materials because of an external field. This kind polarization is also called space charge 

polarization. When there are two electrodes connected to a dielectric material instead of 

affecting bound positive and negative charges i.e. ionic and covalent bonded structures, 

interfacial polarization also affects free charges. This makes it different from orientational 

and ionic polarization. Interfacial polarization is usually observed in amorphous or 

polycrystalline solids. The electric field will cause a charge imbalance mobile charges in the 

dielectric will migrate over maintain charge neutrality. This then causes interfacial 

polarization. Space charge polarizability occurs in materials that are not perfect dielectrics 

but in which some long range charge migration may occur. When such effects are 

appreciable, the material is better regarded as a conductor or solid electrolyte than as a 

dielectric [25]. 

 

Fig. 2.11 Schematic illustration of interfacial polarization. 

2.10.2 Dielectric Parameters 

The dielectric constant was determined using LCR Meter Bridge. For this purpose 

silver paint was applied on both sides of the pellets to make good contacts with conducting 

wires. It is defined as the ratio of the charge that would be stored with free space to that 

stored with the material in question as the dielectric. Capacitance of the pellets was 
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determined from the LCR meter and then dielectric constant was calculated using the formula 

[26]: 

    
 

  
      (2.14) 

C is the capacitance of the material and C0 is the capacitance of free space, and 

      
 

 
     (2.15) 

Where ε0 is the permittivity of the free space and has a value of (8.854×10-12 Fm-1). 

The equation (2.14) becomes: 

      
  

   
     (2.16) 

Where d is the thickness of the pellet in meters, A is the crosssectional area of the flat surface 

of the pellet [26]. 

When a dielectric is subjected to the ac voltage, the electrical energy is absorbed by 

the material and is dissipated in the form of heat. The dissipation is called dielectric loss. 

When the applied frequency is in the same range as the relaxation time, resonance occurs. 

Fig. 2.8 show the phase relationship between current and voltage, so the current lead the 

voltage by (90- δ), where δ is called the loss angle and       is the electrical loss due to 

resonance and called as tangent loss, and the loss tangent can be expressed as [27]: 

          
   

  
    (2.17) 

where, ε' and ε" are real and imaginary part of relative permittivity 
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Fig. 2.12 Phase diagram between current and voltage [28]. 

The current can be resolved into two components: 

1. The component in phase with the applied voltage is: Ix= v ωε"c0. It gives the dielectric loss. 

2. The component leading the applied voltage by 90 , is Iy= v ωε'c0 . 

The dielectric constant depends strongly on the frequency of the alternating electric 

field and on the chemical structure, imperfection of the material, temperature and pressure. 

The AC conductivity was calculated from the values of dielectric constant and dielectric loss 

factor using the relation [28]: 

                   (2.18) 

where     is the ac conductivity and ω is the angular frequency. 

2.11 Electrical Conductivity 

This section deals with response of ceramics to the application of a constant electric 

field and the nature and magnitude of steady-state current that is proportional to a material 

property known as conductivity. In metal, free electrons are solely responsible for 

conduction. In semiconductors, the conducting species are electrons and/or electron holes. In 

ceramics, however, because of presence of ions, the application of electric field can induce 

these ions to migrate. Therefore, when dealing with conduction in ceramics, one must 

consider both the ionic and the electronic contributions to the overall conductivity. The 
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proportionality constant (σ) is the conductivity of material, which is the conductance of a 

cube of material of unit cross section. The unit of conductivity is Siemens per meter or S/m, 

where S=Ω-1, [29]. The electrical properties of ferrites depend on the charge transport among 

B-site ions. 

2.12 Jonscher’s power law 

Electrical conductivity of solid materials as a function of frequency can generally be 

described as frequency independent, dc conductivity (   ) and a strongly frequency 

dependent components. A typical frequency dependence of conductivity spectrum shown in 

the Fig 2.9 exhibits three distinguish regions; (a) low frequency dispersion, (b) an 

intermediate plateau and (c) an extendent dispersion at high frequency region. 

 

Fig. 2.13 Schematic representation of log ( ) vs log (f). 

The variation of conductivity in the low frequency region is attributed to the 

polarization effects at the electrode and materials interface. As the frequency reduces, more 

and more, charge accumulation occurs at the electrode and materials interface and hence, 

drop in conductivity. In the intermediate frequency plateau region, conductivity is almost 

found to be frequency independent and is equal to    . In the high frequency region, the 

conductivity increases with the frequency and is equal to    . The frequency dependence of 

conductivity is related to a simple expression given by Jonscher’s power law [30], 

                    (2.19) 
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where  ( ) is the AC conductivity,  (0) is the limiting zero frequency conductivity     , A is 

a pre-exponential constant,   = 2f is the angular frequency and ‘s’ is the power law 

exponent, where 0<s<1. Both ‘A’ and ‘s’ are temperature and materials dependent [30]. 

2.13 Impedance Spectroscopy 

Impedance spectroscopy (IS) is a relatively new and powerful method of 

characterizing many of the electrical properties of materials and their interfaces with 

electronically conducting electrodes. It may be used to investigate the dynamics of bound or 

mobile charge in the bulk or interfacial regions of any kind of solid or liquid material: ionic, 

semiconducting, mixed electronic-ionic and even insulators (dielectrics). Any intrinsic 

property that influences the conductivity of an electrode-material system, or an external 

stimulus, can be studied by IS. The parameters derived from an IS spectrum fall generally 

into two categories: (a) those pertinent only to the material itself, such as conductivity, 

dielectric constant, mobilities of charges, equilibrium concentrations of the charge species, 

and bulk generation-recombination rates; and (b) those pertinent to an electrode-material 

interface, such as adsorption-reaction rate constants, capacitance of the interface region, and 

diffusion coefficient of neutral species in the electrode itself. 

The electrical impedance is the measure of the opposition that a circuit presents to a 

current when a voltage is applied. The term impedance was coined by Oliver Heaviside in 

July 1886 [31]. Arthur E. Kennelly was the first to represent impedance with complex 

numbers [32]. In quantitative terms, it is the complex ratio of the voltage to the current in an 

alternating current (AC) circuit. Impedance extends the concept of resistance to AC circuits, 

and possesses both magnitude and phase, unlike resistance, which has only magnitude. When 

a circuit is driven with direct current (DC), there is no distinction between impedance and 

resistance; the latter can be thought of as impedance with zero phase angle. It is necessary to 
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introduce the concept of impedance in AC circuits because there are two additional impeding 

mechanisms to be taken into account besides the normal resistance of DC circuits: the 

induction of voltages in conductors self-induced by the magnetic fields of currents 

(inductance), and the electrostatic storage of charge induced by voltages between conductors 

(capacitance). The impedance caused by these two effects is collectively referred to as 

reactance and forms the imaginary part of complex impedance whereas resistance forms the 

real part. The symbol for impedance is usually Z. 

Impedance is defined as the frequency domain ratio of the voltage to the current [33]. 

In other words, it is the voltage–current ratio for a single complex exponential at a particular 

frequency ω. In general, impedance will be a complex number, with the same units as 

resistance, for which the SI unit is the ohm (Ω). For a sinusoidal current or voltage input, the 

polar form of the complex impedance relates the amplitude and phase of the voltage and 

current. Ohm’s law (Eq. 2.19) defines resistance in terms of the ratio between input voltage V 

and output current I: 

     
 

 
       (2.20) 

While this is well-known relationship, its use is limited to only one circuit element-the ideal 

resistor. An ideal resistor follows Ohm’s law at all current, voltage, and ac frequency levels. 

Impedance is more general concept than either pure resistance or capacitance, as it takes the 

phase differences between the input voltage and output current into account. Like resistance, 

impedance is the ratio between voltage and current, demonstrating the ability of a circuit to 

resist the flow of electrical current, represented by the “real impedance” term, but it also 

reflects the ability of a circuit to store electrical energy, reflected in the “imaginary 

impedance” term. Impedance can be defined as a complex resistance encountered when 

current flows through a circuit composed of various resistors, capacitors, and inductors. This 
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definition is applied to both direct current (DC) and alternating current (AC). The voltage 

signal V(t), expressed as a function of time t, has the form: 

                    (2.21) 

In a linear system, the response current signal I(t) is shifted in phase () and has a different 

amplitude,   : 

                     (2.22) 

Now the complex impedance Z* is the ratio of input voltage V(t) and output current I(t): 

   
    

    
 

         

          
   

       

        
      (2.23) 

Using Euler’s relationship: 

                      (2.24) 

it is possible to express the impedance as a complex function. The potential V(t) is described 

as: 

          
          (2.25) 

And the current response as: 

          
            (2.26) 

 

Fig. 2.14 Impedance data representation: Complex impedance plot. 
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The impedance is then represented as a complex number that can also be expressed in 

complex mathematics as a combination of “real” or in phase (Z′) and “imaginary” or out of 

phase (Z′′) parts (Fig. 2.10): 

   
 

 
    

                     ′′    (2.27) 
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CHAPTER 3 

SAMPLE PREPARATION AND EXPERIMENTAL TECHNIQUES 

In this chapter, basic experimental methods of sample preparation and characterization 

techniques are discussed. A short description of the apparatus used in the measurements also given. 

