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Abstract 

 

Bismuth ferrite (BiFeO3) is a lead free multiferroic, shows both ferroelectric and 

ferromagnetic properties in single phase a room temperature and has various applications like 

sensors, actuators, non-volatile memory storage devices etc. In this work, Cu and Ti co-doped 

bismuth ferrite was prepared via Solid State Mix Oxide Method. Room temperature XRD 

indexed to the BFO rhombohedral cell with the peak shift towards low diffraction angle 

representing increase in lattice parameter. Increase in density and decrease in grain size by 

increasing Cu contents was observed by SEM analysis. The different chemical bonds present 

in the Ti and Cu doped samples has been identified and confirmed through Fourier Transform 

Infrared spectroscopy. The complex impedance and modulus have been studied as function of 

frequency from 100Hz- 1MHz at temperature ranging from room temperature to 250℃ using 

LCR. The CIS data reveals that magnitude of impedance decreases with rise of temperature 

and frequency showing NTCR behaviour. 
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1.1 Introduction 

 

Multiferroics are those materials that incorporate coinciding effects of two or more 

ferroic properties in same material [1, 2] . The simultaneous existence of two or more order 

parameters shows infrequent physical phenomena, showing much potential for advanced 

device utilities [3].  

H. Schmid introduced this terminology multiferroic in 1994. This unique definition 

stated that multiferroics are single phase materials possessing more than two ferroic 

properties simultaneously. [4, 5]  

These ferroic properties are:  

 Ferroelectric (FE) 

 Ferromagnetic (FM)  

 Ferroelastic (FE) 

 Ferrotoroidic (FT)  

The couplings between these order parameters are: 

Magnetoelectricity defines the effect on polarization or magnetization when magnetic or 

electric field is applied.  

Piezoelectricity defines the effect on strain when electric field is applied or effect on 

polarization when stress applied.  

Piezomagnetism defines the effect on strain when magnetic field applied or effect on 

magnetization when stress applied.  

Electrostriction defines the effect on strain when electric field applied as a quadratic 

function [4] 

In recent scientific and researched areas, multiferroic materials are of remarkable 

significances because they have a potential to be used for sensors, actuators, non-volatile 

memory storage devices. [4, 6]The magnetoelectrics have engrossed unusual scientific 

concern because of their unusual physical properties.  The assemblage of ferroelectricity and 

ferromagnetism also makes materials capable for devices which are multifunctional, and the 

magnetoelectricity offer additional grade of liberty in scheme of advanced devices for 

example tuneable microwave inactive modules.[7]  

In the 19th century, electricity and magnetism were joined into one concept. The 

concept of combination of magnetic and electric field in insulators is associated with the 

Pierre Curie. Nevertheless, the actual establishment of this pitch started in 1959 with a petite 

statement by “Landau & Lifshitz” [6].  
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The first work devoted to the multiferroics was done by Astrov, who experimentally 

demonstrated the presence of the magnetoelectric effect in the chromium (III) oxide and 

studied this effect. Since that, many single-phase multiferroics have been discovered, which 

includes BiFeO3, HoMnO3, TbMn2O5, DyMnO3, LuFe2O4, Ni3V2O8, MnWO4, etc. [8] 

 

                                        Table 1.1: History of Multiferroic Materials [9] 

Year                                  Discovery 
1894: Pierre Curie first supposed the magneto electric effect.  

1956: The symmetry necessities for ME effect was  expressed by 

Landau/Lifshitz   

1959: ME effect in Cr2O3  analyze by Dzyaloshinskii  

1960: Astrov (ME) authorized experiments  

1961: Rado et al analyze Reciprocal (ME)H effect 

1963:  Smolenskii/Kiselev: BiFeO3 

1963:  Bertaut et al.: hexagonal RMnO3 (e.g. YMnO3, HoMnO3) 

1966:  Ascher/Schmid: Boracites M3B7O13X (e.g. Ni3B7O13I) 

1968:  Eibschuetz/Guggenheim et al.: BaMF4 (e.g. BaMnF4 BaNiF4) 

 

The definition has extended to comprise additional orders, e.g. antiferromagnetic. The 

research field was native in 50’s in this broad definition. The related studies have begun from 

then under the name Magnetoelectric. [5]  

The ferromagnetic and ferroelectric are not only the combination of ferroic properties 

in Magnetoelectric, it is also in any material which are magnetically and electrically 

polarized, that contains FM, AFM, and PM and AFE and PE.[7] 

                           

             Fig. 1.1: The publications using the keywords Magnetoelectric and Multiferroic                                          
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Bismuth Ferrite is multiferroic of single phase which have Curie temperature (Tc=830 

°C) and Néel temperature (TN =370 °C) which creates the material suitable for the 

applications of magnetoelectric. For this resolution, the broad research on BFO bulk and thin 

film has started which includes its structure and properties. [10-12] 

BiFeO3 is the only single phase multiferroic till now that shows FE, AFM and FE 

orders at room temperature [13]. Moreover, BFO thin films has high remnant polarization 

and net magnetization associated with a great PE coefficient [14, 15]. These entire properties 

make a great potential for this material for everyday applications, for example sensors, 

MEMS and information storage device [16, 17]. BFO bulk has very low polarization but the 

strong multiferroic behaviour have appealed noteworthy attention in BFO thin film  

accompanied with high magnetization and polarization, stated in 2003 [18]. 

