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SYNOPSIS 

Magnetoelectric (ME) and multiferroic materials are essential for 

developing next-generation, novel, multifunctional devices. Hence, these 

are high-priority ferroic research materials. To date, extensive research has 

been conducted on magnetic and electric ordering and their coupling. 

Various materials and coupling mechanisms have been explored for ME 

coupling [1-2]. BaTiO3 (BTO) is a well-known ferroelectric (FE) material. 

BTO can be chemically modified to impart ferromagnetism (FM) to the 

crystal structure and develop magnetoelectric properties in the material. 

Transition metal (TM) doping at the Ti site is an effective method to achieve 

BTO-based magnetoelectric materials [3,4]. Some examples of the solid 

solutions of BTO with magnetic (ABO3) perovskite materials that 

demonstrate ME coupling are BaTiO3-BiFeO3 [5], BaTiO3–La0.7Ba0.3MnO3 

[6], Mn- and Co-modified BaTiO3–BiFeO3 [7], etc.  Apart from doping 

magnetic ions and solid solutions, composites with ferromagnetic materials 

[8], core-shell structures with magnetic materials [9], and heterojunction 

thin films of BTO with ferromagnetic films [10] facilitate ME coupling. 

Excellent ME coupling was observed in most of these materials, prompting 

exploration of their physical properties and utilisation in industrial 

applications. 

Compared with a composite or heterostructure material, a single-

phase compound can show intrinsic ME behaviour. Unfortunately, no 

single-phase ME material that meets room temperature applications has 

been discovered yet. The most severe weaknesses of single-phase ME 

materials are linked not only to their operational temperatures (mostly well 

below room temperature) but also to the magnitudes of the order 

parameters. The introduction of a new ferroic order in a single-phase ferroic 

material leads to the decrease of the existing ferroic order in the material. 

Their extremely low switchable polarisation (usually in the order of 

magnitude of nC/ cm2) can be useful for fast switching applications. The 
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development of single-phase multiferroic materials is constrained by factors 

such as different symmetry breaking and different physical requirements of 

magnetism and ferroelectricity owing to ferroic ordering at extremely low 

temperatures. However, composite materials show enhanced coupling 

through the contribution of different strong ferroic orders from different 

phases in the material. In ME composites, ME coupling takes place as FE 

and magnetic domains are coupled through their secondary (ferro/magneto) 

elastic domains because of electrostriction and magnetostriction.  

Doping with a TM ion (Fe, Mn, Co, Ni) at the Ti-site can induce 

magnetism in BTO, but it will diminish the ferroelectricity in BTO. 

Simultaneous substitution with suitable elements at the Ba-site can retain 

the FE of the structure. Those modifications of BTO can show magnetic 

orderings while retaining the FE, leading to multiferroicity and 

magnetoelectric coupling. The FM exchange mechanism is induced by the 

TM ion in the Ti site, and the appropriate doping in the A site stabilises the 

tetragonal structure and favours ferroelectricity.  Hence, this thesis work 

modifies the BaTiO3 by doping the A site and B site with suitable elements 

to investigate a structure correlated multiferroicity and probable 

magnetoelectric coupling in these materials. The structure correlated 

dielectric and transport properties were also investigated in detail. This 

research work investigated two series of samples of La and Fe doped BTO; 

Ba(1-x)La(x)Ti(1-y)Fe(y)O3(x=y=0, 0.01, 0.03, 0.06), Ca and Mn doped BTO; 

Ba(1-x)Ca(x)Ti(1-y)Mn(y)O3  (x=y=0, 0.03, 0.06, 0.09) for the multiferroic 

applications. The oxidation state and valence state studies and the 

corresponding changes in the band gap and dielectric and electrical 

transport properties are studied further to correlate all the properties 

exhibited by this material. A theoretical investigation of the density of states 

and electron localisation function is further studied to connect with the 

experimental results.  
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Sol-gel prepared series of samples Ba(1-x)Ca(x)Ti(1-y)Mn(y)O3 

(x=y=0,0.03,0.06,0.09), has been prepared through sol–gel synthesis.  

Figure 1 :(a) XRD data of all samples with the CIF file of the P4mm and P63/mmc space groups. (b) 

Zoomed-in image of the variation in the intensity of the hexagonal peak H(104) and tetragonal peak 

T(110) with composition. (c) Zoomed-in image of the splitting of tetragonal T(002) and T(200) peaks. 

XRD and Raman spectroscopy reveal characteristic peaks 

corresponding to a dual phase of ferroelectric tetragonal P4mm and 

ferromagnetic hexagonal P63/mmc BaTiO3. A reduced O–Ti–O angle may 

be a consequence of an increased hybridisation of the 2p–3d orbitals in the 

x = 0.03 sample compared with the other samples, which may correlate with 

the enhanced ferromagnetic double exchange interaction. The intensity 

variation of the characteristics of the hexagonal peaks indicates an increase 

in the hexagonal phase with doping in the samples. XRD of all the samples 

with changes in the hexagonal peak (104), tetragonal peak (110), (002), and 

(200) are shown in Figure 1. 

The multiple oxidation states of Mn3+, Mn4+, Ti3+, Ti4+, and the 

corresponding changes in the amount of oxygen vacancies are the reasons 

for the ferromagnetism. Deconvoluted XPS spectra of the x=0.03 sample 

are shown in Figure 2. 
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Figure 2:  Deconvoluted XPS spectra of the BCTMO1 sample. (a) Ba 3d, Ti 2p, and O 1s 

data before etching. (b) Ba 3d, Ti 2p, and O 1s data after etching. 

Hexagonal emergence in Ca and Mn-modified BaTiO3 has been 

investigated through TEM, and two types of lattice planes corresponding to 

the tetragonal and hexagonal lattices have been observed [Figure 3].   

Figure 3: TEM Image of X=0.03 sample 

The ferroelectric hysteresis shows a saturated P–E loop for x = 0 and 

a lossy unsaturated pinched P–E loops for doped samples. M–H loops 

indicate diamagnetism for x=0, weak ferromagnetic hysteresis in a 

paramagnetic background for x=0.03, and paramagnetic behaviour for the 

other samples. The coexistence of ferroelectricity and ferromagnetism in 

x=0.03 leads to multiferroicity and magnetoelectric coupling. Induced 

polarisation with an applied magnetic field shows a linear response,  



 

xi 
 

indicating direct ME coupling in this material [Figure 4]. The applied 

magnetic field shows a linear response, indicating direct ME coupling in 

this material [Figure 4].  

Figure 4: (a) P–E hysteresis of BCTMO1. (b) M–Hysteresis of BCTMO1. (c) Polarisation 

with an AC magnetic field with a bias DC magnetic field of 600 Oe. (d) Variation in aME 

with a DC magnetic field at a constant AC magnetic field of 5 Oe. 

A weak magnetoelectric coupling coefficient of αME ~0.704 mVcm-

1Oe-1 was obtained for a DC magnetic field of 800 Oe and an AC magnetic 

field of 40 Oe. Hence, Ba(0.97)Ca(0.03)Ti(0.97)Mn(0.03)O3 is a 

magnetoelectrically coupled material. This ME coupling is absent for higher 

percentages of doping. The P-E, M-H, and P-H curve and the value of αME 

with applied dc magnetic field for a constant ac magnetic field is given in 

Figure 9. 

Ba(1-x)Ca(x)Ti(1-y)Mn(y)O3 (x=y=0, 0.03, 0.06, 0.09) samples have been 

investigated for structural polymorphism, band gap tuning, and dielectric 

anomalies. UV-DRS shows a reduction in band gap, Eg from 3.2 to 2.05 eV 

and a highest Urbach energy, EU for the x=0.03 sample [Figure 5(a)]. The 

Valence band edge in PES is observed to be shifted towards EF due to the 

presence of in-gap states [Figure 5(b)]. XANES analysis confirms the 
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presence of Ti3+, Ti4+, Mn3+and Mn4+ oxidation states and the structural 

transformation to a centrosymmetric structure. EXAFS analysis indicates 

the local structural modification and bond length variations near the Mn and 

Ti sites with doping [Figure 6 (a), (b)]. 

Figure 5: Tauc plot of all samples from UV-DRS, (b) VB spectra of all samples from PES. 

These electronic modifications are supported by the DOS and ELF 

theoretical calculations. Density of states calculations reveal a shift of VB 

and CB with doping in the tetragonal lattice and formation of defect states 

with doping in the hexagonal lattice. Electron localisation function 

calculations indicate the lattice contraction with Ca doping in both 

tetragonal and hexagonal lattices; however, a lattice expansion is observed 

with Mn doping in the tetragonal lattice and hexagonal lattice [Fig. 6 (c),d].  

Figure 6: (a), (b)EXAFS plot, (c), (d)ELF calculation of tetragonal and hexagonal lattice 

for x=0.03. 
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Dielectric studies show a decrease in the permittivity [Figure 7(a)] 

and an increase in tanδ corresponding to the decrease in tetragonality and 

increase of the hexagonal phase. A sharp tetragonal to cubic phase transition 

in BTO transforms to diffuse behaviour with Ca and Mn doping. The diffuse 

nature corresponds to the Polar nano Regions (PNRs) formed by the 

destruction of the long-range ferroelectric order. For x=0.09, the major 

hexagonal phase sample shows an abnormal shoulder feature [Figure 7(b)] 

before phase transition that may correspond to the ordering of the PNRs in 

the hexagonal phase or core-shell structure formation of the strong 

ferroelectric lattice and the weak ferroelectric doped lattice.  

Figure 7: (a) RT permittivity plot with frequency for all samples, (b) Variation of phase 

transition behaviour from sharp transition for x=0 to diffuse behaviour with doping.  

Sol-gel prepared Ba(1-x)La(x)Ti(1-y)Fe(y)O3 revealed a pure tetragonal 

P4mm phase for x = 0 and 0.01, while a mixed tetragonal and cubic Pm-3 

m phase for 0.03 and 0.06. The structural modifications are studied by 

Rietveld refinement of the XRD data. The obtained lattice parameters are 

shown in Figure 8. Raman studies confirm the observations obtained 

through XRD regarding the tetragonal to cubic transformation and the bond 

length variations. From XPS analysis, t h e  presence of multiple oxidation 

states, Ti3+, and Fe2+ is observed that resulting in Ov in the material. The 

grain size was observed to decrease from 2.89 µm to 1.38 µm from 
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FESEM studies. EPR studies show signals corresponding to defect 

complexes, which can contribute to the conductivity and magnetic ordering. 

 

Figure 8: (a) Variation of a, b, and c lattice parameters for the tetragonal and cubic phase 

(inset) variation of c/a and unit cell volume with composition (b) Schematic of the tetragonal 

P4mm structure. (c) Variation of avg. A-O and B-O bond length (d). Variation of three B-O 

bond lengths (e). Variation of three A-O bond lengths. 

 Ferroelectricity was observed in the single-phase samples up to x = 

0.01. For x >0.01, the samples become lossy ferroelectrics due to the high 

conduction losses. Along with the ferroelectric ordering, a ferromagnetic 

component was also observed in the single-phase samples.    

 

Figure 9: (a) P-E loop (b) M-H loop of the x=0.015 sample 

The ferromagnetism arises from the F center exchange mediated by 

Bound Magnetic Polarons. However, for the higher substitution (x>0.01), 
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both orderings are compromised and lose the multiferroicity. The proper P-

E loop and M-H loop of the x=0.01 sample are shown in Figure 9. 

The coupling of the ferroelectric and ferromagnetic orders was 

revealed from magnetodielectric property measurements. The 

magnetocapacitance percentage value 2.7% is the highest for x = 0.01 at 1 

T and 10 kHz. This is an indication of magnetoelectric coupling, and can 

be correlated with the structural variations and associated ferroelectric and 

magnetic properties. Variation of permittivity and MC% with magnetic field 

is shown in Figure 10.  