3.1 Sample Preparation 

3.1.1 Preparation techniques 

Due to the wide range of applications, bismuth ferrite has been synthesized using 

different methods. Some of the methods are given below: 

● Solid state reaction method 

● Sol-gel method 

● Thin film method 

● Combustion method 

● Melt quenched or glass ceramic method 

● Organic precursors 

● Spray drying 

● Freeze drying 

To prepare my sample I used standard solid state reaction method. In this method, 

calcination, sintering, annealing etc. are responsible for the properties of the materials. 

3.1.2 Solid State Reaction Method 

Solid state reaction method is a conventional way to synthesis materials mainly due to 

its simplicity, practical effectiveness, and the low cost. The diffusion between ions is the 

principle mechanism of solid state reaction. Standard process for solid state reaction are as 

following: First, high purity reagents, such as metallic oxides, are weighted stoichiometrically 

in a agate mortar. Second, those powders are well ground in order to reduce the volume of 
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particles and to make the mixture become homogeneous. Third, the mixture is calcined 

and/or sintered at high temperature to allow the cations being distributed uniformly. After 

going through the above three steps, the new material is formed. According to this principle 

mechanism, the quality of sample prepared by solid state reaction technique is influenced 

significantly by the uniformities of composition, particle sizes, and size distributions. 

Consequently, the crucible factors of solid state reaction method are the properties of 

reagents, the uniformity of the mixture, the heating / cooling rate of sintering temperature, 

and sintering time etc. However, little alumina of alumina crucible may participate in the 

reaction during the calcination which results in multiphase and no stoichiometric 

compositions. 

3.1.3 Synthesis of samples for the present research 

Bi1−xGdxFe0.9Cr0.1O3 ceramics with x=0.00, 0.05, 0.10, 0.15 and 0.20 were prepared 

by standard solid state reaction method. High purity of Bi2O3, Fe2O3, Gd2O3 and Cr2O3 are 

used for Bi1−xGdxFe0.9Cr0.1O3. The raw materials are mixed in stoichiometric amount. The 

raw materials are weighed separately by using an electronic digital analytical balance, weight 

being shown by LED display and then well mixed and grinded in an agate mortar for 3 hours 

using acetone as mixing medium. The grinded powder thus poured into a alumina crucible 

and placed in the furnace for calcinations purpose. 

3.1.4 Calcination schedule 

The grinded powders were calcined in air at a temperature of 800 C for 1 hour to 

remove the unwanted oxides present in the chemicals. After 1 hour it was cooled to room 

temperature (furnace cooling). When room temperature was attained the chunk was regrinded 

again. 
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3.1.5 Pellets and rings 

To make a pellet 1g and toroidal shaped ring 0.9g powders of Bi1−xGdxFe0.9Cr0.1O3 are 

taken. The polyvinyl alcohol (PVA) was mixed as a binder. Finally powders are pressed into 

pellet and ring using a uniaxial press. 

            

Fig. 3.1 (a) Disks and toroid shaped samples and (b) Uniaxial press machine. 

3.1.6 Sintering 

The pellets and rings were placed in boat and inserted into the furnace for sintering. 

Sintering was done at 825, 850 and 875 C for 4 hours. The temperature rate was 10C/min 

for heating and 5C/min for cooling. The pellets and rings were then polished to have a 

smooth faces and both were ready to measurements. 
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The flow chart of sample preparation process is shown below: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Selection of the raw materials for Bi1-xGdxFe0.9Cr0.1O3 

Weighing by different mole percentage 

Mixing by agate mortar 

Calcination for 1 hour at 800 C 

Regrinding and mixing for 3 

Hours 

Pressing to get desired shapes 

Sintering at various 

temperatures 

Final products 
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3.2 Experimental techniques 

3.2.1 X-ray diffraction 

The XRD technique is commonly utilized in the analytical characterization to gain 

crystallographic information of crystals. The main function of an XRD instrument is used to 

determine the phase structure, crystallographic structure and the chemical composition. Since 

each material possesses its own unique XRD spectra, hence qualitative and quantitative 

analysis can be conveniently carried out by comparing the obtained sample XRD pattern to 

the standard database. A wealth of information, such as lattice parameters and the particle 

size can also be extracted. 

The phase analysis of the synthesized samples was performed using an advanced X-

Ray Diffractometer model-Philips PANalytical X’PERT-PRO (Cu-K as a target and 

incident wavelength  = 1.540598 Å radiation). The XRD is a versatile, non-destructive 

materials analysis method that provides detailed information about the crystallographic and 

microstructure of all types of natural and synthetic materials. Bragg reflection is a coherent 

elasting scattering in which the energy of the X-ray is not changed on reflection. If a beam of 

monochromatic radiation of wavelength λ is incident on a periodic crystal plane at an angle  

and is diffracted at the same angle as shown in Fig.3.1, the Bragg’s diffraction condition for 

X-rays is given by, 

2d sinθ = nλ        (3.1) 

 where n is an integer, λ is the wavelength of the X-ray, d is the distance between the planes 

and θ is the angle between the incident beam and crystal plane. 
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Fig. 3.2 Bragg’s diffraction for X-ray. 

The lattice parameter for each peak of each sample was calculated by using the formula for 

orthorhombic structure, 

 

    
  

  

  
 

  

  
 

  

  
 

where h, k, l are the miller indices [1] of the crystal planes. A, b, c are the lattice parameters. 

3.2.2 Lattice constant, density and porosity calculation 

The synthesized compositions showed rhombohedral and orthorhombic structures, so 

the lattice parameters of the samples were calculated by using the following relations: 
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    (3.3) 

Where h, k and l are the Miller indices of the crystal planes. 

The theoretical density, x was calculated using the following expression: 

  
 
 

  

   
        (3.4) 

Where n is the number of atom per unit cell, M is the molar mass of the sample, NA is the 

Avogadro’s number (6.0221023) and V is the volume of the unit cell. 
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The bulk density B was calculated using the relation: 

   
 
 

 

    
       (3.5) 

Where m is the mass, r is the radius and t is the thickness of the pellet. The porosity of the 

samples were calculated using the formula, 

       
     

 
           (3.6) 

3.2.3 Microstructural investigation 

The microstructural study of the studied samples was performed in order to have 

an insight of the grain structures. The samples of different compositions and sintered at 

different temperatures were chosen for this purpose. The samples were visualized under 

a high-resolution optical microscope and then photographed. Average grain sizes (grain 

diameter) of the samples were determined from optical micrographs by linear intercept 

technique [2]. To do this, several random horizontal and vertical lines were drawn on the 

micrographs. Therefore, we counted the number of grains intersected and measured the 

length of the grains along the line traversed. Finally the average grain size was calculated. 

3.2.4 Scanning electron microscope 

The scanning electron microscope (SEM) uses a focused beam of high-energy 

electrons to generate a variety of signals at the surface of solid specimens. The signals that 

derive from electron sample interactions reveal information about the sample including 

external morphology (texture), chemical composition, and crystalline structure and 

orientation of materials making up the sample. In most applications, data are collected over a 

selected area of the surface of the sample, and a 2-dimensional image is generated that 

displays spatial variations in these properties. Areas ranging from approximately 1 cm to 5 

microns in width can be imaged in a scanning mode using conventional SEM techniques 
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(magnification ranging from 20X to approximately 30,000X, spatial resolution of 50 to 100 

nm). The SEM is also capable of performing analyses of selected point locations on the 

sample, this approach is especially useful in qualitatively or semi-quantitatively determining 

chemical compositions [3]. 

 

Fig. 3.3 Schematic diagram of Scanning Electron Microscope. 