  A serious problem of epitaxial BFO, i.e. a high value of current leakage at 25℃, is 

utterly eliminating the polarization and linked FE properties [15,19, 20].  

The key problem restrictive applications of Bismuth ferrite is the high value of current 

leakage initiated by co-occurrence of iron ions (Fe
3+

, Fe
2+

), the consequence of oxygen 

vacancies charge reparation [21-23]. The chemistry of defect theory stated as Bismuth Ferrite 

doping with valent ions must alter the Fe oxidation state and O
2+

 vacancy concentration, 

making means for controlling the Bismuth Ferrite current leakage. [7] 

Such kind of problems hinders the electrical and magnetic properties of ceramics. 

Since these materials are treated on high temperature so the defects cannot be avoided [24]. 

To obtain mandatory properties and to draft microstructure it is very important to study such 

influences, which comprises of the existence of defects, concentration of defects, chemical 

variation, preparation environments & procedures and temperature range of analysis. [25]  

The high temperature electrical and magnetic properties of Bismuth Ferrite with varying 

doping elements and concentration are not being studying commonly because of its defects. 

The objective of presented work is to study the effect of doping on the properties of BiFeO3, 

effect of CuO as a sintering aid and Ti to increase multiferroic properties, added as dopants in 

Bismuth Ferrite and to study the relationship between microstructural and multiferroic 

properties of BFO ceramics. 
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2.1.  Multiferroics  

 

Multiferroic materials which show more than one or two order parameters all 

together; FE, FM, and FE order, display uncommon combination of properties, and ability of 

advanced applications in devices. Fig.2.1 illustrate the phase control in various types of 

couplings exists in the system. The E, H, and σ (electric, magnetic field and stress) govern the  

P, M, and  ε, (polarization, magnetization and strain) [26]. 

 

                                  

                                     Fig. 2.1: Phase control in ferroic and multiferroic 

 

Ferroelectricity: electric polarization induced spontaneously in a material that might be 

upturned due the influence of electrical field applied externally.  

Ferromagnetism: spontaneous magnetization below the critical temperature.  

Ferroelasticity is a disclosing of an impulsive strain in a material. A phase change occurs of 

different crystal structure, when stress is applied to material (e.g. cubic to tetragonal) [27]. 

 

Multiferroics have several crystal arrangements. There are four  main groups that allocate the 

multiferroic by Smolenskii & Chupis [28] . 

 Perovskite (ABO3) Structure, materials which have B position fully or partly 

occupies by magnetic ions. This is the major class, and the follower of this class is 

BFO. This class also contains layered compound with complex perovskite type 

structure of Am+1BmO3m+3 formula where A= Bismuth, Calcium and B= Iron, 

Titanium. 
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 Hexagonal-structure rare-earth manganite RMnO3, where R= rare earth metals 

have high FE with AFM or FM properties. YMnO3 is the most considered participant 

of this family. 

 

 Boracites, M3B7O13X, where M = Chromium, Manganese Iron and X= Halogens, and 

they are FE and AFM or low FM. 

 

 Compounds with a general formula BaMF4, where M=Manganese, Iron, Cobalt. 

This family shows FE properties with AFM or low FM at room temperatures. 

        

2.2.  Ferroelectricity 

FE is from broader group known as pyroelectrics, which are from the class of PE. 

Pyroelectricity defines as ability to generate charge within some materials which is effect of 

varying temperature, and PE defines as the effect on electric potential when stress applied. 

All pyroelectric systems also have PE, however not in reverse, for example quartz. The FE 

possesses PE & pyroelectricity, but FE are not PE. For example, the materials have band gap 

wide e.g. Gallium Nitrate, Aluminium Nitrate, and Zinc Oxide are not FE while both are 

pyroelectric and PE.  

FE are class of materials display polarization which induced spontaneously at 

temperature lower than TC, and when the electrical field applied the direction of polarization 

can be altered.  Above the Curie temperature, all the materials become non-polar and no more 

FE behave normally as dielectrics. Mostly, there can be TC more than one, while the most FE 

possesses one TC. There may also FE material, which does not show  TC for the reason that 

the material commences decaying, prior to TC  [7].  

 

2.2.1.  Ferroelectric Materials and their Crystal Structures 

The most commonly considered and used FE has ABO3 type structures which possess 

typical cubical lattice symmetry at high temperature. The cubical perovskite lattice symmetry 

is considered to be cation “B” of smaller size at centre of oxygen anions of octahedron, with 

cation “A” of larger size at the corners of unit cell. Temperature below the TC, a distortion of 

structure from higher symmetry form to lower symmetry form arises. This distortion 

corporates by a shift of smaller cation from off-centre, which is the most important feature 

giving growth to the spontaneous polarization [29]. 
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                      Fig. 2.3: The perovskite structure (a) the cubic phase, 

                     (b) Dipole swapping when electric field is applied. 

 

 Ferroelectricity is produced by few different mechanisms: 

 

 Ferroelectricity in multiferroic perovskites, the transition metal ion shifts from off-

center is origin of ferroelectricity. These ions are strongly bonded covalently with one 

or even more than two O
2+

, by its vacant “d” shell. Though, the theory for this 

situation has not yet been made clear. 

  

 Ferroelectricity created by active lone pair cations, for example Bismuth or lead in 

BiFeO3 or PbVO3 

 

 

                                                            

                                     Fig. 2.4: In BiFeO3, Bi
3+

 ions (orange) are contributing 

                                        To polarization (green arrow) has
 
lone pairs  

                                                          Ordering (yellow lobes) 
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2.2.3. Spontaneous Polarization 

 

The FE materials contain domains, (regions which are uniformly polarized 

spontaneously). The separation of neighbouring domains is known as domain wall. When the 

electrical field is absent, the domains are aligned arbitrarily, which polarized the material. 