Figure 10: Variation of (a) permittivity, (b) Variation of magneto capacitance with magnetic field for 

different frequencies for x=0.01 sample. 

La and Fe modification in BTO revealed band gap tuning from the 

UV region (3.25 eV in BTO) to the visible region (2.54 eV in BLFT3) 

[Figure 11 (a)], which can be correlated to an increase of lattice distortion 

and disorder in these samples. Theoretical calculations reveal shifts in the 

valence band maxima and conduction band minima, along with the 

formation of defect states inside the bandgap with La/Fe doping [Figure 11 

(b& c)]. 

 

Figure 11: (a) UV-Vis absorption spectra of all samples, DOS of (a) BTO and (b) BLFT3 

corresponding to Ba 5p states, La 5d states, Ti 3d states, Fe 3d states, O 2p states. 
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 The electronic states are modified due to such defect states and 

correlated structural distortions/disorders, which increase the Urbach 

energy (EU).  

Figure 12: Variation of frequency exponent ‘n’ of Johnscher’s power law with temperature. 

Such electronic modifications were justified by transportation 

measurement using dielectric properties, AC conductivity, and impedance 

spectroscopy. A theoretical assessment of the modifications was estimated 

using electron localisation function calculations, revealing a more distorted 

lattice for the doped samples, suggesting localisation of the electrons. An 

experimental verification of the localisation was estimated using different 

transportation models. The variation of Johnsher's power law exponent with 

temperature revealed the presence of correlated Barrier Hopping (CBH) in 

BTO and Overlapping Large Polaron Tunnelling (OLPT) for the La/Fe-

modified BLFT samples [Figure 12]. With doping, the local structural 

deformations and the polaron formations lead the transportation towards a 

hopping to tunnelling process. The defects induce band gap tuning, and the 

associated polaron-induced conduction mechanism makes these samples 

suitable for optoelectronic applications. 

 A comprehensive structural investigation of the La/Fe-doped 

BaTiO3 and Ca/Mn-doped BaTiO3 for dielectric, multiferroic, and 

magnetoelectric applications has been conducted, along with the thorough 

experimental, theoretical, and characterisation techniques in this research 

work. A room temperature ME coupling is reported for 3% Ca and Mn-

doped BaTiO3. The thesis provides information regarding the band gap 

tuning of BaTiO3 with suitable B-site doping with transition metal ions.
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Depending on the structural variations, the magnetic and electric properties 

will change, which can be controlled with the A-site and B-site substitution.  
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CHAPTER 1 

INTRODUCTION 

 

In this chapter, a brief description of the structure and 

functional properties of BaTiO3 has been discussed. A 

literature survey on the multifunctional properties of 

BaTiO3 is illustrated. The chapter is concluded with 

motivation and an outline of the thesis and the questions 

that the present thesis seeks to answer. 
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1.1 Introduction and Background  

Barium Titanate, BaTiO3 (BTO), has been of practical interest for 

more than 60 years because of its attractive properties. It has a chemically 

and mechanically stable crystal structure and ferroelectricity at and above 

room temperature, an easy synthesis process in the form of ceramic 

polycrystalline samples. The high dielectric constant and low loss 

characteristics made BTO a good candidate for capacitor applications. The 

wide variety of multifunctional properties shown by BTO is due to its 

perovskite structure, which can be chemically modified to enhance different 

properties and can be utilised in a wide range of applications in 

semiconductors, thermistors, and piezoelectric devices, and has become one 

of the most important ferroelectric ceramics.  

BTO was one of the very first polycrystalline ceramic materials that 

exhibited ferroelectricity. During World War II, this material became of 

interest as a ceramic material that has a very high dielectric permittivity for 

capacitor applications. At that time, naturally occurring Rochelle salt and 

related hydrogen bonding crystals were the only materials believed to have 

ferroelectricity.  In 1945 and 1946, the work of Hippel’s group  [2] at the 

Massachusetts Institute of Technology and Wul and Goldman [3] in the 

USSR established that the source of the unusually high dielectric constant 

in BTO was associated with its ferroelectric properties. After this discovery, 

the physical properties and phase transitions of BTO were extensively 

studied by various researchers around the world.  The crystal structure 

description of BTO was proposed by Megaw [4], Kay and Voudsen [5] in 

the United Kingdom, and soon confirmed by Miyake and Ueda [6] in Japan. 

The discovery of the alignment of domains in BTO, with the application of 

an external electric field, gave the scientific world the idea of a 

polycrystalline material to act as a single crystal and introduced the 

piezoelectric properties in ferroelectric BTO [7]. After this, the ferroelectric 

switching of domains under mechanical stress has been investigated by 
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Forsbergh [8]. This makes a breakthrough in the industry in 

electromechanically active ceramics for commercial applications [9].  

Currently, miniaturisations of electronic devices need giant 

dielectric constant ceramics with a large electromechanical coupling factor, 

a wide range of temperature stability, high energy storage density with 

efficiency, high mechanical strength, and multifunctional properties, which 

can be achieved by different modifications in BaTiO3. Multifunctionality on 

BaTiO3 is a constant requirement for technology developments that will 

lead to a significant number of industrial and commercial applications. 

Multiferroicity in BTO is in an infant stage of industrialisation. Extensive 

research in this area can lift the field to an extensive breakthrough in the 

commercialisation of these materials. Hence, this thesis is entirely devoted 

to enhancing the functional properties of lead-free BaTiO3-based 

ferroelectric material, mainly focusing on the multiferroic, dielectric, and 

transport properties. 

 

1.2 Perovskite Oxide (ABO3) 

The word perovskite came into existence after the discovery of the 

mineral CaTiO3’s structure in 1993 by Gustav Rose from the Ural 

Mountains [10]. The structure of this mineral was named after Russian 

mineralogist Lev Perovski as perovskite.  Perovskites are one of the 

versatile materials for use in various electronics applications that have 

gained more attention and grown rapidly due to their low cost, versatile 

structures, and various physical and chemical properties [11].  

Perovskites are of the form ABX3, with the A-site being 12-

coordinated and occupied by rare earth or alkaline earth ions with large ionic 

radii. The B-site is octahedrally coordinated and typically occupied by a 

transition metal (TM) ion or a rare-earth ion with smaller ionic radii. X site 

occupied by usually Oxygen or Halide ions [12].  Perovskite oxides are in 

the family of oxides with formula ABO3 and are the first discovered 

perovskite-type materials from the earth’s surface. It contains corner-
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sharing BO6 octahedra, and the voids are filled by the larger radius A 

cations.  

The various crystallographic arrangements of the cations, which 

result in stable structures, are the reason for the multiple functionalities of 

these materials. Hence, the alteration of crystal structure can exhibit a wide 

variety of physicochemical, optical, and electronic functional properties. 

The structure correlation of various properties shown by different materials 

is an active area of research. The ideal structure of perovskite oxides is 

shown in Figure 1.1, for two identical arrangements of atoms, which is the 

general structure of perovskites. Figure 1.1(a) B cation is placed in the 

center of the cube, and A cations at the corners of the cube, and an anion O 

occupies the face center of the cubic structure. An identical arrangement is 

also possible in which the center of the cube is occupied by A cation and a 

B cation is located at each corner, and 12 edge centres are occupied by O 

atoms, Figure 1.1(b).  

Figure 1.1: Two types of arrangement of ABO3 perovskite structure (a) B site ion at the 

center of the unit cell (b) A site ion at the center of the unit cell 

 

The selection of A and B cations is vital in exhibiting the different 

properties shown by the perovskite material. These oxides show different 

structures of cubic, tetragonal, orthorhombic, rhombohedral, and hexagonal 

structures depending on the temperature, pressure, cation radii, synthesis 

conditions, etc. In order to tune the desired properties, proper substitution 
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of cations can be done to modify the crystal structure and enable the material 

for various applications.    

In addition to the above normal perovskite structure, there are Layered 

perovskites, having a layered structure that consists of infinite 2D slabs of 

the ABO3 type structure, which are separated by some motif. The general 

formula is A(n-1)B(n)O(3n+1), where "n" indicates the size of the 2D slabs. n=1 

means the slab is one BO6 octahedron thick. n=2 means two BO6 octahedra 

thick, etc. The differentiating characteristics for the layered perovskites are 

1) the motif that separates the layers, and 2) the offsetting of the layers from 

each other.  Sr2RuO4 (n=1) and Sr3Ru2O7 (n=2) are examples for layered 

perovskites [13].  

 Double perovskites are another category of perovskite with an 

ordered arrangement of cations in the perovskite lattice. Fractional 

substitution to a different extent at A and B lattice sites with an ordered 

cationic structure provides a double perovskite structure. A site ordering 

leads to AA′B2O6 double perovskite, B site ordering can form A2BB′O6 

double perovskite, and both A site and B site ordering can form AA′B′B′′O6 

double perovskite structures [12]. The double perovskite structure is so 

named because the unit cell is twice that of perovskite. This ordering can 

generate various exceptional properties that can lead to multifunctionalities 

for various applications [14].  

The crystal structure of perovskite shown in Figure 1 is an ideal 

arrangement, but in practice, there will be a lot of distortions related to the 

ionic radii of cations, octahedra distortions, variations with chemical 

doping, external factors such as temperature and pressure. 

  

1.2.1 Distorted Perovskite oxide  

The distortions in the ideal perovskite structure can be due to changes 

in the ideal chemical composition, external factors like temperature and 

pressure, tilting of octahedra, Jahn-Teller distortions, etc. The symmetry of 
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the crystal structure is thus reduced by these distortions and incorporates 

various physical properties. These distortions can also be carried out by 

modifying the structure with A and/or B substitutions. The variations in the 

chemical structure of the perovskites due to different factors are described 

below; 

1.2.1.1 Tolerance factor 

The stability of the ABO3 perovskite can be described by the 

Tolerance factor, which is related to the cations' ionic radii. In 1926, Victor 

Goldschmidt introduced the concept of the tolerance factor [15]. He has 

derived a formula for describing the tolerance factor calculated from the 

radii of the cations and anions in the crystal lattice. 

For a cubic unit cell, the axis ‘a is geometrically related to the ionic 

radii of A-site atom (RA), B-site atom (RB), and O atom (RO) as given by 

the following equation: 

√2 × (𝑅𝐴 + 𝑅𝑂) = 2 × (𝑅𝐵 + 𝑅𝑂) 

The ratio of these two expressions of the cell length is known as 

Goldschmidt’s tolerance factor (t). It gives an estimation of the degree of 

distortion. Substitution creates lattice strain in the perovskite structure; as a 

result, the unit cell structure departs from the ideal cubic symmetry. This is 

based on the ionic radii. The tolerance factor for the compound with ionic 

bonding is given by [16]; 

t = 
𝑅𝐴+𝑅𝐵

√2(𝑅𝐵+𝑅𝑂)
 

Where RA, RB, and RO are the ionic radii of A-site, B-site, and O ions, 

respectively. For an ideal perovskite structure, the value of the tolerance 

factor is one. 
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1.2.1.2 Jahn-Teller distortion 

In the electronically degenerate state, the orbitals are said to be 

asymmetrically occupied and hence get more energy. Therefore, the system 

tries to get rid of extra energy by lowering the overall symmetry of the 

molecule, i.e., undergoing distortion, which is otherwise known as Jahn-

Teller distortion (effect) [17]. Transition metal TM ions at the B site 

occupying the BO6 octahedra in ABO3 perovskite have degenerate d orbitals 

[Figure 1.2]. The Jahn–Teller distortion (JTD) occurs because the unequal 

occupation of orbitals in these degenerate energy levels is unfavourable. To 

avoid these unfavourable electronic configurations, molecules distort 

(lowering their symmetry) to render these orbitals no longer degenerate. 