The surface morphology of the synthesized samples was analyzed by field emission 

scanning electron microscope (FESEM, JEOL JSM 7600F). 

 

Fig. 3.4 Field emission scanning electron microscope. 
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3.2.5 Energy dispersive X-ray spectroscopy 

Energy dispersive X-ray spectroscopy (EDX) is an analytical technique used for the 

elemental analysis or chemical characterization of a sample. It is one of the variants of X-ray 

fluorescence spectroscopy, which relies on the investigation of a sample through interactions 

between electromagnetic radiation and matter, analyzing X-rays that are characteristics of an 

element’s atomic structure to be identified uniquely from one another. 

An EDX is comprised of three basic components, the X-ray detector, the pulse 

processor and the analyzer that must be designed to work together to achieve optimum 

results. In practice, the X-ray detector first detects and converts X-rays into electronic signals. 

Then the pulse processor measures the electronic signals to determine the energy of each X-

ray detected. Finally, the analyzer displays and interprets the X-ray data. 

In the present work, compositional analyses were performed by using the EDX 

system attached with the FESEM (JEOL JSM 7600F). 

3.3 Dielectric properties 

3.3.1 Dielectric constant and dielectric loss 

The dielectric properties, AC conductivity etc were measured using Wayne Kerr 

Impedance Analyzer 6500B series (shown in Fig.3.4). Measurements of dielectric properties 

normally involve the measurements of the change in capacitance and loss of a capacitor in 

presence of the dielectric materials. The behavior of a capacitance can now be described as: 

we assume an ideal loss less air capacitor of capacitance C0. On insertion of a dielectric 

material in air space the capacitance are changed. The dielectric constant (′), loss tangent 

(     ) and electrical properties measurements on disk shaped specimens were carried out at 

room temperature on all the samples in the high frequency range. 
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Fig. 3.5 Wayne Kerr Impedance Analyzer (Model No. 6500B) in experimental solid state physics laboratory, 

Department of Physics, BUET. 

In order to measure dielectric properties, the pellet shaped samples were polished 

properly to remove roughness or contamination of any other oxides on the surface during 

sintering and samples were painted with conducting silver paste on both sides to ensure good 

electrical contacts. The dielectric parameters wre calculated using the following relations [4]: 

     
 

  
       (3.7) 

And                  (3.8) 

Where C is the capacitance of the dielectric materials and    
  

 
 is derived geometrically. 

Here C0 is the capacitance of the capacitor without the dielectric materials, 0 is the 

permittivity of free space (0 = 8.8510-12 Fm-1) and A (=  r2) is the area of cross section of 

the pellet shaped sample. 

3.3.2 Complex impedance spectroscopy analysis 

A powerful tool to investigate the electrical properties of the complex oxides is the 

Complex impedance spectroscopy. AC measurements are often made with a Wheatstone-

bridge-type of apparatus (impedance analyzer or LCR meter) in which the resistance R and 

capacitance C of the sample are measured and balanced against variable resistors and 
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capacitors. The impedance (Z) and the phase difference () between the voltage and current 

are measured as a function of frequency for the given sample and the technique is called 

impedance spectroscopy. Then the data is analyzed by plotting the imaginary part of 

impedance, Z′′ = Zcos against the real part of impedance, Z′ = Zsin on a complex plane 

called a impedance plot. An impedance plot with linear scale is compared with the equivalent 

circuit proposed by brick layer model [5]. Impedance plot of a pure resistor is a point on real 

axis and that of a pure capacitor is a straight line coinciding with the imaginary axis. The 

impedance of a parallel RC combination is expressed by the following relation: 

            
 

        
  

    

        
     (3.9) 

After simplification, one gets 

     
 

 
           

 

 
         (3.10) 

Which represents the equation of a circle with radius   
 
  and centre at    

 
   . Thus a plot of 

Z′ vs Z′′ (often called Cole-Cole plot) will result in a semicircle (schematic diagram is in 

Fig.3.5) of radius  
 
. 

 

Fig. 3.6 (a) Schemetic diagram of impedance plot for a circuit of a resistor and a capacitor in parallel and (b) the 

corresponding equivalent circuit. 
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3.3.3 AC conductivity 

At room temperature, the AC conductivity of the samples was determined in the 

frequency range 20 Hz – 10 MHz to study the mechanism of conduction. For the 

measurement of AC conductivity, samples were painted on both sides with silver paste to 

ensure good electric contacts. The AC conductivity of the sample was calculated from the 

dielectric data using the following relation [6]: 

                     (3.11) 

3.4 Magnetic properties 

3.4.1 Complex initial permeability measurement 

We used the Wayne Kerr Impedance Analyzer 6500B series to measure permeability. 

The turn number of wire was 4. Self inductance Ls and quality factor Q of toroid shaped 

sample were directly measured from impedance analyzer with parallel connection in the 

frequency range of 20 Hz to 120 MHz. 

Real part of permeability was calculated by using the following relation: 

      
  

  
       (3.12) 

Where Ls is the self inductance and L0 is the inductance of winding coil without the core. 

And  

      
   

  

   
       (3.13) 

where N = number of turns = 4,    = mean diameter = (d1+d2)/2, S = area = dh, d = (d2-d1)/2. 

Here, 

d1 = inner diameter 

d2 = outer diameter 

h = thickness 
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Imaginary part of complex permeability was measured by using the following relation: 

       
  

 
       (3.14) 

Relative quality factor (RQF) was calculated by using the formula: 

         
        (3.15) 

And loss tangent or       was calculated by, 

         
 

 
       (3.16) 

3.4.2 M-H hysteresis loop measurement 

M-H hysteresis loop for the synthesized samples were measured using Vibrating 

Sample Magnetometer (VSM) (Model no.: Micro Sense EV 9) in the Materials Science 

Division, Atomic Energy Centre, Dhaka. Measurement setup is shown in Fig.3.7. 

 

Fig. 3.7 VSM machine set up at Material Science Division, Atomic Energy Centre, Dhaka. 

The sample is placed inside a uniform magnetic field and it is vibrated up and down in 

a region surrounded by several pickup coils. The magnetic sample is thus acting as a time 
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varying magnetic flux, varying inside a particular region of fixed area. From Maxwell’s law it 

is known that a time varying magnetic flux is accompanied by an electric field and the field 

induces a voltage in pickup coils. This alternating voltage signal is processed by a control 

unit system, in order to increase the signal. Therefore by detecting the induced voltage, the 

magnetic field dependent magnetization hysteresis curve of the material is measured. 

3.4.3 Magnetoelectric coefficient 

The experimental setup for the measurement of ME coefficient is shown in Fig. 3.6. 

 

Fig. 3.8 Experimental set up for the measurement of megnetoelectric coefficient. 

To measure the ME coefficient the sides of the pellet is connected with a Keithley 

2000 microvoltmeter that gives the value of output voltage. The sample is then placed 

between two faces of an electromagnet. Here another pair of coil called Helmholtz coil is 

placed vertically and parallel to the faces of electromagnet. The Helmholtz coil is connected 

to an AC power supply and create AC magnetic field. The sides of electromagnet are 

connected with a DC power supply. By changing current and voltage from DC power supply 
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magnetic field is changed of the electromagnet and sample experience different magnetic 

condition. Hence output voltage is changed. ME coefficient (  ) of the present sample has 

been calculated using the following relation: 

      
  

  
     

  

   
      (3.17) 

where V0 is the ME voltage across the sample surface and h0 is the amplitude of the AC 

magnetic field and d is the thickness of the sample. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 X-ray diffraction analysis 

Fig. 4.1 shows the XRD pattern of various Bi1-xGdxFe0.9Cr0.1O3 samples sintered at 

850C and measured at room temperature. The structure can be indexed as a rhombohedral 

structure (for x = 0.00 and x = 0.05) [1, 2] and orthorhombic structure (for x = 0.10, 0.15 and 

0.20) [3, 4, 5] with a large amount of impurity phases of Bi2Fe4O9 emerging at a diffraction 

angle of 2θ = (28.16–30.84) (when x = 0.00-0.10) which also observed by Chang et al. [1]. 