With the applying of electric field, field aligned the domains lengthwise, initiating the 

polarization in material. Domain alignment starts switching and it moves along the boundary 

of domain. The DE, PE and FE properties are involved by domain and domain dynamics  are 

known by means of important device applications in FE, hence the scientist research has 

great interest on these applications [30, 31].  

 

                                    

                                              Fig. 2.5 Hysteresis curve of FE (P-E). 

 

Reversibility of permanent polarization is the important characteristics of FE 

materials, which depend upon the polarization on electrical field similar to magnetization 

curve in FM material, results in hysteresis curve. The hysteresis curve is considered to have 

Ps, Pr, and Ec. The diagram is shown in the fig. 2.4 

 

Saturation polarization defines the highest value of polarization that a material can attain. 

Polarization defines as the material’s polarization in the absence of electrical filed. 

Coercive field defines as the value at which zero polarization that an electric filed can bring.  

 

The domain structure of the ferroelectric is the result of P-E hysteresis loop which 

completed at the temperature lower than TC which is exertion to get the value of 

depolarization field minimum. The unique characteristics of FE are:  
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 Spontaneous polarization at lower than TC.  

 The nonlinear polarization depends upon electric field. 

  Occurrences of structures of domain at lower than TC. 

 The value of DE constant is high (upto 2x104). 

 High values of PE and pyroelectric constants [7].    

                           

                          Table 2.1: The FE materials with their pertinent properties [27, 32-34].  

Compound  

 

Chemical 

formula 
Year 

discovered 
Symmetry at room 

temp. 
Curie 

point, 

Tc, K 

Remanent 

polarization, 

P s, μK⋅cm 
Rochelle 

salt   
KNaC4H4O6⋅4Н2О 1921 Orthorhombic  297 0.25 

Barium 

titanate 
BaTiO3 1945 tetragonal  398 25 

Lead 

titanate 
PbTiO 1950 tetragonal   763 20-96.5 

Lead 

zirconate 
PbZrO3 1951 Orthorhombic  503 20-50 

Bismute 

titanate   
Bi4Ti3O12 1961 Orthorhombic 953 10-30 

 

 

2.3. Ferromagnetism  

FM defines as the phenomenon due to which some of the materials for example Fe 

becomes permanent magnet or is attracted towards magnet.  

Ferromagnetism was discovered more than 2000 years ago. Ferromagnetic materials 

experience a change from a paramagnetic at higher temperature to phase exists at lower 

temperature which holds spontaneous and nonvolatile magnetization, below some phase 

transition temperature called the Curie temperature (Tc)  

                                         

                                                   Fig. 2.6: Magnetic ordering in ferromagnetism 
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The basis of the magnetism is because of the localized electrons, from the “d” or “f” 

shells of transition metal or rare-earth metals. These shells are partially filled with the own 

spin or magnetic moment possessed by electrons. Localized moments lead to magnetic order 

by exchanging interfaces. Long range order in ferromagnetic material shows that spins of 

electrons which are unpaired in a region become line up, parallel with each other. The region 

is called a domain as shown in fig. 2.6. However, ferromagnetic materials often have no 

macroscopic magnetization because their magnetic domains are aligned in different 

directions. 

Moments throughout a material in 3-D tend to oriented parallel can cause a 

spontaneous permanent M (in absence of H) but, in a macroscopic system, it is promising for 

spins to segregate into regions called Domains. Domains need not be oriented with each 

other, may or may not possess spontaneous M application of H creating aligned domains to 

rise at the cost of misaligned domains alignment continues when H is removed. 

Ferromagnetism is a critical mechanism, including a phase transition that arises at a critical 

temperature, Tc = Curie temperature. Above Tc → paramagnet[35] 

 

                               

                                 

                          Fig. 2.8: Domains in ferromagnetic materials 

 

There are two theories of ferromagnetism that describe FM several properties:  

1. The theory of Curie-Weiss localized moment 

2. The theory of Stoner band of ferromagnetism 

 

2.3.1. The Curie-Weiss localized-moment theory 

According to Weiss’s theory, electrons are localized, conquering certain energy 

levels. The energy of an electron is influenced by its angular momentum. The core molecular 

field oriented the electron’s magnetic moments. These orientations are parallel to each other 
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in magnetic moments. The field of this molecular orientation initiates from the quantum 

mechanical exchange energy.  

 

 

                                                  

 

                                               Fig. 2.9: Weiss Domain structure 

 

2.3.2. The Stoner band theory of ferromagnetism  

According to Stoner theory, electrons are allowed to change in a periodic potential. If 

all electrons have the same spin, the exchange energy is reduced [29]. 

                

 

 

 

 

 

 

 

 

 

 

 

 



   

14 
 

           Table 2.2: Multiferroic materials along with their physical properties [10, 28, 36-58]    
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2.4. Bismuth Ferrite (BiFeO3) 

BFO is the first considered multiferroics with the perovskite structure. It was also 

studied that it has remarkable FE which has TC= 850℃ and AFM has TN=370℃ ordering 

temperatures (TC is Curie temperature, TN is the Neel temperature), but the highest value of 

the polarization (P) in the single-crystal BiFeO3 found to be very small (3 ± 6 mC/cm
2
).  