This distortion leads to the elongation and compression of the ideal 

octahedral bonds and results in the deformation of the oxygen octahedra 

surrounding the B cation due to the splitting of the degeneracy of the d 

orbitals to eg and t2g levels and resulting in the lowering of electronic energy. 

For example, in manganites, having Mn3+ cations (3d4) in an octahedral 

environment exhibits JTD, whereas the Mn4+ cations (3d3) would not show 

this effect because there is no unequal occupation of electrons in the 

degenerate energy levels and hence no net lowering of the electronic energy 

by a distortion. This effect is termed as first-order Jahn-Teller effect.  

 

Figure 1.2: degenerate d orbitals and the crystal field splitting of the orbitals into eg and           

t2g states. 

 

In an extension of the JTD, there is a possibility that spontaneous 

distortion can take place even if the ground state is non-degenerate. This 

distortion will happen due to the interaction with the surrounding ligand or 
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nearby atoms and goes to an excited state in which the degeneracy is slightly 

removed. This will lead to an excited state of the transition metal has 

unequal occupation of d-orbitals with identical energies. This is called the 

second-order Jahn-Teller distortion. Since it arises due to the vibronic 

coupling between two electronic states (ground and excited) due to pseudo-

degeneracy, it is also named as Pseudo Jahn-Teller distortion (PJTD) [18]. 

 In BTO, Ti4+ has d0 electrons, and there is no possibility of the Jahn-

Teller effect. However, the presence of  Ti3+ or other TM ions in the 

octahedral environment of BTO can induce spontaneous polarisation due to 

local vibronic interactions, resulting in pseudo Jahn-Teller effects and can 

facilitate ferroelectricity [19]. 

 

1.2.1.3 Deviation from the ideal chemical composition 

 

The variable valence state in the A or B site of the ABO3 perovskite 

can lead to distortions in the crystal structure. The valence states variations 

in the cations can also result in variations in O content and lead to tilting of 

the octahedra, or changes in the bond lengths. This can lead to a transition 

to different space groups.  For example, in SrFeO3, Sr is in the +2-oxidation 

state, and Fe should be +4 ideally. Whereas, Fe ion’s valence state can 

change between ‘+3 and +4’ by heating, and reducing/oxidising 

environment. This will create oxygen vacancies (Ov), and FeO5 square 

pyramids are formed, leading to SrFeO3-δ. This is an example of defect 

perovskite. [20].  

Distortions in the perovskite structure can also be made by chemical 

modification of the BTO lattice by doping. For example, doping of Zr in the 

Ti site of BTO can induce an orthorhombic space group of BTO. By the 

modification of the tetragonal structure, La or Sr doping in the Ba site 

transforms the tetragonal BTO to a cubic space group [21]. TM doping at 

the Ti site in BTO can trigger hexagonal BTO due to the increase in Ov and 

further formation of dimers instead of single octahedra. [22].  
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1.2.1.4 Influence of external factors 

External factors like temperature and pressure can induce structural 

modifications and octahedral tilting, and the displacement of atoms leads to 

structural transitions with temperature or pressure. Depending on the 

synthesis methods, different crystal structures, morphologies, and particle 

sizes of the BTO can be varied. 

Temperature can influence the phase transition of BTO. Temperature-

induced displacement of ions and variations in the ordering of the dipoles 

can induce various phase transitions at different temperatures. BTO shows 

four structural transitions with increasing temperature: Rhombohedral 

(R3m) → -90 ºC → Orthorhombic (Amm2) → 5 ºC →Tetragonal (P4mm) 

→120 ºC →Cubic (Pm 3̅m) [1]. In addition to this, there is polymorphic 

form of BTO formed due to the face sharing of two octahedra, the hexagonal 

(P63/mmc). The calcination and sintering temperatures determine this 

polymorphic form. For example, sintering at 1200 °C can lead to the 

tetragonal P4mm space group, whereas sintering above 1430 °C leads to 

stabilisation of hexagonal P63/mmc space group of BTO [23].  

The influence of pressure can change the electronic structure and 

bond type, often accompanied by changes in the coordination geometry of 

BTO. The ferroelectric and piezoelectric properties of BTO can be varied 

by the application of pressure. The high-pressure synthesis of BTO can 

provide different morphologies in BTO [24].  

The synthesis conditions of BTO can have a great influence on the 

structural stabilisation. The precursors used for the synthesis, temperature, 

pressure, pH of the synthesis condition, physical or chemical route of 

synthesis, etc, will determine the exact crystal structure stabilised for BTO.  

1.3 Crystal structure and Phase transitions of BaTiO3 

Perovskite BTO can exist in four different space groups, as shown in 

Table 1. The phase transition from one space group to another can be 
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described in terms of the displacive nature of the Ti ion that can induce 

spontaneous polarisation or the order-disorder nature of the Ti sites around 

the centrosymmetric position.  

Over the past several years, the dynamics of phase transition in BTO 

have been classified in terms of being either displacive or order-disorder 

type. A displacive phase transition (microscopically nonpolar) accompanies 

a breaking of the point group symmetry of the unit cell, i.e., a structural 

phase transition of a crystal at a certain temperature. This transition 

typically occurs in materials where a soft transverse optic phonon mode 

becomes unstable. Some other experimental data, like inelastic neutron 

scattering, also support this mechanism [25]. Some of the studies indicate 

that the displacement of Ti from the centrosymmetric cubic phase leads to 

phonon instability, whose eigenvector in each phase has the symmetry of 

the ionic displacements that lead to the next lower ferroelectric phase [26]. 

On the other hand, diffuse X-ray scattering data suggest that the transition 

also occurs via an order-disorder transition (microscopically polar) 

mechanism. An order-disorder crystal is characterised by local atomic 

configurations that do not necessarily share symmetry elements with the 

macroscopic order parameter. In this scenario, the overall crystal structure 

remains the same, but the dipoles become thermally randomised. Neutron 

diffraction and NMR were performed on the crystals, doped with 

paramagnetic centres. These studies have revealed the existence of strong 

anharmonicity of the local potential of Ti ions [27]. Along with that, 

theoretical studies also provide substantial proof for the coexistence of both 

mechanisms in the case of BTO. 

According to the displacive phase transition, the off-center 

displacement of the Ti ion in the TiO6 Octahedra of the prototype cubic 

lattice from the centrosymmetric position leads to polar forms. Each of these 

polar forms can be considered as deformations of the cubic unit cell along 

an edge [00l] in tetragonal, along a face diagonal [011] in orthorhombic, or 
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along a body diagonal [111] in rhombohedral. Hence, the orientation of 

electric dipoles will be accordingly in these directions for different polar 

forms. The spontaneous polarisation in these polar forms may be parallel to 

any of the eight equivalent directions in the cubic phase. The long range of 

the electric dipoles results in macroscopic spontaneous polarisation (Ps), 

ferroelectricity, and spontaneous polarisation [28]. 

 

Table 1: Unit cell parameters of perovskite BaTiO3 in different space groups 

Crystal structure Space 

group 

Lattice Parameters Volume Spontaneous 

Polarisation 

Direction 

Tc 

Rhombohedral R3m a=b=c=4.00385 

α=β=γ=89.843° 

64.1722        [111] -80°C to -90 °C 

Orthorhombic Amm2 a=3.99, b=5.669, 

c=5.682 

α=β=γ=90° 

128.522 [011] -5 °C –15 °C 

Tetragonal P4mm a=b=3.9905, c=4.0412 

α=β=γ=90° 

64.3524 [001] 120 °C –130 °C 

Cubic Pm-3m a=b=c=4.00730 

α=β=γ=90° 

64.3510 0  

 

From calculations of the local adiabatic potential, Bersuker 

suggested that the titanium atom sits in one of eight potential minima, which 

are displaced from the cell center in the eight (1 1 1) directions [Figure 1.3]. 

At very low temperatures, titanium atoms in barium titanate (BTO) 

show a strong, long-range connection in all three spatial directions; they 

move together in a coordinated way from one unit cell to the next. In this 

state, known as the rhombohedral phase, all the titanium atoms shift in the 

same (111) direction. As the temperature increases and the material goes 

through different phase transitions, these connections gradually weaken, 

losing coordination in one direction at each step. This causes the titanium 

atoms to become more randomly arranged among the possible (111) 

directions. 
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Figure 1.3:  Possible titanium ion positions, compatible with the Oh symmetry in the 

paraelectric phase: (a) static Ti at the ideal position in the center of the unit cell; (b) Ti 

disordered among eight off-center displacements along the eight <111> directions. Ti shifts 

are shown greatly exaggerated. (c) The assignment of off-center positions. ni is the 

probability of and the Ti ion in the ith off-center site [29]. 

 

In the orthorhombic phase, the atoms still favour one of two 

directions and remain coordinated in two of the three directions, but not the 

third. As the material transitions to the tetragonal phase, another direction 

loses its coherence, allowing the atoms to spread across four (111) 

directions. Finally, in the cubic phase, the highest temperature phase, the 

remaining order disappears, and the atoms are randomly spread across all 

eight (111) directions. 

Interestingly, even though the average structure becomes more 

symmetrical with increasing temperature, the local movements of the 

titanium atoms always have a rhombohedral character. These local shifts are 

still there, just disorganised, so when averaged over large distances, they 

create the overall structure we observe. Because of this, the large-scale 
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polarisation (the main property we measure) might not match the symmetry 

of what's happening at the atomic level. 

Today, researchers increasingly agree based on both theory and 

experiments that BTO’s ferroelectric transition involves a mix of two 

behaviours: one where atoms shift positions gradually (displacive) and 

another where they jump between set positions (order-disorder). 

1.3.1 Order of Phase Transition 

A symmetry-based theoretical analysis to explain the equilibrium 

behaviour near a phase transition was first deduced by Landau [30]. Landau 

characterised the transition in terms of an order parameter, a physical entity 

that is finite in the low-symmetry (ordered) phase and tends to zero 

continuously once the symmetry is maximised (disordered). Devonshire 

introduced the Landau formalism to explain long-range interactions of the 

FE system by considering the spatially uniform P as the order parameter 

[31]. The free energy (F), in the vicinity of the transition, is then expanded 

as a power series of the order parameter P as (F(P)), retaining only 

symmetry-compatible terms:   

                           F(P) = a0(T − T0)P2 + bP4 + cP6 − EP                   

Where T0 is the Curie temperature, a0, b, and c are the material-dependent 

expansion coefficients. The equilibrium is achieved at the minima of F(P), 

at a finite polarisation P = ±Ps, where Ps denotes the spontaneous 

polarisation in the FE phase. On increasing the temperature, the minima 

shift to the P=0, representing the non-polar PE phase. The coefficients a0 

and c are positive and have been verified experimentally. Whereas, the 

constant ‘b’ can be positive or negative depending on the evolution of the 

polarisation being continuous or discontinuous at T < T0. This classifies the 

FE-PE transitions into two categories, i.e., First order (b<0) and second 

order (b>0) [32]. 
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 In the first-order phase transition [Figure 1.4(a)], the Ps jumps 

discontinuously to zero in a sharp transition.  Thus, the T0 and Tc are not the 

same. Here, the spontaneous polarisation and so the F(P) minima at P ≠ 0, 

do not get into the global minima of P=0 at T0. It decreases up to Tc, at 

which the shift to P=0 happens as a sudden occurrence, and explains the 

discontinuity in the Ps vs T plot.  Note that, at T0, this global minimum is 

still not at P=0. Hence, here T0 < Tc. 