It is observed that the impurity of Bi2Fe4O9 is more in Bi1-xGdxFe0.9Cr0.1O3 when x = 0.00 and 

impurity gradually reduced with the increase in Gd content and only one impurity peak of 

Bi25FeO40 is found in the samples when x = 0.15 and 0.20 [6]. At the same time the structure 

changed for x = 0.10. In the first sample i.e, when x= 0.00, impurity is found more because of 

Cr3+ ions do not enter into the structure of BFO when x0.10 of Cr content is doped in BFO 

[1]. At the same time it is observed that there is another pick around 2 = 27.74 which 

corresponds to the peak (201) of Bi7.38Cr0.62O12+x [1], the intensity of which also decreased 

with the increase in Gd content and vanishes when x = 0.15 and 0.20. Fig. 4.1(b) shows the 

enlarge view of (110) peak. From Fig. 4.1(b) it is seen that the XRD peaks shift toward 

higher angle side with increasing Gd content, but there is no indication of change in basic 

structure of perovskite. From the XRD pattern it is seen that the influence of Gd content in 

Bi1-xGdxFe0.9Cr0.1O3 is very significant. 

Table 4.1: The lattice parameters of Bi1-xGdxFe0.9Cr0.1O3 compositions sintered at 850 C. 

Gd content, 
x 

Lattice parameter (Å) 
a (Å) b (Å) c (Å) 

0.00 4.5973 4.5973 13.0856 
0.05 4.5882 4.5882 13.0739 
0.10 5.4285 5.6174 7.8044 
0.15 5.4354 5.6365 7.7446 
0.20 5.4157 5.6151 7.7882 
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Fig. 4.1 (a) X-ray diffraction patterns of Bi1-xGdxFe0.9Cr0.1O3 (x= 0.00, 0.05, 0.10, 0.15 and 0.20) compositions 

sintered at 850 C and (b) enlarged view of (012) peak (for x= 0.00 and 0.05) and (110) peak (for x= 0.10-0.20). 

4.2 Density and porosity 

The X-ray density of the composition was calculated using the relation: 

   
 
 

  

   
     (4.1) 

where n is the number of atoms per unit cell, M is the molecular weight of 

Bi1-xGdxFe0.9Cr0.1O3 (x = 0.00, 0.05, 0.10, 0.15 and 0.20),    is the Avogadro’s number 

(6.0231023) and V is the volume of unit cell. 

The bulk density was calculated using the formula: 
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     (4.2) 

where m, r and d are the mass, radius and thickness of the pellet samples, respectively. 

Table 4.2 X-ray density, bulk density and porosity of various Bi1-xGdxFe0.9Cr0.1O3 samples sintered at 850 C. 

Gd content 
x 

 
 
 

(g/cm3) 
 
 

 
(g/cm3) 

P 
(%) 

0.00 7.90 5.93 24 
0.05 8.15 6.11 25 
0.10 8.20 6.59 19 
0.15 8.37 7.14 14 
0.20 8.40 7.35 12 

 

Fig. 4.2(a) shows the variation of bulk density, X-ray density and porosity of  

Bi1-xGdxFe0.9Cr0.1O3 compositions with x = 0.00, 0.05, 0.10, 0.15 and 0.20 sintered at 850 C. 

From Fig. 4.2(a), it is seen that X-ray density ( x) and bulk density   
 
  increases with the 

increase in Gd content but bulk density of all samples is lower than X-ray density. This may 

be due to the existence of some pores in the bulk samples which are formed and developed 

during the preparation of samples or sintering process. The density increases with the 

increase in Gd content because the ionic radius of Gd is smaller than Bi, this causes volume 

of the unit cell decreases. The porosity in ceramic samples develops from two sources: inter-

granular porosity and intra-granular porosity [7]. Thus the total porosity (P) can be written as 

P = Pinter + Pintra. The bulk density   
 
  increases with the increase in Gd content might be 

due to the decrease of the intragranular pores. Fig. 4.2(b) shows the variation of bulk density 

of the studied samples which increases with increase in sintering temperature. The maximum 

density (for x = 0.05, 0.10, 0.15 and 0.20) is found for the sintering temperature of 875 C 

and the maximum density is found for sintering temperature of 850 C of the sample in which 

x = 0.00. The density increases with sintering temperature because during the sintering 

process the thermal energy generates a force that drives the grain boundaries to grow over the 
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pores, thereby decreasing the pore volume and densify the material. At higher sintering 

temperature,  
 

 decreases (for x = 0.00) because the intragranular porosity is increased due to 

discontinuous grain growth. When the grain growth rate is high, pores may be left behind by 

rapidly moving grain boundaries, resulting in pores that are trapped inside the grains. The 

discontinuous growth of grain rises with temperature and hence contributes toward the 

reduction of bulk density.  
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Fig. 4.2 (a) Variation of  x,  B and porosity with Gd content and (b) variation of  B with sintering temperature. 

4.3 Microstructural analysis 

4.3.1 Surface morphology analysis of compositions sintered at 825 C 

Microstructural features studied using Field Emission Scanning Electron Microscope 

(FESEM). The FESEM microstructure of the samples BixGd1-xFe0.9Cr0.1O3 (x = 0.00, 0.05, 

0.10, 0.15 and 0.20) sintered at 825 C is shown in Fig. 4.3. It is clear from the micrographs 

that the grain size decreased with increasing Gd content. It means that Gd doping can 

suppress grain growth and lead to small grain size in the materials. The grain size decreases 

due to smaller ionic radius of Gd3+ than that of Bi3+ [8]. 
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Fig. 4.3 The microstructure of various Bi1-xGdxFe0.9Cr0.1O3 compositions sintered at 825 C. 

The average grain size was calculated using the linear intercept technique [9]. The 

average grain size of various BixGd1-xFe0.9Cr0.1O3 compositions is shown in Table 4.3 

sintered at 825 C. 

Table 4.3: Grain size of the compositions BixGd1-xFe0.9Cr0.1O3 sintered at 825 C. 

Gd content, x 0.00 0.05 0.10 0.15 0.20 
Grain size (m) 1.51 1.25 0.98 0.96 0.92 

 

x =0.20 
x= 0.00 

 x=0.15 
x=0.10 

x=0.10 

x =0.05 

0.05 
x=0.00 
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4.3.2 Surface morphology analysis of compositions sintered at 850 C 

The microstructure of the samples BixGd1-xFe0.9Cr0.1O3 (x = 0.00, 0.05, 0.10, 0.15 and 

0.20) sintered at 850 C is shown in Fig. 4.4. . It is seen from the micrographs that the grain 

size decreases with increase in Gd content. The average grain size was calculated using the 

linear intercept technique [9]. 

        

        

 

Fig. 4.4 The microstructure of various Bi1-xGdxFe0.9Cr0.1O3 compositions sintered at 850 ᵒC. 

 

x=0.20 

x=0.15 x = 0.10 

x=0.05 x=0.00
=00.00 
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The average grain size of various BixGd1-xFe0.9Cr0.1O3 compositions is shown in Table 

4.4 sintered at 850 C. 

Table 4.4: Grain size of the compositions BixGd1-xFe0.9Cr0.1O3 sintered at 850 C. 

Gd content, x 0.00 0.05 0.10 0.15 0.20 
Grain size (m) 1.97 1.93 1.46 1.31 1.29 

 

4.3.3 Surface morphology analysis of compositions sintered at 875 C 

The microstructure of the samples BixGd1-xFe0.9Cr0.1O3 (x = 0.05, 0.10, 0.15 and 0.20) 

sintered at 875 C is shown in Fig. 4.5. It is clear from the micrographs that the grain size 

decreased with increasing Gd content may be due to the suppression of grain growth. The 

average grain size was calculated using the linear intercept technique [9]. The average grain 

size of various BixGd1-xFe0.9Cr0.1O3 compositions was shown in Table 4.5 sintered at 875C. 

  

  

Fig. 4.5 The microstructure of various Bi1-xGdxFe0.9Cr0.1O3 compositions sintered at 875 ᵒC. 
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Table 4.5: Grain size of the compositions BixGd1-xFe0.9Cr0.1O3 sintered at 875 C. 

Gd content, x 0.05 0.10 0.15 0.20 
Grain size (m) 2.07 1.64 1.36 0.97 

 

4.3.4 Surface morphology with various sintering temperatures 

SEM micrographs of polycrystalline Bi0.85Gd0.15Fe0.9Cr0.1O3 sintered at various temperatures 

are shown in Fig. 4.6. It can be observed from the figure that the microstructure of the sample 

sintered at low temperature (825 C) is heterogeneous where as the microstructure of the 

sample become homogeneous at higher sintering temperature (875 C). It is also observed 

that the grain size increases with increasing sintering temperature. Further it may be noticed 

that the porosity of the samples sintered at 825 is predominately intergranular, whereas the 

porosity of the samples sintered at higher temperature is located at grain boundaries and 

many of the very small pores disappear through diffusion kinetics. That’s why the grain size 

increases and the number of grain boundary decreases and consequently the porosity 

decreases and results in the homogeneous grain size distribution. 