In inconsistency to the single crystals, the extents of the pyroelectric current in the 

thin epitaxial films of bismuth ferrite have exposed to be high polarizability, attaining values 

of 60 ± 100mC/cm
2
. The main purpose for such small polarization in the before investigation 

bulk crystals is the leakage current instigated by nonstoichiometry and imperfections, which 

was removed in the thin film state and later in the high quality single and polycrystals17 ± 

19mC/cm
2
.  

The processing of the BiFeO3 phase is complex, on one hand, by high possibility of 

the development of impurity phases such as sillenite Bi25FexO20 (isostructural to the meta- 

stable g-Bi2O3) and Bi2Fe4O9 at the grain boundaries of polycrystalline ceramics and, on the 

other hand, by the strong reliance on the crystal perfection and oxygen stoichiometry of the 

physical properties. Low leakage currents and the presence of magnetic moment in the crystal 

both are essential for the useful application of bismuth ferrite; hence, special considerations 

have given to enhancement of FE characteristics and cycloidal AFM order annihilation in 

BiFeO3. The native spin structure in bismuth ferrite is of G-type AFM in which every Fe
3+

 

ion surrounds by 6 Fe
3+

 ions and have opposite spin movement. [8]. 

 

2.4.1. Structure and Properties of BiFeO3: 

The perovskite Bismuth Ferrite was discovered in the 1959. Bismuth Ferrite is 

recognized as antiferromagnetic, ferroelectric multi-ferroic with an AFM Neel temperature of 

TN=370℃ and FE Curie temperature of TC= 850℃ in its bulk form. Bismuth Ferrite adopts 

structure of perovskite type and not the ferrite structure, irrespective of its nomenclature. 
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                             Fig. 2.10: Perovskite structure of ABX3 chemical formula  

                            The X atoms are in red spheres usually oxygen, the B-atoms 

                                 Are in blue spheres and the green spheres is A atom 

 

Bulk bismuth ferrite can be well-defined as a rhombohedral ferroelectric with 

distorted perovskite structure and space group R3c as shown in figure 2.11. The 

rhombohedral unit cell has a = 5.59 Å and α = 60.68° lattice parameters. The perovskite 

distorted structures of R3c space group have growth of spontaneous polarization along the 

direction of [111] of psuedocubic. In Figure 2.11, the hexagonal representation of Bismuth 

Ferrite unit cell is shown. On the other hand, an illustration is used which is pseudocubic, in 

which [001] hexagonal is equivalent to [111] cubic. At face-centred sites the oxygen atoms 

are present of the Bismuth cubic structure. BFO ceramics are revealed to be FE having 

polarization along the direction of rhombohedral c-axis. This is due to the dislocation of 

Bismuth and Iron, Oxygen comparative to each other.[59]  

 

                                 

                                            Fig. 2.11: Crystal structure of bulk BiFeO3 
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2.4.2. Effects of A and B Sites Substitution in BFO Structure 

  The BFO has large value of leakage current density which initiate from various factor 

such as impurity phases and poor microstructures, volatilization of Bismuth ions, oxygen 

vacancies and valence fluctuation of Fe
3+

 ions (Fe
2+

 /Fe
3+

). Various Studies are continuing to 

resist the density of leakage current. To enhance the FE properties of the Bismuth Ferrite 

different techniques are used, which include,  

 Creating resistive buffer layers. 

 Single crystal substrates. 

 Creating solid solutions. 

 Manufacturing a multilayer structure. 

 Cationic replacement. 

Substitution in BiFeO3 of impurities which includes rare earth metals at Bi site and 

transition metals at Fe-sites is the most suggested method to enhance the FE properties and to 

control the large density of leakage current. The perovskite structure becomes steady with the 

doping of rare earth ions at Bi-sites. It controls the vaporization of Bismuth ions and 

maintains the non-Centro symmetry. The substitution of transition metal ions at Fe-sites in 

BFO system fills the oxygen vacancies based on the valence compensation and reduce the 

valence fluctuation of Fe
3+

 ions [58, 60].  

Recent researches on Bismuth Ferrite have developed some electrifying scientific 

consequences to enhance its FE and FM properties by inclusion of impurities at Bismuth site 

(A-site). Some research resulted that this type of impurity inclusion at A or B site results in 

improvement of the multi-ferric properties of the system. But in some cases, the magnetic 

properties can be enhanced by the existence of a valance state of 2+ of Fe separated from the 

expected 3+ valance state. Also, magnetic properties can be increased by keeping particle 

size of less than 62nm, increased Fe-O-Fe canting and homogenization of spin structure. [61]. 
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                                          Fig. 2.12: Phase Diagram of Bismuth ferrite 

 

2.5. Effect of Dopants 

 

i. Effect of Neodymium (Nd) and Cobalt (Co):  

There co-doping of Nd and Co have many effects. The solid state mixed-oxide method is 

used to prepare the substitution. The density of the ceramic increases and grain size 

decreasing as the co-doping concentration increases. The increase in co-doping concentration 

increase the remanent magnetization while the coercive magnetic field reduced [62] 

ii. Effect of Manganese:  

The spontaneous magnetization with the precision of magnetic hysteresis is increased by the 

increase of Manganese doping concentration. The increase in magnetization is understood by 

the alteration of the spiral G-type AFM to a collinear G-type AFM ordering. In this alteration, 

anti- ferromagnetically ordered spins canted component becomes firm for the  magnetic 

structure[63]. 