 

Figure 1.4: (a) Variation of free energy density with temperature and polarisation. Arrows 

in wells indicate spontaneous polarisation states, (b) Variation of spontaneous polarisation 

with temperature, and (c) Variation of reciprocal dielectric constant with temperature for 

a (i) First order transition (ii) Second order transition  [32]. 

 

In the second-order phase transition [Figure 1.4(b)], the two minima 

corresponding to the non-zero spontaneous polarisation get continuously 

transformed to the P=0 phase at T0. Thus, the Ps continuously decreases up 

to this temperature. Simultaneously, the polar FE phase also gets 

transformed to the non-polar PE phase at the same temperature. So, in this 

case, Tc ~ T0.  
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1.3.2. Hexagonal Polymorph of perovskite BaTiO3 

 Hexagonal BaTiO3 crystallizes in the space group P63/mmc with 

cell parameters a = 5.7238 Å, c= 13.9649 Å, and V = 396.22 Å3 [33]. 

Hexagonal BTO can be stabilised in two ways, one by sintering at higher 

temperatures (>1430 °C) [23] and others by doping it with transition metals 

like Mn, Fe, Co [22]. 

There are two types of Ti and Ba in a hexagonal lattice. One type of 

Ti is in a centrosymmetric octahedra (represented as light blue colour in 

figure 5). The other type is inside a dimer, which forms by two face-sharing 

octahedra (represented by violet colour in figure 5). Similarly, Ba occupies 

two sites, one at the edges of the unit cell (orange colour), and the other 

inside the unit cell (yellow colour) [Figure 1.5].  

 

Figure 1.5: Schematic of the Hexagonal unit cell with Ti-O lattice and Ba-O lattice 

 

The hexagonal polymorph of BTO arises due to the Ov in BTO. As 

the oxygen is not sufficient enough two octahedra come together and form 

a face-shared octahedral dimer, which stabilises the structure. This dimer 

formation leads to the hexagonal structure of BTO. Usually, higher sintering 
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of BTO will lead to Ovs and trigger the hexagonal polymorph. Another way 

of forming of hexagonal phase is by doping the TM ions in the Ti sites, 

which alters the stability of tetragonal BTO and triggers the dimer 

formation.  

 The hexagonal BTO phase is paraelectric. Hexagonal phase triggers 

due to doping with TMs in BTO lead to the presence of d electrons inside 

the dimers that can induce 90° ferromagnetic double exchange interaction. 

Long-range ordering of such exchange interaction can induce 

ferromagnetism in BTO. However, the emergence of paraelectric hexagonal 

phase decreases the ferroelectricity, though it favours ferromagnetism. 

Hence, the existence of both ferroelectric ordering and ferromagnetic 

ordering is troublesome in BTO.  

1.4 Ferroelectricity 

When a dielectric material is exposed to an external electric field 

(Eext), it responds by creating its internal electric field (Eint). This happens 

because of the movement of free charges, alignment of electric dipoles, or 

the way atoms within the material become polarised. These internal effects 

generally work to reduce or "screen" the influence of the external field. In 

some cases, the dipoles inside the material naturally line up in the same 

direction, even without an external field. This is known as spontaneous 

polarisation, and the phenomenon is called ferroelectricity, first discovered 

in 1920 [34]. Ferroelectric (FE) materials have a specific temperature called 

the Curie temperature (Tc) that marks the change from a non-polar 

(paraelectric) to a polar (ferroelectric) phase. These materials are widely 

used in practical applications like sensors, adjustable capacitors, and 

especially in ferroelectric memory devices, where data is stored using the 

material’s lasting (remanent) polarisation. [35]. 
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Figure 1.6: P-E hysteresis loop of ferroelectric 

Ferroelectrics are polar materials that possess spontaneous 

polarisation in the absence of an electric field. The direction of the 

polarisation vector can be reoriented by the application of a sufficiently high 

external electric field. Ferroelectric materials are identified by the 

ferroelectric hysteresis loop in the polarisation (P) vs electric field (E) 

[Figure 1.6].   

A typical ferroelectric hysteresis loop is shown in the Figure. 

Polarisation (P) increases with the electric field; hence, it is field-induced. 

Initially, for a small applied field, the force is not enough to orient all the 

ferroelectric domains. With increasing electric field, P increases nonlinearly 

with the ferroelectric domains orienting gradually along the direction of the 

applied electric field. Depending on the properties of the materials, at an 

appropriate applied electric field, ‘P’ saturates at a state of maximum 

polarisation in which maximum ferroelectric domains are aligned in the 

direction of the field, called saturated polarisation (Ps). When the external 

field is reversed, some ferroelectric domains switch back to their original 

direction due to local stress, but some feel energetically preferable to remain 

fully or partially in the direction of the previously applied field. This gives 

rise to a remnant polarisation (Pr) due to the non-reversibility of some 

ferroelectric domains to the original non-aligned state. These domains can 
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be reoriented after applying an electric field in the opposite direction. This 

critical electric field is termed a coercive field (Ec). On further reversal of 

the field direction, all the ferroelectric domains aligned will be in the 

negative direction, and the cycle can be completed by switching the field 

direction. 

Ferroelectric materials exhibit regions known as domains, within 

which the electric polarisation is uniformly aligned. The interfaces 

separating these domains are referred to as domain walls, which typically 

form to minimise the system’s total free energy. When adjacent domains 

possess polarisation vectors in opposite directions, the boundary is termed 

a 180° domain wall. In contrast, boundaries between domains with 

orthogonal polarisation directions are identified as 90° domain walls. [36]. 

The orientation and type of domain walls are largely dictated by the 

crystallographic symmetry of the material. For instance, in the tetragonal 

phase of barium titanate (BTO), both 180° and 90° domain walls are 

commonly observed. Materials with orthorhombic symmetry permit 

domain wall angles of 60°, 90°, 120°, and 180°, while rhombohedral phases 

can accommodate 71°, 109°, and 180° domain orientations [36]. Under the 

influence of an external electric field, the polarisation within the domains 

tends to reorient in the direction of the applied field. This process can lead 

to the transformation of a multi-domain structure into a single-domain 

configuration. Ferroelectricity is characteristically observed in polar, non-

centrosymmetric crystal structures. 

In most of the FE perovskites, the B-site atom has an empty d electron 

shell, allowing covalent bonding with the full p orbitals of the O atoms. In 

BTO, Ti is Ti4+ state with d0 electron, favouring the ferroelectricity.  

Ferroelectricity can also occur due to the existence of lone pairs of electrons 

on the outer shell of the A-site atom, which are highly susceptible to 

polarisation [37]. 
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1.5 Dielectric Properties 

The dielectric constant signifies the efficiency of a dielectric material 

to store electrical energy, and the dielectric loss indicates the loss of 

electrical energy in the form of heat energy. In AC fields, permittivity 

becomes a complex quantity and has real and imaginary parts (ε*= ε′+ iε′′). 

The real part is an indication of the degree of polarisation, and the imaginary 

part is associated with the dielectric losses. Real part is expressed as relative 

permittivity, εr=ε′/ε0, where ε0 is the permittivity of the free space and has a 

constant value of 8.85 × 10-12 F/m. The greater the degree of polarisation 

greater the value of ε′.  

The dielectric constant depends on the frequency of the applied 

electric field. As the frequency increases, the value of ε′ decreases because 

the polarisation mechanisms within the material struggle to keep pace with 

the rapidly changing field. This phenomenon is related to the relaxation 

behaviour of the material, which arises from orientation polarisation that 

varies with frequency. At lower frequencies, permanent dipoles have 

sufficient time to align with the electric field, significantly contributing to 

the material’s overall polarisation. However, at higher frequencies, the field 

changes too quickly for the dipoles to respond effectively, resulting in a 

diminished contribution to the total polarisation and a corresponding 

decrease in dielectric permittivity. Therefore, the dielectric constant (ε′) 

tends to drop as frequency rises. 

The real part of permittivity, ε', is typically measured by observing the 

change in capacitance when a dielectric material is placed between the 

electrodes of a capacitor. The imaginary part, ε'', is related to dielectric 

losses and can be calculated from the loss tangent (tanδ), defined as tanδ = 

ε′′/ε′. In high-frequency alternating fields, a phase difference exists between 

the polarisation and the applied field, which leads to energy dissipation 

within the dielectric. This energy loss, quantified by tanδ, corresponds to 

the energy absorbed per cycle. The frequency dependence of dielectric loss 
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is linked to relaxation polarisation, where dipoles lag behind the changing 

field due to frictional forces resisting their reorientation. Also, due to the 

change in polarisation of the dielectric, a polarising current flowing in the 

dielectric is induced by the relaxation rate. This current induces dielectric 

loss in the material.  

1.5.1 Polarisation Mechanisms in dielectric material 

Dielectric polarisation is described by various atomic mechanisms. 

Under the influence of the externally applied field, the material is polarised, 

and dipoles are created with a moment (p). This is directly proportional to 

the local electric field. 

p=αEloc 

The total polarizability (α) is the sum of four polarising mechanisms given 

below: 

 

Polarizability (α) = Space charge (αs) + Orientational/Dipolar (αi) + Atomic (αa) + 

Electronic (αe) 

The contribution of each polarisation also depends on the types of material. 

These polarisation mechanisms are demonstrated in Figure 1.7. 

 

Figure 1.7: Different polarisation mechanisms corresponding to the different frequency 

ranges. 
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i) Interface or Space Charge Polarisation 

This type of polarisation occurs when charge carriers have limited 

mobility and accumulate at interfaces such as grain boundaries or electrode-

material junctions. As electrons move freely within grains, they encounter 

defects that act as potential barriers, causing charges to build up at these 

boundaries. This accumulation of space charge is particularly significant at 

low frequencies and elevated temperatures. 

ii) Dipolar or Orientation Polarisation 

This mechanism is associated with the alignment of molecular dipoles 

in response to an applied electric field. Under normal conditions, these 

dipoles are randomly oriented due to thermal motion, but the external field 

induces them to align along its direction, resulting in polarisation. 

iii) Ionic Polarisation 

In ionic solids, the crystal lattice typically exhibits symmetrical 

arrangements where individual ionic dipoles cancel each other out. 

However, when subjected to an external electric field, the ions are displaced 

slightly from their equilibrium positions, generating a net dipole moment 

and thus contributing to polarisation. 

iv) Electronic or Atomic Polarisation 

 This form of polarisation arises from the relative displacement 

between the electron cloud and the nucleus within an atom when an electric 

field is applied. The shift of the negatively charged electron cloud relative 

to the positively charged nucleus induces polarisation. This process is 

reversible; once the external field is removed, the electrons and nucleus 

return to their original positions. Because all materials are composed of 
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atoms, electronic polarisation is a universal contribution to the overall 

dielectric response. 

Materials exhibiting a single relaxation time constant are often 

modelled using the Debye relation. According to this model, the real part of 

the permittivity (ε′) remains relatively constant both above and below the 

relaxation frequency, with a smooth transition occurring near this 

frequency. Meanwhile, the imaginary part of the permittivity (ε′′) typically 

displays a peak at the relaxation frequency, marking the region of maximum 

energy dissipation. 

1.5.2 Temperature-dependent dielectric and phase transitions 

Temperature-dependent variation of dielectric properties gives 

details about the nature of the phase transition, Curie temperature Tc, 

Disorder in the lattice, etc. For BTO, there is a sharp rise in permittivity at 

phase transitions.   