      

Fig. 4.6 The microstructure of Bi0.85Gd0.15Fe0.9Cr0.1O3 composition sintered at various temperatures. 

4.4 EDX analysis 

The energy dispersive X-ray spectroscopy (EDX) of the compositions 

BixGd1-xFe0.9Cr0.1O3 (x = 0.00, 0.05, 0.10, 0.15 and 0.20) sintered at 850 C is shown in Fig. 

4.7-4.11. EDX analysis is used to know the amount of the starting element in the sample. The 

Ts=875C Ts=850C  Ts=825C 
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EDX confirms the Gd doping in the composition. EDX spectroscopy also confirms the 

homogeneous distribution of the constituent elements. 

 

       

Fig. 4.7 EDX spectrum of Bi1-xGdxFe0.9Cr0.1O3 samples sintered at 850 C with x = 0.00. 

Table 4.6: Calculated % of mass of elements in Bi1-xGdxFe0.9Cr0.1O3 with x = 0.00. 

Composition Elements Calculated % of mass 

Bi1-xGdxFe0.9Cr0.1O3 
(x = 0.00) 

Bi 66.89 
Gd 0 
Fe 16.09 
Cr 1.66 
O 15.36 

Total 100.00 
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Fig. 4.8 EDX spectrum of Bi1-xGdxFe0.9Cr0.1O3 samples sintered at 850 C with x = 0.05. 

Table 4.7: Calculated % of mass of elements in Bi1-xGdxFe0.9Cr0.1O3 with x = 0.05. 

Composition Elements Calculated % of mass 

Bi1-xGdxFe0.9Cr0.1O3 
(x = 0.05) 

Bi 64.08 
Gd 2.53 
Fe 16.23 
Cr 1.67 
O 15.49 

Total 100.00 
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Fig. 4.9 EDX spectrum of Bi1-xGdxFe0.9Cr0.1O3 samples sintered at 850 C with x = 0.10. 

Table 4.8: Calculated % of mass of elements in Bi1-xGdxFe0.9Cr0.1O3 with x = 0.10. 

Composition Elements Calculated % of mass 

Bi1-xGdxFe0.9Cr0.1O3 
(x = 0.10) 

Bi 61.21 
Gd 5.12 
Fe 16.36 
Cr 1.69 
O 15.62 

Total 100.00 
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Fig. 4.10 EDX spectrum of Bi1-xGdxFe0.9Cr0.1O3 samples sintered at 850 C with x = 0.15. 

Table 4.9: Calculated % of mass of elements in Bi1-xGdxFe0.9Cr0.1O3 with x = 0.15. 

Composition Elements Calculated % of mass 

Bi1-xGdxFe0.9Cr0.1O3 
(x = 0.15) 

Bi 58.30 
Gd 7.74 
Fe 16.50 
Cr 1.71 
O 15.75 

Total 100.00 
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Fig. 4.11 EDX spectrum of Bi1-xGdxFe0.9Cr0.1O3 samples sintered at 850 C with x = 0.20. 

Table 4.10: Calculated % of mass of elements in Bi1-xGdxFe0.9Cr0.1O3 with x = 0.20. 

Composition Elements Calculated % of mass 

Bi1-xGdxFe0.9Cr0.1O3 
(x = 0.20) 

Bi 55.34 
Gd 10.41 
Fe 16.64 
Cr 1.72 
O 15.89 

Total 100.00 
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4.5 Dielectric properties 

4.5.1 Dielectric constant 

4.5.1.1 Real part of dielectric constant 

The dielectric constant was measured by using the wayne kerr Impedance analyzer 

(Model 6500B). The samples were painted with silver paste to ensure good electric contacts. 

The real part of dielectric constant () was calculated by using the formula: 

   
  

 
    (4.3) 

Where, C is the capacitance of pallet, d is the thickness of pallet, A is the cross-sectional area 

of the flat surface of the pallet and 0 is the permittivity of the free space (0 = 8.8510-12 

F/m). The imaginary part of the dielectric constant (′′) was calculated by using the formula: 

              (4.4) 

Where       is the loss tangent or the dissipation factor. Fig. 4.12 shows the frequency 

dependent  of various Bi1–xGdxFe0.9Cr0.1O3 compositions measured at room temperature. 

From Fig. 4.12, it can be seen that all the samples display a decreasing trend in  with 

frequency increasing from 100 Hz to 10 MHz. This observation can be explained by the 

phenomenon of dipole relaxation process, the dipoles are able to follow the frequency of the 

applied field at low frequencies, while they are incapable of following the frequency of the 

applied field at high frequencies [10]. Also at low frequency different types of polarizations 

(dipolar, interfacial, ionic, electric) contribute to the dielectric constant. But as the frequency 

increases beyond a certain limit, dipoles are not able to align themselves with the applied 

electric field and contribution from different polarizations ceases. Only electronic 

polarization has a significant contribution to the dielectric constant at higher frequency and 

subsequently the dielectric constant decrease. The sharp decrease in the values of ε′ at lower 
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frequencies can be understood on the basis of Maxwell-Wagner two layer model [11] in 

agreement with Koop's phenomenological theory [12]. Accordingly, the dielectric structure of 

a material is made up of well conducting layer of grains followed by poorly conducting layer 

of grain boundaries. The high value of dielectric constant comes from the space charge 

polarization produced at the grain boundary. The polarization mechanism involves the 

exchange of electrons between the ions of the same element, which are present in more than 

one valence state and are distributed randomly over crystallographic equivalent sites. Here 

the exchange of electrons mainly takes place between Fe3+–Fe2+ present at octahedral sites 

(B-site). During this exchange mechanism the electrons have to pass through the grains and 

grain boundary of the dielectric medium. Owing to high resistance of the grain boundary, the 

electrons accumulate at the grain boundary and produce space charge polarization. It is well 

known that the grain boundaries are more effective at low frequency and grains are effective 

at high frequency [12, 13]. Hence due to the grain boundary affect the dielectric constant 

decreases rapidly in the low frequency region. At high frequency the grains come into action 

and also the hopping of electrons cannot follow the high frequency ac field, thus resulting in 

a decrease in polarization. Consequently, the dielectric constant remains small and constant. 

The dielectric behavior of Bi1–xGdxFe0.9Cr0.1O3 ceramics might be understood in terms of 

oxygen vacancy and the displacement of Fe3+ ions. A charge imbalance is created due to 

volatilization Bi3+ and the reduction of Fe3+ during the sintering process and thus creates 

oxygen vacancies. These oxygen vacancies are responsible for the reduction of dielectric 

properties of BFO [14]. Substitution of Gd3+ in Bi site, imbalance of Bi3+ and Fe3+ is 

compensated. Hence oxygen vacancies are reduced when Gd is doped in BFO. The decrease 

of oxygen vacancies results in improvement of the dielectric properties. It can be seen from 

Fig. 4.12 that the  of Gd undoped sample is lower than that of the Gd-doped in the 

measured range of 100 Hz–10 MHz, it means that the dielectric property of BiFe0.9Cr0.1O3 
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can be improved greatly after being doped with Gd in Bi site, which reaches a maximum 

value for x=0.20 sintered at 875 C temperature. The dielectric constant measured at 1 MHz 

reaches 227 when x = 0.20, (sintered at 875 C) which is 4.8 times as big as that of the 

composition Bi1-xGdxFe0.9Cr0.1O3 when x = 0.05. 
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Fig. 4.12 Frequency dependent real part of complex dielectric constant of various BixGd1-xFe0.9Cr0.1O3 sintered 

at different temperature.  

4.5.1.2 Imaginary part of dielectric constant 

Fig. 4.13 shows the variation of the ′′ of the compositions BixGd1-xFe0.9Cr0.1O3 

sintered at different temperatures, which shows similar behavior as dielectric constant. It is 

observed that the ′′ decreases with the increase in frequency and merges at higher 

frequencies. 
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Fig. 4.13 Frequency dependent imaginary part of complex dielectric constant of various BixGd1-xFe0.9Cr0.1O3 

sintered at different temperatures. 