 

iii. Effect of Strontium  

The magnetic properties of BiFeO3 have been improved by the chemical operation. The 

important purpose of MF material is to create magnetic order strong coupling at room 

temperature. This can be attained by substitutions at both Sites A and B. The B-site Sr doping 
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resulted in being oxygen sub-stoichiometric. When the Sr concentration increases, a 

transition occurs to the SrFeO3 phase which results in decreasing magnetization of system. 

 

iv. Effect of Barium (Ba) and Calcium (Ca)  

Barium substituted BiFeO3 possessed ferromagnetism and ferroelectricity simultaneously. Ca 

doped bismuth ferrite material exhibits coupling of ferromagnetism and ferroelectricity. 

 

v. Effect of Copper (Cu) 

 The result of addition of Cu to Bismuth ferrite, the density and the electrical properties 

enhanced. Owing to Cu doping, dielectric constant increases and the dielectric loss which is 

also known as loss tangent minimized. Cu acts as a sintering aid for BiFeO3[64] 

 

vi. Effect of Titanium (Ti)  

The magnetic and electric properties are enhanced by co-doping of BFO with Ti. The 

remanent magnetization rises by the substitution of Ti to BFO. The Partial destruction of spin 

cycloid by co-doping of BiFeO3 and structural distortion makes the magnetization grow. 

Moreover, there is a dielectric loss due to substitution of Ti in BFO[65]. 

 

2.6. Applications of Bismuth Ferrite (BiFeO3)  

 

Some of the applications of BieO3 are listed below: 

 Spintronics and Magnetoelectric Access Memory MERAM 

 BFO’s emission of THz radiation 

 Potential and memory devices 

 Spin Valve Structure 
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3.1 Experimentation 

 

This chapter briefly describe the experimental procedure carried out and the 

characterization techniques used to achieve the objective of the research. The experimental 

method describes the doping Bismuth Ferrite BiFeO3 with Copper Cu and Titanium Ti of 

different amount followed by the brief description of characterization techniques used to 

characterize the properties of samples. It includes Scanning Electron Microscopy, X-Ray 

Diffraction, Fourier Transform infrared Spectroscopy and Complex Impedance Spectroscopy. 

 

3.2. Experimental Procedure 

 

Bismuth ferrite co-doped with Titanium Ti and Copper Cu was prepared via solid state 

method. Bi2O3, Fe2O3, TiO2, CuO were added with stoichiometric amount as indicated in table. 

Bismuth ferrite co-doped with Ti and Cu in which Ti is fixed and effect of varying amount of Cu 

has been studied. 

 

 Raw materials were pre weighed in electronic balance using stoichiometric amounts 

according to the stoichiometric composition 

 They were mixed in ball mill for five hours using zirconia balls with solvent ethanol in 

Teflon pots to reduce particle size and uniform mixing to get uniform phase during 

calcination. 

 After mixing, powder was dried in oven at 60⁰C. After mixing, powder calcination  was 

done at 800⁰C for one hour in muffle furnace to get homogeneous phase and require 

calcined product 

 After calcination sample was again mixed/crushed for half hour using pestle and mortar. 

Samples were then pressed in hydraulic press machine (load/pressure = 2000 pounds, 

dwell time = 40 sec). Pellets of 10mm diameter were prepared 

 These pellets were sintered at 830⁰C for two hours to get maximum densification. After 

sintering these samples were used for characterization. 

 Density of these pellets was measured by using conventional method. 

 X-ray diffraction technique used to analyze crystal structure. 

 Scanning electron microscope used to study the microstructural analysis. 

 Fourier transforms infrared spectroscopy used to identify the chemical bonds. 

 Complex impedance spectroscopy used to study the electrical response of the samples.  
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3.2.1  Stoichiometric Calculations for 10g Sample 

 

                                                      Table 3.1: Stoichiometric Calculations 

 

No. of 

Composition

s 

Chemical Formula Bi2O3 

 (g) 

Fe2O3 

 (g) 

CuO 

(g) 

TiO2 

(g) 

1. BiFe0.867Cu0Ti0.1O3 7.513 2.23 0 0.257 

2. BiFe0.856Cu0.015Ti0.1O3 7.506 2.200 0.038 0.257 

3.  BiFe0.85Cu0.025Ti0.1O3  7.497  2.182 0.064 0.257  

 

 

3.3.  Characterization Techniques 

 

The crystalline structure, elemental analysis and electrical properties of material are analysed 

by using different characterization tools, which are: 

 

 X-Ray Diffraction. 

 Scanning Electron Microscopy. 

 Fourier Transform Infrared Spectroscopy. 

 Complex Impedance Spectroscopy 

 

 

 

 

 

 

 

 

 

 

 



   

23 
 

3.3.1.  X-Ray Diffraction Analysis 

 

3.3.1.1 Scope 

  X-rays are radiations of electromagnetic having wavelength 1Å (10-10 m). This is the 

same as an atom is size of. XRD give most complete information of structure, distance between 

atoms and angles between bonds. XRD is used to study the properties of metals, alloys, 

polymers, minerals, amorphous materials inorganic and organic compounds. X-ray diffraction 

analysis is most successful method to study crystalline structure because crystals are arranged in 

periodic manner of atoms and constitute which naturally produced diffraction gratings for X-ray. 