 

Figure 1.8: Phase transition obtained in dielectric permittivity in BaTiO3 [1] 

The perovskite form of Barium titanate can exist in different 

crystallographic structures, such as cubic, tetragonal, orthorhombic, and 

rhombohedral, depending on different temperature ranges. The structural 

phase transition from the paraelectric phase to the lower symmetry 

ferroelectric phases occurs at different temperatures related to the softening 

of the zone-boundary phonon modes at the Curie temperature (Tc). On 
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cooling from the high temperature, since there are six equivalent directions 

in the cubic phase, the polar axis can be any one of these directions. These 

phase transitions occur with strong dielectric softening. At the Curie 

temperature, TC 120 °C –130 °C, it turns from the high-temperature 

paraelectric cubic form (C, Pm3m) to the ferroelectric tetragonal structure 

(T, P4mm). On further cooling, two other ferroelectric phases are observed: 

orthorhombic (O, Amm2), below -5 °C –15 °C, and rhombohedral (R3m), 

below -80 °C to -90 °C [Figure 1.8].  

Near the transition T→Tc, in the FE phase, though Ps decreases, the 

dielectric constant (ε′) increases. According to Landau's theory, it is 

inversely proportional to T. As the temperature increases towards Tc, the 

domain walls become more mobile, and the phonon-phonon interaction 

increases, causing deviations from a simple inverse-temperature 

dependence. Ps measures the spontaneous dipole alignment, whereas the ε′ 

depends on the sum of all kinds of polarisation in the material in response 

to the external electric field. With an increase in temperature, the loss of 

dipole order in the FE phase reduces Ps. Whereas the softening of the 

structure supports critical fluctuations in the order parameters at the time of 

transition, making it easier to polarise it with a little external field, which in 

turn increases the ε′ monotonously, before the transition.  

 

1.5.3 Normal phase transition and Diffuse Phase transition  

 

The phase transitions described above happen at a particular 

temperature (Tc) [Figure 1.9(a)]. However, the phase transition is extended 

over a wide temperature range around a maximum value of εr' (εm') at a 

temperature (Tm) that corresponds to the diffused phase transition (DPT), 

[Figure 1.9(b)]. This temperature interval is commonly referred to as the 

Curie range [38].  
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Figure 1.9: Dielectric constant versus temperature showing (a) sharp phase transition, (b) 

diffused phase transition 

BTO exhibits a first-order phase transition with a sharp rise in 

permittivity. The electrical susceptibility (χ) follows the Curie-Weiss law 

above the sharp phase transition temperature Tc of the materials 

χ = 
𝐶

𝑇−𝑇𝐶
 𝑇 ≥ 𝑇𝑐 

where C and T are the Curie constant and absolute temperature, 

respectively 

DPT is not necessarily a result of the size distribution of grains or 

domains. In the pristine polycrystalline BTO, although there are different 

domains within the system with different directional orientations and sizes, 

the activation energy required to transform the polar FE phase into the non-

polar PE phase is the same for each of them. Thus, the transition obtained 

here is sharp, and it follows the Curie-Weiss law immediately after the 

transition. But in the compositionally disordered system, due to the presence 

of various modifications, polar regions of different dielectric nature start to 

appear with different transition temperatures. Different cations are 

distributed randomly among the equivalent lattice sites and in different 

amounts. This, in general, modifies both the strength of dipole-dipole 

interaction and the activation energy for structural transformation from one 

polar region to another. It leads to the transition of different polar regions to 

happen within a wide temperature range known as the Curie range. Within 
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the Curie range, the dielectric permittivity achieves its highest value (ε′) at 

Tm, and the ferroelectric material displays its most distinguishable features. 

Diffused transition behaviour cannot be explained by the Curie-Weiss 

law. It follows the modified Curie-Weiss law. 

1

𝜀′
−

1

𝜀′𝑚
=  

(𝑇 − 𝑇𝑚)𝛾

𝐶
 

Where, γ (1 ≤ γ ≤ 2) is the degree of diffuseness, for an ideal sharp phase 

transition, γ = 1, while for a relaxor phase transition, γ = 2. 

Relaxor Ferroelectrics are a special class in which the ferroelectric to 

paraelectric phase transition temperature is frequency dependent.  It shows 

DPT nature with a large frequency dispersion in ε′. This can be explained 

by describing the formation of macro or nano-polar regions (PNRs) 

dispersed in a disordered matrix. Such PNRs are believed to be dynamic 

and become reduced in size as the temperature increases after phase 

transition, which results in the frequency dependence of the Tm [39]. Here 

in this thesis, we are dealing with the Normal first-order ferroelectric phase 

transition in BTO and the DPT nature of modified BTO.  

 

1.5.4 AC conductivity studies 

The ac conductivity, in most of the materials, due to localised states, 

is expressed by Jonscher’s power law; σ = σdc + Aωn. For complex systems, 

to incorporate high mobility at higher frequencies, Jonscher’s double power 

law: σac = σdc + Aωn + Bωm, where A, B are constants, n and m are frequency 

exponents. Long-range translational motion of charge carriers contributes 

to the dc conductivity σdc. Short-range translational motion contributes to 

the low-frequency dispersion region Aωn where 0<n< 1. Re-orientational 

motion at high frequencies contributes to the third term, Bωm, where 0 < 

m<2 [40], [41]. 
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Variation of n with temperature can be used to explain distinct 

mechanisms for carrier conduction: Quantum Mechanical Tunnelling 

(QMT) through the barrier separating the localised sites and Correlated 

Barrier Hopping (CBH) over the same barrier, Non-overlapping Small 

Polaron Tunnelling (NSPH), Overlapping Large Polaron Tunnelling 

(OLPT) [42].  In these models, the exponent n is found to have two different 

trends with temperature and frequency. If the ac conductivity is assumed to 

originate from QMT, n is predicted to be temperature independent, but is 

expected to show a decreasing trend with ω, while for CBH, the value of n 

should show a decreasing trend with an increase in temperature. The 

exponent n increases with temperature in the NSPH model. The OLPT 

model shows an initial decrease in exponent n with temperature, attains a 

minimum, and thereafter increases with temperature [42]. 

Hence, the variation of n with temperature can give the nature of the 

ac conduction mechanism possible in these materials and further details 

about the charge carriers in the modified BTO samples. 

 

1.5.5 Impedance and Modulus formalism 

The dielectric properties of materials can be analysed using complex 

impedance (Z*) and complex modulus (M*). These two quantities are 

connected through the complex permittivity (ε*), which is given by the 

relation ε* = 1 / (iωC₀Z*), where C₀ is the capacitance of an empty 

measurement cell and ω is the angular frequency. The complex impedance 

Z* consists of a real part (Z′) and an imaginary part (Z″), which are 

calculated based on the material’s resistance and capacitance. The 

impedance data primarily highlight the largest resistance contributions from 

the microscopic components within the material [43]. 

On the other hand, the electric modulus provides valuable insight 

into the relaxation of free charge phenomena that may not be visible in 

permittivity measurements. By studying the imaginary part of the modulus, 

we can better understand how these materials relax electrically. Modulus 
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spectroscopy thus offers a clearer picture of the dielectric relaxation 

process. The relationship can be written as M* = M′ + iM″ = iωC₀Z* [43].  

To fully understand relaxation behaviour in ceramics, it is useful to 

combine both electrical modulus and impedance analyses. The modulus 

spectrum tends to focus on the smallest capacitive elements at the 

microscopic level and reduces the effects caused by electrode interfaces 

[44]. Physically, the electrical modulus represents how the electric field 

inside the material relaxes when the electric displacement remains fixed. 

The frequency dependence of the peaks observed in the imaginary 

part of the impedance and modulus spectra for different temperatures gives 

an idea about the short-range or long-range conduction mechanisms in 

ceramic material. Also, the variations in the activation energy, relaxation 

times can be analysed through this different analysis.  

 

1.6 Literature Survey on the structural and functional properties of 

modified BaTiO3 

 

1.6.1 A site and B site doping in BaTiO3 

Undoped barium titanate ceramics and single crystals' dielectric, 

electromechanical, optical, and multiferroic properties show a significant 

temperature dependence. Hence, the range of temperature at which it can be 

used for the application is limited. On the other hand, the strong increase of 

the dielectric and piezoelectric properties approaching the phase transition 

temperatures would be of high interest for the fabrication of devices with 

better performances. The development of BTO-based materials and the 

modification of BTO and their use in commercial applications has been 

driven by the need to find a compromise between these two contrasting 

trends.  

Doping in BTO can be used to modify the properties for various 

applications. Doping strategies are generally separated into iso- and 

aliovalent (donors and acceptors) and into A- and B-site species within the 
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perovskite structure. This structure can accept ions of different sizes, so that 

a large number of different dopants can be placed in the BTO lattice.  

In A site doped BTO, Ba can be replaced by Isovalent dopants include 

Sr2+, Ca2+, Pb2+ and Cu2+  [45] , [46], and aliovalent acceptor ions like Ag+, 

Na+, K+,  [47], [48]and aliovalent doner ions La3+, Nd3+, Ce3+ , Ni3+ etc [49]. 

B-site modifications include isovalent ions Zr4+, Hf4+, Sn4+, V4+, Mn4+,  

[50], [51] and aliovalent acceptor species such as Fe3+, Mn3+/Mn2+, Ni2+, 

Sc3+, Lu3+, Yb3+, Li+  [52], [53]and aliovalent donor ions Nb5+, Ta5+ and 

Sb5+ [49], [54]. 

Certain cations are known to exhibit amphoteric behaviour in terms of 

site occupancy, meaning they can occupy either the A or B sites depending 

on factors such as stoichiometry, phase composition, and the thermal 

conditions during processing. These ions typically have ionic radii similar 

to those of Ba²⁺ and Ti⁴⁺. For instance, Y³⁺ and some rare earth elements 

have been shown to display this amphoteric nature, although they generally 

prefer the A site, exhibiting higher solid solubility there [55]. Magnesium 

(Mg²⁺) presents a particularly interesting case; numerous studies 

investigating Mg doping in barium titanate (BTO) have reported its ability 

to occupy both A and B sites, depending on the starting stoichiometry [56]. 

As a result, it is commonly accepted that Mg²⁺ can incorporate into either 

site with relatively high solubility, acting as an isovalent dopant when 

substituting at the A site and as an aliovalent dopant when occupying the B 

site. 

 Simultaneous doping at both A and B sites of BaTiO3 can also be 

possible, in which the emergence of undesired properties arises due to one 

doping site can be overcome by the doping in the other site. For example, 

doping TM ions at the B site induces a paraelectric hexagonal phase, which 

is not desirable. The simultaneous doping of Ca, Bi, and La can reduce the 

hexagonal phase and bring the tetragonal phase back [22]. A site Ca-doped 

and B-site Zr-doped BTO, commonly known as BCZT, enhances the energy 
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storage and electrocaloric performance [57]. A site Bi-doped and B-site Fe-

doped BTO can not only induce multiferroicity in BTO it can also induce 

relaxor behaviour [58]. 

These A-site and B-site substitutions can also have a marked 

difference on the TC of the overall ceramic, raising or lowering TC, which 

contributes to the stability of the material over a given temperature range. 

In the bulk material, unlike single crystals, grain boundaries can negatively 

contribute to the overall permittivity, so it is important to balance these 

competing contributions when optimising grain size. 

 

1.6.2 Multiferroicity in modified BTO 

 Two ferroic orders in a single material are termed as multiferroic [Figure 

1.10]. It includes a ferroelectric order in which spontaneous polarisation and 

ferromagnetic order in which spontaneous magnetisation can be switched 

by an externally applied electric field and magnetic field, respectively.  It 

can be a ferroelastic order where spontaneous and stable deformation can 

be switched by an applied stress. 