4.5.2 Dielectric loss 

Fig. 4.14. shows the variation of dielectric loss of various BixGd1-xFe0.9Cr0.1O3 

compositions sintered at different temperatures. From Fig. 4.14, it can be seen that for all the 

samples there is a pick. This pick indicates the relaxor behavior of the compositions. The 

width of the pick of Gd undoped sample is larger than the doped samples and at higher 

frequency (>10 MHz) the dielectric loss is smaller of Gd doped Bi1-xGdxFe0.9Cr0.1O3 than that 

of undoped BiFe0.9Cr0.1O3, which means the compositions could possibly be used in practical 

applications such as magnetically tunable filters and oscillators. This loss factor is attributed 

to domain wall resonance. At high frequencies, the dielectric loss is low due to the inhibition 

of domain wall motion. The dielectric loss is found to be maximum in the frequency range 
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1 kHz–1 MHz. The maximum dielectric loss is observed when the hopping frequency of 

electrons between different ionic sites becomes nearly equal to the frequency of the applied 

field [15]. 
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Fig. 4.14 Frequency dependent dielectric loss of various BixGd1-xFe0.9Cr0.1O3 sintered at different temperature. 

4.6 Complex impedance spectra analysis 

4.6.1 Real part of complex impedance 

The variation of the real part (Z′) of complex impedance as function of frequency for 

Bi1–xGdxFe0.9Cr0.1O3 sintered at 825, 850 and 875 °C for 4 h is shown in Fig. 4.15 (a), (b) and 

(c) respectively. It is observed that the value of Z′ decreases with the increase in frequency. 

The decrease in Z′ can be attributed to the increase in conduction mechanism due to hopping 

of electrons, which increases with increasing frequency of the applied field [16].  
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Fig. 4.15 Variation of the real part (Z′) of complex impedance with frequency of Bi1–xGdxFe0.9Cr0.1O3 sintered at 

(a) 825, (b) 850 and (c) 875 °C for 4 h. 

The decreasing value of Z′ means that the loss in resistive property of the samples. 

Such a behavior is expected due to the presence of space charge polarization in a material. 

The merger of Z′ at higher frequency is ascribed to the release of space charges. These 

regions are linked to the conducting behavior of charge carrier inside the material and have a 

very similar shape to that of ac conductivity. Also we observed that the value of impedance is 

higher in Gd undoped sample than the doped samples. 

4.6.2 Imaginary part of complex impedance 

Fig. 4.16 (a), (b) and (c) show the variation of imaginary part (Z′′) of complex 

impedance as a function of frequency for Bi1–xGdxFe0.9Cr0.1O3 compositions sintered at 825, 
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850 and 875 °C for 4 h respectively. The dependence of Z″ with frequency (Fig. 4.16) shows 

similar behavior as Z′. We observed that the value of imaginary part of complex impedance is 

lower in the Gd doped samples compositions than the undoped sample sintered at 825 and 

875 °C but higher of the compositions sintered at 850 °C. 
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Fig. 4.16 Variation of the imaginary part (Z) of complex impedance with frequency of Bi1–xGdxFe0.9Cr0.1O3 

sintered at (a) 825, (b) 850 and (c) 875 °C for 4 h. 

4.6.3 Cole-Cole plot analysis 

Fig. 4.17 shows the Nyquist plot (Z′′ vs Z′) over a wide range of frequency (20 Hz – 

120 MHz) of Bi1-xGdxFe0.9Cr0.1O3 compositions at room temperature to distinguish between 

the grain and grain boundary effects to the total resistance. In practice experimental data are 

only rarely found to yield a full semicircle with its center on the real axis of the complex 

plane. The perturbations which may still lead to at least part of a semicircular arc in the 
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complex plane are [17]: (i) The arc does not pass through the origin either because there are 

other arcs appearing at higher frequency and/or because resistance is greater than zero, (ii) 

The center of experimental arc is frequently displayed below the real axis because of the 

presence of distributed elements in the material-electrode system. The relaxation time τ is 

then not single valued but is distributed continuously or discretely around a mean, τm = m
-1 

and (iii) Arcs can be substantially distorted by other relaxations whose mean time constants 

are within two orders of magnitude or less of that for the arc under consideration. The 

semicircle in the high frequency side represents the bulk resistance and that in the low 

frequency side represents the grain boundary resistance. The third semicircle or a spike in the 

low frequency region is also observed in some materials which is attributed to the effect of 

electrodes [18]. This behavior can be explained by an equivalent circuit consisting of two 

sub-circuits connected in series as shown in Fig. 4.17(a). According to the equivalent circuit, 

the overall impedance can be expressed as: 

        
 

   
     

 

    
   (4.5) 

Where Rg is the grain/bulk resistance, Cg is the bulk capacitance, Rgb is the grain 

boundary resistance and Cgb is the grain boundary capacitance. The low and high frequency 

semicircular arcs correspond to the RgbCgb and RgCg responses, respectively. Depressed 

semicircular arcs are observed for all the samples both in the high and low frequency regions 

(shown in Fig. 4.17) which indicate that non Debye-type of relaxation exists in the present 

samples. The diameters of the high frequency region semicircular arcs are very small than 

those of low frequency region semicircular arcs indicating the dominant of grain boundary 

contribution to the total resistance. The variation of Rg and Rgb as a function of Gd content is 

shown in Fig. 2.18 The Rg and Rgb decreases with the Gd content in the compositions may be 

due to the conducting behavior of Gd. 
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Fig. 4.17 (a) Electrical equivalent circuit; (b-f) Nyquist plot of various Bi1-xGdxFe0.9Cr0.1O3 compositions: (b) x 

= 0.00, (c) x = 0.05, (d) x = 0.10, (e) x = 0.15 and (f) x = 0.20. 

Table 4.12: Grain and grain boundary resistance of various Bi1-xGdxFe0.9Cr0.1O3 compositions. 

Compositions x = 0.00 x = 0.05 x = 0.10 x = 0.15 x = 0.20 

Rg (k) 999.99 65.11 29.99 12.41 5.99 

Rgb (k) 64000 26228 5650 270 131 

(a) 

Cgb Cg 

Rg Rgb 
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Fig. 4.18 Variation of (a) grain and (b) Grain boundary resistances with Gd content. 

4.7 Complex modulus analysis 

The electric modulus has been extensively used by many researchers to analyze and 

interpret electrical relaxation data in a wide variety of materials. This formalism provides 

wider insights on charge transport processes such as conductivity relaxation mechanism and 

ion dynamics as a function of frequency and temperature. In the modulus formalism [19], an 

electric modulus M* is defined as the inverse of the complex dielectric permittivity ε*: 

      
 

 
     (4.6) 

4.7.1 Real part of complex modulus 

Fig. 4.19(a), (b) and (c) show the variation of real part of modulus (M′) with 

frequency. The value of M′ at lower frequency is very small and it increases with increase in 

frequency. This continuous dispersion on increasing frequency may be due to the conduction 

phenomenon due to short range mobility of charge carriers. It is related to the lack of 

restoring force leading the mobility of the charge carriers under the action of an induced 

electric field [20]. Low value of M′ in the lower frequency side supports the conduction 
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phenomena due to long range mobility of charge carriers as well as that the electrode 

polarization makes a negligible contribution in the material [21]. 
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Fig. 4.19 Variation of Real part of complex dielectric modulus of various Bi1–xGdxFe0.9Cr0.1O3 with frequency 

sintered at various temperatures. 

4.7.2 Imaginary part of complex modulus 

The frequency dependence of imaginary part of dielectric modulus (M′′) at various 

sintering temperatures is shown in Fig.4.20. All the samples show a relaxation peak at higher 

frequency which is associated with grain effects. The frequency region below the peak 

represents the range in which the charge carriers are mobile over long distances, whereas the 

frequency region above the peak determines the range in which the charge carriers are 

confined to their potential wells, and thus could make localized motions inside the well [22]. 
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The high frequency peak in the M′′ curves is found to be asymmetric, implying a non-

exponential behavior of the bulk conductivity relaxation. This type of behavior suggests the 

possibility that the ion migration takes place via hopping accompanied by a consequential 

time-dependent mobility of other charge carriers of the same type in their vicinity [23]. The 

characteristic frequency, at which M′′ is maximum, corresponds to relaxation frequency. 
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Fig. 4.20 Variation of imaginary part of complex dielectric modulus of various Bi1–xGdxFe0.9Cr0.1O3 with 

frequency sintered at various temperatures. 