 

3.3.1.2. Working 

 XRD is used to classify the structure of atoms and molecule of a crystal. The x-ray beam 

diffract from many crystalline atoms. The angles and intensities of these diffracted beams are 

determined. This determination creates a 3-D picture of the electrons density which are in the 

crystal.  The mean atomic positions in the crystal, chemical bonds, their disorder and some other 

properties can be determined by the electron density. 

 

 

                   

                                               Fig. 3.1:  X-Ray Diffraction illustration 
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3.3.2 Scanning Electron Microscope (SEM) 

 

3.3.2.1 Scope  

The Scanning electron microscope uses EDS to create the elemental maps. These 

elemental maps exactly signify the elemental distribution within samples. It is commonly use in 

contrast, elemental analysis, morphology, and mineral orientation. The Scanning electron 

microscope is compressed in power through newly invented microscopes. The SEM is very 

valuable on the market but other microscope can also work with a equally wide sample range. 

3.3.2.2 Image Formation Process  

In Scanning electron microscope, electron gun is used to discharge electron 

thermionically. Filament of Tungsten is used to create electrons.  Due to highest melting point 

and lowest vapour pressure of all metals filament is used in electron gun thermionically. 

The beams of electrons have energy from 0.2 keV to 40 keV. The beam is focused by 

more than one condenser lenses directed towards a point which has diameter 0.4 nm to 5 nm. 

The beam of electron passes by pairs of coils or deflector in the electron column usually in the 

final lens. These lens bounce the beam on the x and y axis and image is created in a faster 

manner at area of the sample surface rectangular in shape. The electron beam and the sample 

contact produces reflection of high-energy electrons. The beam current which is captivated by 

the sample can also be perceived. The beam current can be used to make images of the dispersal 

of specimen current [66].  

 

                              

                                       Fig.3.2: Scanning Electron Microscope diagram 

 



   

25 
 

3.3.3 Fourier Transform Infrared spectroscopy 

 

FTIR spectroscopy is technique, used for material investigation, of non-destructive class. 

FTIR is the study of infrared radiation interacting with matter in terms of frequency of photon. 

FTIR offers precise data of the vibration and bending of the molecular structure and chemical 

bonding. This information makes data suitable to analyse certain inorganic materials and organic 

materials.  

The FTIR spectra show absorption peaks that are linked to the frequencies of vibrations 

between the bonds of the atoms creating up the material called fingerprint frequency. The 

absorption peaks obtained at higher frequency showing stretching between the bonds called 

group frequency. The Bending absorption is smaller than stretching peaks because less energy 

required stretching the bond than to bend the bond. The bending vibrations range from 10-1600 

cm
-1

 and stretching vibration 1600-4000cm
-1

. The size of the absorption peaks in the spectrum is  

signal of the amount present in the material.[67] 

                     

 

                             

 

                                               Fig.3.3: Schematic Diagram of FTIR 
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3.3.4 Complex Impedance Spectroscopy 

 

CIS is a moderately operative technique to study the electrical properties of materials. 

This technique gives a significant instrument to create contact between electrical properties of 

material and microstructures. This method consists of applying AC signal across the pellets of 

specimen and then measuring the productive response. The ceramics are comprised of two areas 

called grain and grain boundary. These both areas are differing from one another in physical 

properties.  

The study of CIS data can rather be obtained by consuming the equivalent circuit which 

consists of two parallel combinations of R and C or connected in series with each other in a 

circuit. [68] 

 

Relative Permittivity ε* = εʹ– j εʺ 

Impedance Z* = Zʹ+ j Zʺ= 1/ jωCo ε * 

Electric Modulus M* = Mʹ + jMʺ= 1/ ε*; 

Admittance Y* = Yʹ+ jYʺ = jωCo ε* 

 And    Tanδ = ε ʺ/ ε ʹ = Mʺ/Mʹ = Zʹ/ Zʺ = Yʺ/Yʹ,  

 

Where, 

f= frequency; ω=2πf is the Angular Frequency 

Co = εo A/t is the geometrical Capacitance 

 j = √-1; εo is the Permittivity of Vacuum (8.854×10
−12

 F/m) 

 t and A are the thickness and area of the pellet;  

and δ is Complementary (90–θ) to the phase angle (θ).  
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4.1. X-Ray Diffraction 

 

Room temperature XRD graph of Cu and Ti doped BFO pellets are shown. The XRD 

graph of BiFe0.867Cu0Ti0.1O3, BiFe0.856Cu0.015Ti0.1O3, and BiFe0.85Cu0.025Ti0.1O3 are shown in 

figures 4.1. 

The major peaks can be indexed to the BiFeO3 rhombohedral cell. The non-perovskite 

Bi2Fe4O9 secondary phase peaks before 30⁰ were observed in 0%Cu BiFeO3 ceramic. It is 

familiar that single phase BiFeO3 is quite difficult to synthesize by the standard solid state 

procedure. The Bi2O3 volatility of high value leads to the development of secondary 

Bi2Fe4O9 phase or any other phase. However, when dopants at the Fe sites are added, 

impurity peaks are inhibited and single phase was found with the entire peaks equivalent to 

the rhombohedral structure having the R3c space group. Peak splitting at 2θ 32⁰, 40⁰, 53⁰ and 

58⁰ shows rhombohedral lattice symmetry. Additionally, Cu ion substitution at Fe-site in 

BFO is expected to shift peak to lower values of 2θ. This is because of the ionic radius of 

Cu
+3

 (54pm) smaller than ionic radius of Fe
+3

 (78 pm). The diffraction peaks intensity in the 

samples drops when Cu concentration rise, which shows that the degree of crystallinity 

decreases.[69, 70] 

This discloses that the Cu ions present in BFO system inhibit the crystal grains 

growth. To preclude the growth of particle, the grain boundaries motion should be hindered. 