 

Figure 1.10: Relationship between multiferroic and magnetoelectric materials. Illustrates 

the requirements to achieve both in a material 
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Ferroelectric BTO has Ti4+ states with d0 electrons, which do not 

show any magnetic properties. The presence of unpaired electrons is mainly 

exhibited by materials containing TMs, which is induced by their partially 

filled d orbitals. Hence, doping TM in BTO can generate unpaired electrons 

within the lattice. When the magnetic moments are oriented randomly, it 

will show paramagnetism, and the moments can be aligned by the applied 

external magnetic field. When there is exchange coupling between these 

unpaired electrons, it can induce ferromagnetic and antiferromagnetic 

properties in BTO, depending on the type of exchange mechanism between 

these electrons. There is another possibility of magnetism due to Ov in the 

BTO lattice, due to the reduction of Ti4+ to Ti3+. These Ovs can trap the 

electrons and can lead to the F center exchange mechanism that induces 

magnetism in BTO. Another way is by the doping of TM ions in BTO that 

can trigger the hexagonal BTO phase, which induces double exchange FM 

interaction due to the presence of d electrons inside the dimers in the 

hexagonal phase. Such type of interactions create magnetic ordering in the 

BTO material. 

Deka et al. [59] experimentally observed a ferromagnetic ordering in 

Fe-doped BTO, which is described as a result of Ov-mediated F-centre 

exchange phenomena in Bound Magnetic Polarons (BMP). Similarly, BMP 

models have been used to explain the ferromagnetism in Hf and Co-doped 

BTO [60], Mn-doped BTO [51], Fe-doped BTO [61], Pb and Fe dope BTO 

[62].  

Apostolova et al. [63] Theoretical investigation of the ferromagnetic 

properties of TM-doped BTO at room temperature, which leads to 

multiferroic properties.  This magnetic ordering has been explained due to 

the superexchange interactions between Fe3+ ions in different occupational 

sites associated with Ov and to the exchange coupling of Fe ions with mixed 

valence, Fe3+ and Fe4+. Whereas the magnetisation and the magnetic phase 

transition temperature increase with increasing the Fe-ion concentration, the 
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polarisation and the ferroelectric critical temperature decrease [64]. 

Senthilkumar et al. [65] Explained a theoretical study on the Ov constituted 

bound magnetic polaron (BMP) model in Ce-doped BTO to explain the 

enhancement in ferromagnetism.  

Apart from the BMP model, the double exchange interaction in the 

hexagonal phase of BTO, emerging due to the Ovs in BTO, can also be a 

reason for the magnetic ordering in doped BTO. Dang et al. [66] Studied 

the room temperature ferromagnetism introduced by Mn doping in BTO. 

They have reported the coexistence of two ferromagnetic phases with 

different coercivities, which are associated with tetragonal and hexagonal 

Mn-doped BTO structures. 

Pal et al. [22] Studied the hexagonal phase emergence and the 

introduction of ferromagnetism with TM doping in BTO. To retain the 

ferroelectricity, simultaneous doping at the A site with cations La, Sr, Ca, 

Bi, etc. has been studied for the multiferroicity in the single-phase BTO. 

Among possible combinations of A site and B site doping, they have 

obtained Bi and Fe doped materials that have maximum multiferroicity 

shown in single-phase BTO. The optimisation of tetragonal and hexagonal 

phases by controlling Bi and Fe doping in BTO has been engineered for 

room temperature multiferroicity. [67]. 

 

1.6.3 Magnetoelectric Coupling in modified BTO 

The interaction between the different ferroelectric and 

ferromagnetic orders in a multiferroic material can lead to magnetoelectric 

coupling (MEC). In such materials, the polarisation can be switched by a 

magnetic field, and magnetisation can be switched by an electric field. Such 

types of materials can be used for ME phase control in devices such as 

memories or switching devices with magnetic control of the electrical 

polarisation, and vice versa. The coupling between ferroelasticity and 

ferroelectricity leads to piezoelectricity, and the interlink between 
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ferromagnetism and ferroelasticity can lead to magnetostriction [Figure 1. 

11].  

 

Figure 1.11: Schematic illustrating different types of coupling present in materials 

interconnection between Piezoelectricity, magnetoelectric coupling, and magnetostriction 

Magnetoelectric coupling can be introduced in BTO by doping the Ti 

site with TM ions to induce magnetic ordering in the material. The multiple 

oxidation states of TM and the Ov can generate different types of exchange 

interactions and help in ferromagnetism in BTO. One of the main problems 

that needs to be faced by doping with TM ions is the emergence of a 

paraelectric hexagonal phase that will reduce the ferroelectricity and 

enhance the lossy nature in the material. That means the enhancement of 

ferromagnetism reduces the ferroelectricity, and the enhancement of 

ferroelectricity leads to a reduction of ferromagnetism. Hence, there will be 

an optimum level of dopants in which both FE and FM exist in the same 

material to be multiferroic.  

There are various studies of ME coupling induced by doping in the B 

site with TM ions.  [68], [69]. Shah et al. studied the ME coupling in Cr 

doped BTO [68]. In this study, the induced electric polarisation due to the 

application of an external magnetic field creates local interaction of d 

electron spins with disordered electric dipoles via Ovs created by the Cr 

doping in BTO. There are reports in which A site modification can also 
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generate magnetism in BTO due to Ov generated by the substitution of 

higher oxidation state of dopant ions, such as Ce3+. [70] in place of the Ba2+ 

site.   

Apart from this intrinsic coupling in single BTO material, there is a 

wide range of studies on the composite formation with ferromagnetic 

material that can generate large magnetoelectric coupling. A well-studied 

composite for this application is a composite of BTO with ferromagnetic 

CoFe2O4. BaTiO3-CoFe2O4 multiferroic composite shows ME coupling due 

to the strain created between the two phases [71]. The strain-induced 

coupling in the ferroelectric order in BaTiO3 and ferromagnetic order from 

CuFe2O4 generates a large ME coupling voltage. Similar studies on 

composite ME coupling have been done for BaTiO3-NiFe2O4 [72], BaTiO3- 

BaFe12O19 [73], BaTiO3- Fe3O4 [74], and Ni particles in BaTiO3 [75]. 

1.6.4 Dielectric Properties in modified BTO 

The high dielectric constant, low dielectric loss, high insulation 

resistivity, and reliability make BTO an exceptional candidate for various 

dielectric applications. Chemical modifications of BTO can effectively 

enhance the grain growth and control the leakage current, resulting in 

enhanced dielectric performance.  

Hisiang et al. [76] Studied the Ca-doped BTO (BCT) for enhancing 

the dielectric properties. BCT samples displayed relatively smaller grain 

sizes, resulting in a greater number of grain boundaries, which in turn 

increased the insulation resistivity. BCT had a lower Ov concentration, thus 

resulting in lower leakage currents at high temperatures than BTO. 

Substituting BCT for BTO resulted in higher activation energies for 

conductivity in the core, shell, and grain boundary. This investigation 

demonstrates that BCT can enhance the dielectric properties, insulation 

resistance, and reliability. 
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Dielectric permittivity increases with Nd3+ doping [77]. Ganguly et 

al. [78]  Wang et al. [54] Shows that La3+  doping reduces the dielectric 

permittivity, shows that increasing the La3+ doping content in 

BaTiO3 ceramics inhibits the grain growth, and that both the room and 

maximum dielectric constants diminish monotonously. 

In acceptor-doped BTO, positively charged Ov s are induced for 

charge compensation. The existence of Ovs decreases the mobility of 

domain walls, contributing to the decrease in the permittivity. Moreover, 

Ovs contribute to the conductivity and increase the dielectric loss. B site 

doped Zn2+, Fe3+, Mn3+ shows a decrease in the dielectric permittivity [79].  

1.6.5 Theoretical studies on band structure and electron 

localisation of modified BTO 

Density of states (DOS) calculations help to identify the electronic 

band structure modifications, new defect states formed, the shift in valence 

band and conduction band, conductivity, and optical properties with doping 

in BTO. Density Functional Theory (DFT) calculates the DOS by analysing 

the electronic wavefunctions obtained from calculations. These results can 

provide theoretical support for the experimentally observed band gap 

modifications. 

BTO has an optical band gap in the range 2.5 eV to 3.4 eV.  The 

band structure of BTO is formed mainly due to Ti3d (CB) and O2p (VB) 

orbitals [80]. Changes in the overlapping pattern of the Ti and O orbitals 

can lead to modifications in the energy gap. It can exhibit both direct band 

gap and indirect band gap depending on the crystalline structure, synthesis 

conditions, temperature, dopants, etc.[81], [82].  Both theoretical and 

experimental studies have shown that the band gap can be modified by 

doping impurities in BTO. Modifications of electronic hybridisation 

ultimately redefine the energy gap. Doping with different ions in the BTO 

lattice can create defect states within the band gap that can effectively 
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reduce the band gap to the visible region, enabling BTO to effectively use 

the electromagnetic spectrum.  

A theoretical study on Sr-doped BTO [83], the band gap is found to 

increase with increasing Sr due to the resonant interaction of O_2p orbitals 

mixed with Sr_4d states with the top of the valence band. Sr-doped BTO 

exhibits a direct band gap covering the wavelength range ~397–436 nm. 

With La doping in BTO, the band gap has been decreased, and the 

conduction band has been partially shifted towards the valence band with 

the appearance of new gamma points [84]. The band gap reduction is due to 

La-5d states, which make a greater contribution to the conduction band. 

Similarly, doping Fe in Ti sites. [85] Reported Fe creates some defect states 

in the energy band, which changes in the Ti-O hybridisation and reduces the 

band gap. 

Electron Localisation Function (ELF) calculations help to 

understand the empirical concept of electron localisation. The ELF was 

introduced by Becke and Edgecombe [86] and thereafter applied to a great 

range of systems, to atoms, molecules, and solids. It is related to the 

covariance of the electron pair distribution. Just as with the electron 

localisation function, the local covariance does not seem to be, in and of 

itself, a useful quantity for elucidating shell structure. The ELF provides the 

variation of charge density around the atoms and gives an idea about the 

type of bonds, charge localisation, and variations in the local charge density 

near chemical modifications.  

1.7 Applications of modified BTO 

The unique combination of ferroelectric, piezoelectric, and dielectric 

properties of multiferroic BTO widens the application areas of BTO to 

energy storage, sensor technology, advanced electronic devices, memory 

devices, microwave devices, and materials with enhanced shielding 

capabilities, etc.  
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➔ Electronic Devices: In the field of the electronic industry, BTO is a 

preferred choice for high-performance ceramic capacitors and 

ferroelectric memories. The high dielectric performance helps BTO 

to play a pivotal role in energy storage, signal coupling, and signal 

filtering.  

➔ Piezoelectric Devices: The piezoelectric properties exhibited by 

BTO are widely used for sensor and energy harvesting device 

applications. This can be meticulously engineered to measure and 

detect an array of physical quantities, encompassing pressure, strain, 

and acceleration. It is also used as an actuator, capable of propelling 

a wide range of mechanical and acoustic devices with unparalleled 

efficiency and accuracy. 

➔  Ultrasonic Facilities: BTO ceramics play a pivotal role in the 

creation of ultrasonic equipment. In the field of ultrasonic cleaners 

to remove surface dirt and impurities, ultrasonic humidifiers are 

used to enhance the humidity of the air. High-temperature resistance 

of these ceramics ensures the reliability and longevity of such 

humidifiers.  

➔ Acoustic Devices: BTO ceramics are instrumental in the 

development of acoustic filters to regulate and fine-tune the 

transmission and frequency of sound waves. It is also used for sonar 

sensors, heralding a new era of sound wave reception and emission 

technology. These sensors are designed to detect and transmit sound 

waves, a capability with far-reaching implications in fields such as 

marine navigation, underwater exploration, and defence. 

➔ High-Temperature Applications: The remarkable thermal stability 

and outstanding high-temperature performance of BTO bulk 

ceramics have positioned them as indispensable assets in 

environments characterised by extreme heat, paving the way for a 

spectrum of high-temperature applications. BTO plays a pivotal role 

in the development of high-temperature sensors, engineered to 
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measure and monitor temperature and pressure in settings where 

conventional materials would falter.  