4.8 AC conductivity 

In the research of materials science conductivity is an important issue. Conductivity 

plays a crucial role in BFO [24]. BFO is one of the most extensively studied multiferoic 

compound which exhibits electric as well magnetic properties at room temperature. Fig.4.21 

shows the variation of AC conductivity   
  

  with frequency of various Bi1–xGdxFe0.9Cr0.1O3 

sintered at (a) 825, (b) 850 and (c) 875 C. At lower frequency, which corresponds to DC 
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conductivity   
  

 , the conductivity is almost independent of frequency. On the other hand, 

at higher frequency, which is known as hopping region; the AC conductivity increases faster 

than that of DC conductivity. At high frequency the conductive grains become more active 

and hence increases hopping of charge carriers and contribute to rise in conductivity. The 

frequency dependent AC conductivity of Bi1–xGdxFe0.9Cr0.1O3 relaxors obey the Jonscher’s 

power law [14]. 
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Fig. 4.21 Variation of AC conductivity ( AC) with frequency at various sintering temperatures. 

The conductivity can also be explained on the basis of polaron hopping mechanism. 

In small polaron hopping  AC increases with the increase in frequency while in large polaron 

hopping  AC decreases with the increase in frequency [25]. In the present study, all 

compositions exhibit an increase in conductivity with frequency as shown in Fig.4.21 which 

indicates that small polaron hopping is present in the conduction mechanism of the studied 
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compositions. From Fig. 4.21, it is seen that the value of AC conductivity   
  

  increases 

with the increase in Gd content i.e, Gd helps to enhance the number of charge carriers in BFO 

which contribute to increase    . 

Fig. 4.22 shows the log( AC) vs log(
2) plot of various Bi1–xGdxFe0.9Cr0.1O3 (x = 0.00, 

0.05, 0.10, 0.15 and 0.20) ceramics. Samples, sintered at 825 and 875 C show one region 

and samples, sintered at 850 C shows three distinct regions in the conductivity spectra. In 

conductivity spectra the first region is low frequency dispersive region, second region is 

intermediate frequency plateau region and third region is high frequency dispersive region. 

The variation of     with frequency can be explained on the basis of modified Jonscher’s law 

known as double power law [26]: 

                          (4.7) 

where     is the total conductivity,  (0) is the frequency independent conductivity i.e, dc 

conductivity. The coefficient A1 and A2 and exponents n1, n2 are temperature and materials’ 

intrinsic properties dependent. The second term      is assigned to region I; the exponent 

n1 (0<n1<1) characterizes the low frequency dispersion and corresponds to the long range 

hopping associated with grain boundaries [27]. The last term      is assigned to region III 

(in Fig. 4.22 (b)) and region II (in Fig. 4.22(a and c)); the exponent n2 (0<n2<2) corresponds 

to the short range hopping within the grain [27]. Thus the conduction process in the low 

frequency dispersive region is mainly due to long range hopping and that in the high 

frequency dispersive region is due to reorientational i.e, short range hopping motion. 

Hopping mechanism is favored in ionic lattices in which the same kind of cation is found in 

two different oxidation states. Thus, in the conduction process, the hopping of 3d electrons 

between Fe2+ and Fe3+ might play an important role. Hopping mechanism is very useful for 

analyzing the conduction process in materials, for determining the activation energy and the 

nature of electron-phonon coupling [28]. 
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Fig. 4.22 log(   ) vs log(
2) plot of various Bi1–xGdxFe0.9Cr0.1O3 ceramics. 

4.9 Complex initial permeability 

4.9.1 Real part of complex permeability 

Fig. 4.23 shows the variation of real part of complex initial permeability (i′) with 

frequency for various Bi1–xGdxFe0.9Cr0.1O3 compositions within the frequency range of 

100 KHz-100MHz measured at room temperature. From figure, it is seen that the value of 

real part of complex permeability for all compositions remains approximately constant upto a 

certain frequency and then decreases with increasing frequency. It is also observed that the 

value of real part of complex permeability of Bi1–xGdxFe0.9Cr0.1O3 is highest which is sintered 

at 875 C. The maximum value of real part of permeability is found 30.52 at 100 KHz. Initial 

permeability in a material originates because of the spin rotation and domain wall motion.  
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Fig. 4.23 Variation of real part of complex initial permeability with frequency of various Bi1–xGdxFe0.9Cr0.1O3 

sintered at (a) 825 (b) 850 and (c) 875 C. 

The i′ decreases with frequency which is due to the fact that at higher frequencies 

pinning points are found to be originated at the surface of the samples from the impurities of 

grains and intragranulars pores. This phenomenon in turn obstructs the motion of spin and 

domain walls and the contribution of their motion towards the increment of permeability 

decreases [29]. Actually it is difficult to explain compositional dependence of i′ for the case 

of polycrystalline materials because i′ depends on many factors such as stoichiometry, 

composition, average grain size, spin rotation, porosity, impurity, coercivity etc. 

In BFO, oxygen vacancies create due to the reduction of Fe3+ and volatilization of 

Bi3+ during sintering process. The oxygen vacancies may affect domain wall motion by the 
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formation of mechanical barrier against the domain wall [30]. All the compositions (except 

Bi0.85Gd0.15Fe0.9Cr0.1O3) with Gd doped, sintered at 850 C and all the compositions sintered 

at 875 C show large value of permeability than the undoped BiFe0.9Cr0.1O3. This may be due 

to the decreasing of oxygen vacancy. Permeability also depends on homogeneity of grains of 

a material. The material with homogeneous grains shows higher values of permeability than 

material with inhomogeneous grains. 

4.9.2 Imaginary part of complex permeability 

105 106 107 108
0

5

10

 

 

T
s
= 825 C

 x= 0.00
 x= 0.05
 x= 0.10
 x= 0.15
 x= 0.20 

i'' 

Frequency (Hz)

 

 (a)

 
105 106 107 108
0

5

10
T

s
=850 C

 

 


i

Frequency (Hz)

 x=0.00
 x=0.05
 x=0.10
 x=0.15
 x=0.20

(b)

 

105 106 107 108
0

5

10

15

 

 


i

Frequency (Hz)

T
s
=875 C

 x=0.05
 x=0.10
 x=0.15
 x=0.20

(c)

 

Fig. 4.24 Variation of imaginary part of complex initial permeability with frequency of various 

Bi1–xGdxFe0.9Cr0.1O3 sintered at (a) 825 (b) 850 and (c) 875 C. 

The frequency dependent of the imaginary part of complex permeability (′′) of the 

compositions measured at room temperature over the frequency range of 100 kHz-100 MHz 
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sintered at 825, 850 and 875 C is shown in Fig. 4.24. In the low frequency region, the 

imaginary part of ′′ shows dispersion behaviors which are attributed due to domain wall 

displacements. Here imaginary part of ′′ decreases with increasing frequency. At higher 

frequency ′′ is almost independent of frequency. The ′′ is frequency independent at higher 

frequency region shows that there is only spin rotation is effective. 

4.10 Magnetic loss 
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Fig. 4.25 Variation of magnetic loss (     ) with frequency of various Bi1–xGdxFe0.9Cr0.1O3 measured at room 

temperature. 

Fig.4.25 shows the variation of magnetic loss of various Bi1–xGdxFe0.9Cr0.1O3 compositions 

with frequency sintered at (a) 825 (b) 850 and (c) 875 C. It is seen that the value of       

decreases exponentially with increasing frequency. The value of       remains almost 
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constant at higher frequency. The       arises due to the lag of domain wall motion with 

respect to applied field and creates imperfections in the lattice. The value of       decreases 

with the increase in Gd content due to the reduction of imperfections. 