When the grain boundaries motion attached to the ferric interstitials which are substituted by 

Cu ions they propose an impeding force on grain boundaries. If this impeding force 

engendered is more than the grain growth driving force, the grain cannot propagate 

further.[1] 

                 

                        Fig. 4.1: XRD patterns of BiFe0.867Cu0Ti0.1O3, BiFe0.856Cu0.015Ti0.1O3  

                                                      and BiFe0.85Cu0.025Ti0.1O3 
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4.2. Scanning Electron Microscope 

 

The microstructural analysis of Copper and Titanium doped BiFeO3 pellets are 

studied from SEM. The Scanning electron Microscope images of BiFe0.867Cu0Ti0.1O3, 

BiFe0.856Cu0.015Ti0.1O3, and BiFe0.85Cu0.025Ti0.1O3 are shown in figures 4.2. 

The BiFeO3 sample has large grain size approx. 10 μm and big voids between the 

grains are present.  These voids are result of Bi2O3 volatilization and ensuring oxygen 

vacancies during processing at elevated temperatures. Co-substitution makes the sample 

relatively denser with arbitrary shaped grains. Smaller grains are also observed in Cu and Ti 

doped BFO sample. Fig (a) shows BFO sample with Ti doping have smaller grains with size 

ranges 1-1.5 micron. In Fig (b, c, d) more reduction in size of grains has been observed as the 

amount of Cu increases. The average grain size ranges in 0.2- 0.5micron with Cu and Ti 

doping. The co-substituted samples have reduction in grain size. This reduction is result of 

the decrease in the oxygen vacancies. The model of space charge stated as the higher 

concentration of doping elements at the region of grain boundary will make gradient of 

concentration between the (grain bulk) and grain boundary. Additionally, doping reduces the 

movement of cations at grain boundary that results in larger density and obstructs the growth 

of grain. [69] 

 

                          (a) 

                                 

           

                        

 

          



   

30 
 

 

                              (b) 

                                    

 

                               (c) 

                                     

                                 

Fig.4.2: SEM images a) BiFe0.867Cu0Ti0.1O3, b) BiFe0.856Cu0.015Ti0.1O3,   

                             c) BiFe0.85Cu0.025Ti0.1O3 
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4.3. Fourier Transform Infrared Spectroscopy 

 

The FTIR spectra of Copper and Titanium doped BFO pellets recorded in wave 

number range 400–3000 cm
−1 

is shown in figure 4.3. Normally, the vibrations of perovskite 

type have spectra in this range.  

For all the samples, the two strong peaks at 488 cm
−1

 and 508 cm
−1

 have observed. 

These peaks are characteristic to bending vibrations of O-Fe-O of octahedral FeO6 groups in 

perovskite compounds.  All the other small peaks obtained in the range of 400–600 cm
−1

 give 

evidence of the presence of very small amount of carbonaceous. The bands arising at 600-800 

cm
-1

 attributed to the vibrations of bending of CuO and oxides of bismuth. The bands arise at 

around 900cm
-1 

and 1000-1040 cm
−1

 attributed to the traces of trapped NO
3–

 ion and vibration 

of bending symmetry of C–H bond existing in the sample. [71, 72] 

The doping of BifeO3 with Ti and Cu causes change in the bond length, bond angle 

and coordination number. This alteration in crystal symmetry is accountable for the small 

shifting of absorption bands in FTIR spectra.[1] 

 

                   

                       Fig. 4.3: FTIR spectra of BiFe0.867Cu0Ti0.1O3, BiFe0.856Cu0.015Ti0.1O3  

                                                      and BiFe0.85Cu0.025Ti0.1O3 
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4.4. Complex Impedance Spectroscopy 

 

CIS is a renowned technique to explain the surface, interface, grain/grain boundary 

properties of polycrystalline electro ceramics. The grain and grain boundary properties, 

relaxation frequency and electronic conductivity of dielectric materials are better examined 

by this procedure. The two successive semicircles are obtained from polycrystalline material 

which shows grain and grain boundary properties with different time constants [70] 

Fig. 4.4 shows the plot of real and imaginary part of impedance (Nyquist’s diagram) 

in frequency range of 100Hz- 1MHz at different temperatures of BiFe0.867Cu0Ti0.1O3, 

BiFe0.856Cu0.015Ti0.1O3 and BiFe0.85Cu0.025Ti0.1O3. 

 The review of the semicircle disclosed that instead of a semicircle cantered on the 

real x-axis there is a depression angle. The Cole–Cole formalism is followed by the 

behaviour of the electrical response. Additionally, the electrical response is consists of two 

semicircle suggested by the shape of the curve. These circles related to electrically active 

regions differently. At low frequencies (<103 Hz), the grain boundary response will be 

obtained. The total value of the electrical response is governed by the bulk properties of the 

material in the high frequency range (>103 Hz). The grain boundary contribution is shown by 

low frequency semicircle while the grain contribution is shown by higher frequency 

semicircle. The other contribution in semicircle shown by depression offers more indication 

of distribution of relaxation times with polarization [69, 70].  