➔ ME Coupling applications: Based on the direct ME coupling, 

multiferroic BTO can sense and harvest the ambient magnetic 

energy. When compared to the piezoelectric materials, ME materials 

can harvest/sense magnetic energy and are more suitable for the 

construction of technical devices for wireless communication. It can 

effectively utilise the waste magnetic energy from electromagnetic 

devices and can be used for low-voltage applications.   

➔ High frequency applications: Electrically tunable high frequency 

devices via modulation of ferromagnetic resonance frequency 

(FMR) by switching ferroelectric polarisation of multiferroic [87]. 

Giant voltage-controlled FMR has been demonstrated in strain-

mediated magnetic/piezoelectric heterostructures, providing routes 

for applications in voltage-tunable RF and microwave devices, 

phase shifters, and mini antennas.  

➔ Photovoltaics: It also offers a promising application for photocurrent 

generation by virtue of its low band gap. The photocurrent 

generation in multiferroics is fundamentally similar to the photo-

voltaic effect in ferroelectrics. [64]. The electron hole pair in the 

dipoles gets separated by absorption of a solar photon, and the 

depolarisation electric field in the ferroelectric crystal maintains the 

separation between the photogenerated charge carriers, resulting in 

open circuit voltage (Voc). 

 

1.8 Objective of the Present Work 

As discussed in the introduction part, the BaTiO3 ceramic has been 

investigated by various researchers to investigate the physics of structural 

phase transition and to improve its dielectric and ferroelectric properties. 

During a detailed literature survey, it is noticed that there are not many 

studies on the intrinsic multiferroicity and magnetoelectric coupling of 
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Simultaneous substitution of A site and B site BaTiO3 for optimising the 

ferroic orders at room temperature applications. Most of the studies focus 

on the composite materials of BaTiO3 with ferromagnetic materials because 

of the large strain-induced magnetoelectric coupling. However, the MEC in 

single-phase material, though it is very less in magnitude, will be of much 

interest due to the fast-switching time for direct MEC applications. 

Moreover, a detailed structural correlation with multiple characterisation 

tools to explore the multifunctionalities for the A and B site modified 

BaTiO3 has been studied in detail. Experimental results obtained are tried 

to explain in support of the theoretical calculations. In this work, a detailed 

experimental and theoretical investigation of the structure correlation 

between the dielectric, magnetic, and multiferroic properties has been 

conducted for different chemical modifications of BaTiO3.   

 

The Main key aspect of the thesis work is being pointed out in bullet 

form: 

• Investigation of the multiferroicity and magnetodielectric, 

magnetoelectric effect in La/Fe co-doped BaTiO3 and Ca/Mn La/Fe 

co-doped BaTiO3. 

• Defect/ Disorder correlated transport properties in modified BaTiO3. 

• Doping induces variations in the Density of states and Electron 

localisation variations in BaTiO3. 

• Experimental and theoretical investigation on the hexagonal 

polymorphism-induced dielectric properties in modified BaTiO3. 

• Room temperature intrinsic magnetoelectric coupling studies in 

modified BaTiO3. 
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1.9 Thesis Outline 

 

• Chapter 1: Introduction 

 

This chapter includes the introduction to the thesis topic and familiarises 

the scientific terms used in the thesis. It details BaTiO3 crystal structure, 

phase transitions, Multifunctional properties such as ferroelectricity, 

magnetism, multiferroicity, and magnetoelectric coupling. The literature 

survey on the multiferroicity in BaTiO3 and various research works carried 

out in this field are explained in detail.  

 

• Chapter 2: Experimental Methods and Characterisation  

Techniques. 

 

In this chapter, details about the synthesis and characterisation 

techniques relevant to this work have been provided. The Sol-gel synthesis 

route for the preparation of doped BTO has been discussed in detail. The 

basic description of characterization techniques such as X Ray diffraction 

(XRD), UV-Vis Diffuse Reflectance Spectroscopy (DRS), Dielectric 

spectroscopy, Raman spectroscopy, X-Ray Absorption Near Edge 

Spectroscopy (XANES), Transmission Electron Microscopy (TEM), 

Scanning Electron Microscopy (SEM), Electron Paramagnetic Resonance 

Spectroscopy (EPR), and Photo-Emission Spectroscopy (PES) have been 

discussed. The experiments, such as Ferroelectric measurements, Magnetic 

measurements, Magneto-Dielectric measurements, Magnetoelectric 

measurements, have been done to explore the multifunctionalities.  Details 

of the Density of State (DOS) and Electron Localisation Function (ELF) 

calculations are also detailed. To explain the basic working principle of the 

setups used, a schematic representation has been used. 
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• Chapter 3: Room temperature multiferroicity and 

magnetoelectric coupling in Ca/Mn-modified BaTiO3. 

 

Materials with magnetoelectric coupling (MEC) between ferroic 

orders at room temperature are an emerging field in modern technology and 

physics. BaTiO3 is a robust ferroelectric in which several dopings have led 

to MEC. In Ca and Mn modified BaTiO3 has been studied with a series of 

Ba(1-x)Ca(x)Ti(1-y)Mn(y)O3 (x=y= 0, 0.03, 0.06, 0.09), in this MEC was only 

observed in x=0.03. A mixed phase of tetragonal P4mm and hexagonal 

P63/mmc space groups of BaTiO3 is observed in the substituted samples, 

with a nominal contribution of the hexagonal phase for x=0.03. The 

structural modifications with changing substitution reveal a reduced Ti-O-

Ti bond angle and a large number of defects in the tetragonal phase for this 

sample, and lead to weak ferromagnetism in the material. A valence state 

study using XPS and XANES reveals the presence of an enhanced 

proportion of Mn3+ ions in the sample, which supports a pseudo Jahn-Teller 

distortion, thereby supporting the ferroelectricity, also induces weak 

magnetic ordering due to short-range magnetic exchange interactions and 

due to bound magnetic polarons in the tetragonal phase of x=0.03. The 

simultaneous existence of ferroelectricity and ferromagnetism in the 

tetragonal phase induces magnetoelectric coupling in this material. 

Transmission Electron Microscopy (TEM) to explore the hexagonal and 

tetragonal coexistence with doping in these samples. The linear response of 

polarisation with the applied ac magnetic field indicates the direct ME 

coupling in this material. A magnetoelectric coupling coefficient, αME 

~0.704 mVcm-1Oe-1, was obtained for a dc magnetic field of 800 Oe and an 

ac field of 40 Oe. Such MEC was not observed for higher substitution, 

which emphasises the sensitivity of the structural properties to substitution. 
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• Chapter 4: Experimental and theoretical investigation on the 

hexagonal polymorphism induced dielectric properties in 

Ca/Mn-doped BaTiO3. 

 

This study involves the structural investigation of the Ca and Mn 

modified BaTiO3 with a series of Ba(1-x)Ca(x)Ti(1-y)Mn(y)O3 (x=y= 0, 0.03, 

0.06, 0.09). X-ray absorption spectra analysis is used to investigate the 

oxidation state and local structural changes due to doping at the Mn and Ti 

sites. Band gap modification and Urbach tail in UV-DRS and valence band 

modification in PES measurement for analysis of the valence band are 

modified with doping corresponding to localised defects in the material, and 

supported with theoretical Density of States calculation. The electron 

localisation function calculation is used to analyse the changes in the 

localised electron density near the dopant atoms. Variation of dielectric 

properties corresponds to the structural modifications and defect formation 

are also explored in this work.  

 

• Chapter 5: Effect of oxygen vacancies and cationic valence state 

on multiferroicity and magnetodielectric coupling in La and Fe-

doped BaTiO3. 

 

A solid solution of Ba(1-x)La(x)Ti(1-y)Fe(y)O3 (x =0, 0.01, 0.03, 0.06) 

has been investigated for room temperature multiferroicity and 

magnetodielectric effect. The incorporation of La and Fe ions in 

ferroelectric BaTiO3 leads to increased lattice disorder and the generation 

of Ovs that induce magnetism. A detailed correlated study using XRD, XPS, 

and Raman spectroscopy is being reported. EPR measurements show 

signals corresponding to defect complexes. A typical ferromagnetic and 

ferroelectric nature of each sample is confirmed by MH and P–E hysteresis 

loops, respectively, at room temperature. Temperature-dependent dielectric 

studies reveal the decrease of the transition temperature from undoped BTO 
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to room temperature with increasing substitution. The changes in the 

dielectric property with the applied magnetic field show the indications of 

the magnetodielectric effect. For x =0.015, the existence of both proper 

ferroelectric without lossy properties and ferromagnetic properties in a 

single tetragonal phase makes it a perfect room temperature multiferroic 

material. For this sample, the magnetodielectric coupling is the strongest 

with Magnetocapacitance of ~2.7% at 10 kHz and 1 T. The multiferroicity 

and the magnetodielectric effect exhibited by this material have been 

correlated to the structural properties, electric and magnetic properties, 

changes in valence states, and Ov. 

 

• Chapter 6: Defect/ Disorder correlated transport properties in 

La and Fe-doped BaTiO3. 

 

Crystal structure, band gap, and the changes in the charge conduction 

mechanisms in ceramics are interrelated, and the underlying physics unifies 

all these different phenomena. The experimental and theoretical evaluation 

of the electronic properties of the solid solution of Ba(1-x)La(x)Ti(1-y)Fe(y)O3 

(x=0, 0.01, 0.03, 0.06) is attempted in this work. Band gap was observed to 

be tunable with La/Fe doping from 3.2 eV (x=0) to 2.6 eV (x=0.06), while 

the lattice disorder was found to increase. A theoretical assessment confirms 

a considerable shift of valence band maxima and conduction band minima 

with the introduction of additional defect states within the band gap. 

Electron localisation was also confirmed theoretically with doping. Such 

changes in the electronic properties were experimentally confirmed from 

dielectric/ac-conductivity/impedance spectroscopy studies. From different 

transportation models, correlated barrier hopping is a preferred mechanism 

in the less distorted BaTiO3. However, a large polaron tunnelling process 

can be justified for the doped samples. The transportation is affected by the 

grain boundaries as much as the grains themselves. Competing 

contributions of these regions to the transportation mechanism are 
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correlated to the disorder/ distortions in the lattice in terms of the formation 

of Ovs. 

 

• Chapter 7: Conclusions and Future Scope  

 

This chapter summarises the results of the present thesis research 

work with concluding remarks. The possible future scope of the present 

study has also been discussed. 

 

• APPENDIX  

 

This section includes the additional research works carried out 

apart from the thesis works detailed in the previous chapters. An 

overview of the results and discussion is given in this chapter. 

Appendix A:  Magnetoelectric Ca/Mn modified BaTiO3 for 

Dielectric Resonator Antenna Application  

Appendix B:  BaTiO3 and CaMnO3 epitaxial film through 

Pulsed Laser Deposition 
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CHAPTER 2 
 

EXPERIMENTAL METHODS AND 

CHARACTERISATION TECHNIQUES 

 

 

This chapter provides information about the synthesis route,  

and the different characterisation techniques used during the 

 The present research work is elaborated and explained. 

 The experimental measurements and the theoretical details 

are also provided. 
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2.1` Sample Synthesis 

 2.1.1  Sol-Gel synthesis of BaTiO3 

 Sol-gel process is a wet chemical synthesis route in which the 

homogenous preparation of metal oxides and perovskite oxides can be 

achieved. It is a cost-effective method and requires a low reaction 

temperature compared to other synthesis routes. A good control over the 

chemical composition of the product can be achieved through this route. It 

is widely used for making ceramic materials at lower temperatures and as 

an intermediate stage between thin films of oxides in various applications. 