4.11 Relative quality factor 

Fig.4.26 shows the variation of relative quality factor of various Bi1–xGdxFe0.9Cr0.1O3 samples 

sintered at (a) 825 (b) 850 and (c) 875 C. The peak value of RQF is observed at about 80 

MHZ and then decrease. It is also seen that the value of RQF increases with the increase in 

Gd content. Also it is noticed that the peak shifts toward the higher frequency. So the Gd 

doped Bi1–xGdxFe0.9Cr0.1O3 materials can be used in practical applications. At higher 

frequency RQF decreases due to ferromagnetic loss. This loss is mainly due to phase lag of 

domain wall motion with respect to the applied AC magnetic field. 
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Fig. 4.26 Relative quality factor of various Bi1–xGdxFe0.9Cr0.1O3 measured at room temperature. 
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4.12 M-H hysteresis loops 

The magnetic field dependent magnetization of various Bi1–xGdxFe0.9Cr0.1O3 samples 

sintered at 850 C measured at room temperature is shown in Fig. 4.27. From figure, it is 

clear that all samples show unsaturated magnetization. Enlarged view of Bi1–xGdxFe0.9Cr0.1O3 

are shown in Fig. 4.28((a) x = 0.00, (b) x = 0.05, (c) x = 0.10 (d) x = 0.15 and (e) x = 0.20). 

In BiFeO3, Fe magnetic moments are coupled ferromagnetically within the pseudocubic 

(111) plane and antiferromagnetically between adjacent planes. There is canting of 

antiferromagnetic sublattices resulting in a macroscopic magnetization. Superimposed on 

antiferromagnetic ordering, there is a spiral spin structure which leads to cancellation of 

macroscopic magnetization. Magnetization is induced in the sample whenever this spiral 

structure is suppressed [31]. Enhanced magnetization is found in BiFe0.9Cr0.1O3 due to the 

breaking of the cycloidal spin structure [32]. 

 

Fig. 4.27 M – H hysteresis loops of various Bi1–xGdxFe0.9Cr0.1O3 measured at room temperature. 

All the samples show unsaturated magnetization loops which confirm the basic 

antiferromagnetic nature of the compound. The magnetization increases with the increase in 

content of Gd. The magnetization is almost four times greater when the concentration of Gd 
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is increased from 0.00 to 0.20. This could be due to the structural distortion in the perovskite 

with change in Fe–O–Fe bond angle. This structural distortion could lead to suppression of 

the spin spiral and hence enhance the magnetization in the system. 
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Fig. 4.28 Enlarge view of the low field M – H hysteresis loops of Bi1–xGdxFe0.9Cr0.1O3 (a) x = 0.05, (b) x = 0.10, 

(c) x = 0.15 and (d) x = 0.20. 
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From the M – H hysteresis loops, the remanent magnetization (  ) was calculated 

using the equation: 

    
         

 
    (4.8) 

Where,     and     are the magnetization with upper and lower points of intersection with 

H = 0 respectively [33]. 

The coerceive field (  ) was calculated using the equation: 

    
         

 
    (4.9) 

Where,     and     are the left and right coerceive field [34]. Calculated values of   and 

   are shown in Table 4.12 and    and    are plotted in Fig.4.29 (a) and (b) respectively. 
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Fig. 4.29 Variation of (a) remanent magnetization and (b) coerceive field at RT in Bi1–xGdxFe0.9Cr0.1O3 ceramics 

with Gd content. 

Table 4.13: Remanent magnetization and coercive field of various Bi1–xGdxFe0.9Cr0.1O3 samples measured at 

room temperature. 

Gd content 
(x) Mr (emu/g) Hc (Oe) 

0.00 0.0013 69 
0.05 0.013 709 
0.10 0.056 2873 
0.15 0.012 589 
0.20 0.014 232 
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4.13 Magnetoelectric coefficient 

The variation of magnetoelectric coefficient (   ) with applied DC magnetic field 

measured at room temperature is shown in Fig. 4.30. Generally, in ME measurement, the 

strain induced in sample by the application of magnetic field generates an electric field on the 

ferroelectric domain resulting in an increase in polarization [35].     is calculated from the 

observed voltages and plotted against applied DC bias magnetic field,     vs     (Fig. 

4.30). As DC magnetic field increases, all the samples show similar characteristics. It could 

be seen that     slightly increased with the increase in magnetic field. 
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Fig. 4.30 Variation of     of Bi1–xGdxFe0.9Cr0.1O3 with applied DC magnetic field. 

The pure BFO exibits a poor     (0.32 mV/cmOe) [36] and the value of 

   measured by S.V. Vijayasundaram et al. for the pure BFO sample is about 1.38 mV/cm 
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Oe [37]. Also S.V. Vijayasundaram et al. found considerably no change of    with 5 % and 

10 % Gd content [37]. But with Cr, and both Gd as well as Cr doped BFO shows enhanced 

   . The ME effect in multiferroic materials arises due to the interaction of the magnetic 

and ferroelectric domains [38]. Applied magnetic field induces large strain in magnetic 

domains of the samples due to the presence of Gd3+, because Gd3+ create more distortion as it 

is ferromagnetic and the ionic radius of Gd3+ and Bi3+are dissimilar. This causes strong ME 

coupling in the material. It is observed that the value of     increases with the increase in 

sintering temperature. 
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CHAPTER 5 

CONCLUSIONS 

5.1 Conclusions 

Polycrystalline Bi1-xGdxFe0.9Cr0.1O3 (where x= 0.00, 0.05, 0.10, 0.15 and 0.20) 

ceramics were synthesized by the solid state reaction technique and prepared samples were 

sintered at different temperatures (825, 850 and 875 C). The present research work mainly 

deals with investigation of structural, electrical and magnetic properties of rare earth 

substituted polycrystalline Bi1-xGdxFe0.9Cr0.1O3. This chapter presents a summary on the 

results and discussion presented in the previous chapters and also suggestions for the scope of 

future work. 

The X-ray diffraction result indicates that first two (in which x = 0.00 and 0.05) 

samples show single phase distorted rhombohedral perovskite structure and last three (in 

which x = 0.10, 0.15 and 0.20) samples show single phase orthorhombic perovskite structure. 

Some impurities were detected in the parent sample and amount of impurity gradually 

decreased with the addition of Gd content. For x = 0.15 and x = 0.20, there is only one 

impurity peak in Bi1-xGdxFe0.9Cr0.1O3 compositions. The theoretical density and bulk density 

increased with the increase in Gd content. The bulk density is found highest (when x = 0.05-

0.20) for 875 C sintering temperature (Ts). For parent sample density is found highest at Ts = 

850 C. The surface morphology of the samples was observed by Field Emission Scanning 

Electronic Microscope. The average grain size decreases with the increase in Gd content but 

increases with Ts. The average grain size is found between 0.92 – 2.07 m. Energy 

Dispersive X-ray spectroscopy of the samples confirms the Gd content doping in the 

compositions and revels that there is no foreign materials in the samples. The variation of 

dielectric constant (′) with frequency measured at room temperature. The value of ′ is found 
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to be increasing with increasing Gd content. At low frequencies higher value of ′ is observed 

due to the contribution of all type of polarizations. The value of ′ decreases with the increase 

in frequency and at high frequencies it is almost constant. This phenomenon can be explained 

by the Koops theory, based on Maxwell-Wagner model. The dielectric loss is found very low 

with respect to dielectric constant. Complex impedance studies implies that in some samples, 

only grain’s contribution is dominating in the conduction mechanism and both grain’s as well 

as grain boundaries contributions are dominating in the conduction mechanism in other 

samples. The electric modulus analysis suggests that the relaxation process occur in the 

material. The AC conductivity   
  

  increased with the increase in frequency due to the 

hopping of charge carriers. The  AC also found to be increasing with the Gd content. The real 

part of complex permeability (i′) is found to be high in some samples due to spin rotation, 

domain wall motion and homogeneous grain growth. From the magnetization investigation it 

is seen that all samples show unsaturation i.e, all studied samples shows antiferromagnetic 

behavior at room temperature. The maximum value of ME voltage coefficient is found to be 

0.196 Vcm-1Oe-1 for the sample with x = 0.20 at Ts = 875 C. The results imply that the 

composition Bi1-xGdxFe0.9Cr0.1O3 (for x = 0.20 sintered at 875 C) may have potential 

applications as multiferroic materials. 

5.2 Suggestions for future work 

Further studies on different aspects are possible for fundamental interest of the studied 

materials. 

● Ferroelectric, piezoelectric and pyroelectric characterization may be studied for the 

samples. 

● Leakage current density may be taken for proper understanding of oxygen vacancy. 
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● X-ray photoelectron spectroscopy studies may be carried out to measure the oxidation 

states of the doping elements. 

● FTIR and Raman spectroscopy of the composition may be studied. 

● Other preparation techniques (e.g. sol-gel, auto-combustion and co-precipitation etc.) may 

be used to prepare the samples for comparing the results of the present study. 

 