The semi-circular arcs observed in plots have their centres located at the x-axis. This 

reveals a relaxation of non-Debye type, instead of a single relaxation process, with a dispersal 

of time of relaxation. The inset of figures for the respective samples clearly shows the 

existence of two arcs. However at higher temperature, the small arc at high frequencies is 

likely to be hidden by the leading larger arc at low frequencies (due to grain boundary 

contribution) and only a single arc is observed. The high ionic conductivity phase with the 

grain can be observed by small grain response and its disappearance at high temperatures 

may be because of the large difference between grain and grain boundary in the magnitudes 

of resistance. In both cases, the semi-circular arcs intercept on the x-axis is decreased with 

the rise of temperature. This is due to change in conductivity which is thermally activated and 

to increased conducting ions bounding rates. The resistance value for the grain (Rg) is equal 

to the intercept of the parallel semicircle with the real axis at a certain temperature [69]. 
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                           Fig. 4.4: Nyquist Plots BiFe0.867Cu0Ti0.1O3BiFe0.856Cu0.015Ti0.1O3   

                                                       and BiFe0.85Cu0.025Ti0.1O3 
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Fig. 4.5 shows the plot of imaginary part of impedance with frequency from 100- 

1MHz at different temperatures. The Zʹ has higher values in the low frequency region and 

drops monotonically as the frequency increases and rests invariant at high frequencies 

regardless of temperature.  
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                     Fig. 4.5 The plot f-Zʹ of a) BiFe0.867Cu0Ti0.1O3,b)  BiFe0.856Cu0.015Ti0.1O3  

                                                  And c) BiFe0.85Cu0.025Ti0.1O3    

 

The magnitude of resistance decreases as the temperature increases showing NTCR 

behaviour, which is Negative Temperature Coefficient Resistance. The values of resistance 

combine in higher frequency area for all temperatures. This trend may be because of ac 

conductivity which increases with the increasing frequency and temperature. The combining 

of the arcs in the high frequency region recommends a subsequent lowering of the barrier 

properties and conceivable discharge of space charge in the materials at all temperatures. 

Fig. 4.6 shows the plot f-Zʺ at different temperatures. The plot of imaginary part of 

impedance is appropriate for assessment of the relaxation frequency in sample.  
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                      Fig. 4.6: Plot of f-Zʺ for a) BiFe0.867Cu0Ti0.1O3,b) BiFe0.856Cu0.015Ti0.1O3  

                                                and c)BiFe0.85Cu0.025Ti0.1O3 

 

The rising of peak and its shifting to higher frequencies is observed as the temperature 

increasing. The peak sifting shows the presence of relaxation in the component. The plots of 

Zʺ versus frequency or real and imaginary part impedance are suitable for relaxation 

frequency determination. The presence of temperature dependent relaxation processes in the 

system is determined by peak broadening which is because of the increase in temperature. 

Because of the existence of immobile species at low temperature and imperfections at high 

temperature, the relaxation process occurs in the sample.  

The modulus method is another method to study the electrical properties of the 

system. The modulus method aids the endorsement of the uncertainty rising in the system 

related to the grain and grain boundary effect at higher temperatures which may not be 

familiar from impedance graphs. The complex modulus is calculated by this relation;  
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M* = Mʹ + jMʺ 

 Mʹ = vCₒZʺ, Mʺ = vCₒZ‵ (v = 2 pfr), Cₒ is geometrical capacitance = eₒ A/t (eₒ = free space 

permittivity, A = electrode surface area and t = thickness) 

Fig. 4.7 the plots of Mʹ are shown in range of frequency from 100Hz to 1MHz at 

various temperatures.  

Mʹ has very low value almost zero is perceived in the region of low frequency region. 

The conduction phenomena are ascribed by the continuous distribution with the increase in 

frequency at all the temperatures. This distribution may be because of charge carriers which 

have short-range of mobility. 
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                   Fig 4.7: the plot of f-Mʹ for a) BiFe0.867Cu0Ti0.1O3, b)BiFe0.856Cu0.015Ti0.1O3  

                                                        and c)BiFe0.85Cu0.025Ti0.1O3 

 

Fig 4.8 shows the plots of the imaginary parts of modulus. It moves towards higher 

relaxation frequencies as the temperature increases. 
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              Fig. 4.8: the plot of f-Mʺ for a) BiFe0.867Cu0Ti0.1O3,b) BiFe0.856Cu0.015Ti0.1O3  

                              and c) BiFe0.85Cu0.025Ti0.1O3 

 

 This performance shows that the charge carriers intrinsically dominate the bounding 

process when the dielectric relaxation is activated thermally. When the peaks expand 

asymmetrically, it shows the spread of relaxation with different time constant. When the 

temperature increases the magnitude of peaks also increases. [69] 
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Conclusion 

 
 

 Cu and Ti co-doped bismuth ferrite was prepared via Solid State Mix Oxide Method. 

 Room temperature XRD indexed to the BFO rhombohedral cell with the peak shift 

towards low diffraction angle and to the secondary phase of  Bi2Fe4O9 

 Increase in density and decrease in grain size by increasing Cu contents was observed 

by SEM analysis.  

 The different chemical bonds present in the Ti and Cu doped samples has been 

identified and confirmed through Fourier Transform Infrared spectroscopy.  

 The complex impedance and modulus have been studied as function of frequency 

from 100Hz- 1MHz at temperature ranging from room temperature to 250℃ using 

LCR.  

 The CIS data reveals that magnitude of impedance decreases with rise of temperature 

and frequency showing NTCR behavior. 
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