The basis of the sol-gel method is the production of a homogeneous sol from 

the precursors and its conversion into a gel. The solvent in the gel is then 

removed from the gel structure, and the remaining gel is dried. 

A sol-gel method was adopted to synthesise chemically 

homogeneous polycrystalline powders of the desired compositions. The 

homogeneity was ensured by mixing the precursors of Ba, Ti in the right 

proportions and dissolving them in DI water. For these high-purity water-

soluble precursors, Barium nitrate (99.9%), Dihydroxy bis (ammonium 

lactate) Titanium (IV) 50% w/w aqua solution (99.9%) are taken in 

stoichiometric amounts and dissolved in DI water. This solution is stirred 

continuously to properly dissolve the salts and for homogeneous mixing. 

The solutions were mixed well for two hours to ensure a homogenously 

distributed elemental configuration. The solution was maintained on stirring 

for further times to ensure that the homogeneity is maintained. In another 

beaker, citric acid and glycerol (1:2 ratio) were mixed in DI water to form 

monomers, which can form polymers upon heating. This monomeric 

solution was added to the stirring precursor solution to ensure the 

attachment of the individual elements to some monomeric form. Upon 

heating, the uniformly distributed combinations of element-attached 

monomers formed long polymeric chains, thereby arresting the 

homogeneity of the distributions of the different elements. The polymeric 
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solution of the elements and the polymers thus obtained was dehydrated 

gradually on the hot plate to form homogeneous gels. These gels were 

further dehydrated to obtain dark brown powders of the homogenously 

mixed elements. These brown powders were further decarbonised at 450 °C 

for 6 hours and 600 °C for 6 hours to eliminate all the carbonaceous and 

nitrogen compounds. The calcination has been done at 1200 °C for 3 hours.  

A schematic of the different stages in the sol-gel process is shown in Figure 

2.1.  

 

Figure 2.1: Schematic of the Sol-Gel process 

2.1.2 Sintering of pellets 

The phase-formed powder samples have been used to prepare dense 

pellets for further characterisations and experimental measurements. The 

phase formed powder sample is ground well, and using a 10mm circular die 

set and a high-pressure hydraulic press, the powder is pressed into circular 

pellets.  A pressure of 2 tons is applied for 2 minutes. The prepared pellets 

are sintered at a high-temperature muffle furnace in normal air for 

densification.  

In the case of dielectric and ferroelectric measurement for making 

more compact pellets, polyvinyl alcohol (PVA) is used as a binder. The 
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powder is mixed with a few drops of PVA and ground well for proper mixing 

of the binder with the powder sample. This mixed powder is pressed into 

pellets. The formed pellets are heated at 600 °C for 6 hours to remove the 

binder PVA before sintering at a higher temperature.  Sintering helps to 

enhance the grain growth, crystalline quality, densification, etc. For pure 

BTO sintering temperature is 1350 °C, and it varies with doping with 

different ions.  

For dielectric and ferroelectric measurements, silver paste is used as 

an electrode on both sides and dried. These pellets are heated at 550 °C for 

30 minutes for curing. Curing is the process of making proper adhesion of 

the silver electrode to the pellets.  

2.1.3 La and Fe-doped BaTiO3 sample preparation 

The precursors of Ba, Ti, and Fe are taken in the right proportions 

and dissolved in DI water. For these high-purity water-soluble precursors, 

Barium nitrate (99.9%), Dihydroxy bis (ammonium lactate) Titanium (IV) 

50% w/w aqua solution (99.9 %), and Ferrous nitrate, FeNO3 · xH2O 

(99.9%) are taken in a stoichiometric amount and dissolved in DI water. 

Lanthanum oxide, La2O3, is used as a lanthanum precursor. Since it is not 

soluble in water, a few drops of nitric acid are added to dissolve La2O3 in 

DI water kept in a separate beaker. After complete dissolution of La2O3, the 

solution is transferred to the beaker in which other precursors are dissolved. 

This precursor solution is stirred well for 2 hours for homogeneous mixing. 

After this, citric acid and ethylene glycol are added and followed by the 

same procedure for the preparation of a pure BTO sample. After the 

calcination at 1200 °C, all the prepared pellets are sintered at 1350 °C for 4 

hours.  

2.1.3 Ca and Mn doped BaTiO3 sample preparation 

The precursors of Ba, Ti, Ca, and Mn are taken in the right 

proportions and dissolved in DI water. For these high-purity water-soluble 
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precursors, Barium nitrate, BaNO3 (99.9%), Dihydroxy bis (ammonium 

lactate) Titanium (IV) 50% w/w aqua solution, TALH (99.9%), Calcium 

nitrate, CaNO3 (99.9%) and Manganese nitrate, MnNO3.xH2O (99.9%) are 

taken in a stoichiometric amount and dissolved in DI water. This precursor 

solution is stirred well for 2 hours for homogeneous mixing. After this, citric 

acid and ethylene glycol are added, and the same procedure is followed for 

the preparation of a pure BTO sample. After the calcination at 1200 °C, all 

the prepared pellets are sintered at 1330 °C for 3 hours.  

2.2 Characterisation Techniques 

2.2.1  X-Ray Diffraction (XRD) 

X-ray powder diffraction is a powerful non-destructive 

characterisation technique for determining the crystal structure of materials. 

This can be applied in determining the type and quantity of the phases 

present in the sample, unit cell parameters, crystal structure, crystalline 

texture, crystalline size, macro stress, and micro strain, etc. [Figure 2.2].  

Figure 2.2: Flow chart of the different information obtained from the powder diffraction. 

The interaction of X-rays and electrons of atoms results in the 

interference of diffracted rays. Depending on the atomic arrangement, when 

the path difference between two diffracted rays differs by an integral 
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number of wavelengths results in constructive interference results. This 

condition can be described by Bragg’s law. 

nλ= 2dsinθ 

where n is the order of diffraction, d is the interplanar spacing, θ is the 

angle between the incident beam and the normal to the reflecting crystal 

planes, and λ is the wavelength of the x-rays [Figure 2.3]. 

Figure 2.3: Schematic of the Bragg equation 

The powder sample contains a finely ground large number of small 

crystals, called crystallites, which are randomly oriented. To obtain a precise 

measurement of the intensity of diffracted rays, the crystallite size must be 

small, i.e., typically 10 µm or less, and the number of crystallites should be 

large, depending on the characteristics of the specimen, like absorption, 

shape, etc., and the diffraction geometry. Due to the random orientation of 

powder material, the sample is scanned through a range of 2θ angles so that 

all possible diffraction directions of the lattice can be obtained. As every 

compound has a set of unique d-spacings, by converting the diffraction 

peaks to d-spacings, the resultant compound can be obtained. 

The relative intensity of the diffraction lines on a powder pattern is 

related to six factors of the material: 1) structure factor (Fhkl), 2) polarisation 

factor (P), 3) multiplicity factor (j), 4. Lorentz factor (L), 5. absorption 

factor (A), 6. temperature factor (M). Hence, the intensity can be written as 

[88]; 

Ihkl = cjPLAMFhkl
2 
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Here, c is a constant scale factor; it depends on the amount of X-ray 

exposure, the sensitivity of the detector, etc. 

Here, the structure factor, F, corresponds to the atomic arrangement 

of the atom in the crystal. It is obtained by simply adding together all the 

waves scattered by the individual atoms. Fhkl = fe2πi(hu+kv+lw). The quantity f 

is the atomic scattering factor, used to describe the “efficiency” of scattering 

of a given atom in each direction. It will be different with the arrangement 

of atoms given by different values of u, v, and w, which affect the scattered 

beam. For any atom scattering in the forward direction, have f=Z, the atomic 

number. The waves scattered by individual electrons will be more out of 

phase with an increase in θ value, and hence the value of f decreases.  As 

the wavelength of the incident beam is shorter, the path difference will be 

larger, leading to greater interference between the scattered beams for a 

fixed value of θ. This will lead to a smaller value of f. The net effect is the 

decrease of the f value as the quantity sinθ/λ increases. f is also called as 

form factor because it depends on the distribution of electrons around the 

nucleus [88]. Hence, the detailed analysis of the intensity profile of the XRD 

pattern leads to the structural identification 

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

a sample holder, and an X-ray detector. The mechanical assembly that 

makes up the sample holder, detector arm, and associated gearing is referred 

to as the goniometer. 

X-Ray tube:  

X-rays are generated in a cathode ray tube by heating a filament to 

produce electrons. The generated electrons are accelerated by applying a 

voltage and bombard the powder material under investigation. 

Characteristic X-ray spectra are produced when electrons have sufficient 

energy to dislodge the inner shell electrons of the target material. The 

wavelengths of the X-rays produced are specific to the target material, like 

Cu, Fe, Mo, and Cr. These X-ray spectra consist of several components, the 
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most common being Kα and Kβ. Kα consists, in part, of Kα1 and Kα2. Kα1 has 

a slightly shorter wavelength and twice the intensity of Kα2 [Figure 2.4]. 

Monochromatic X-rays needed for diffraction are attained by filtering with 

foils or using crystal monochromators. Kα1and Kα2 are sufficiently close in 

wavelength such that a weighted average of the two is used. Copper is the 

most common target material for single-crystal diffraction, with Cu 

Kα radiation = 1.5418Å. The collimated X-ray produced is directed onto the 

powder sample.  

Figure 2.4: Schematic of the X-Ray generation and the characteristic radiations 

generated. 

Sample holder: 

The sample holder is an important stage in the XRD instrument. 

Different kinds of sample holders are available depending on the nature of 

samples, like powders, bulk, and thin films.  Sample homogeneity is an 

important parameter for obtaining accurate XRD results. For achieving 

proper uniformity, grinding, mixing, and blending techniques should be 

employed.  Surface effects, such as preferred orientation and surface 

roughness, can significantly impact XRD data. These effects can distort 

peak intensities and positions, leading to inaccuracies in phase identification 

and quantification. Hence, the sample is evenly distributed and packed to 

achieve good coverage of the holder surface without overloading, and needs 

to be tapped or gently compressed on the powder surface to achieve a flat 

and uniform surface. Filling the sample-on-sample holder too high or too 

low will lead to erroneous data and a shift of peak positions. If there is a 
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very small amount of sample, then proper silicon sample holders need to be 

used to avoid the background signal.  

X-Ray detector: 

In lab source XRD, the X-ray photons that should be detected 

typically have an energy range from 5 to 20 keV. The background 

bremsstrahlung photons, an unwanted by-product, have energies up to 55 

keV. Detectors are classified as photon counting detectors or digital 

detectors and integrating detectors, or analog detectors. The conversion of 

a photon’s energy into electric charge is integrated and measured in an 

analog detector. In this, the detector loses the information about the photons 

detected is lost and not recoverable. While in the case of photon counting 

detectors, each photon converts its energy into charge. Each charge package 

is registered by the system. These types of detectors have the advantage of 

zero detector noise, no read-out dead time moderate to good energy 

resolution for the photons of interest [89]. 

XRD can be done in two geometries, one is Debye Scherrer 

diffractometry and Bragg Brentano parafocusing geometry [Figure 2.5]. 

Debye Scherrer uses a capillary geometry with a long, thin sample in a 

closed chamber, usually used for thin film samples. Bragg Brentano places 

a sample in a goniometer with a symmetric reflection geometry common 

for a powder sample. In this research work, we have used Bragg-Brentano 

geometry.  

Two types of scans are possible in this geometry 

1) θ-2θ goniometer: In this scan, the X-ray tube is stationary. 

Simultaneous movement of the sample by the angle θ and the 

detector by the angle 2θ is happening during the measurement. The 

distance between the X-ray source and the detector from the sample 

is the same. As the movement of the sample holder and detector in 
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a 1:2 relation, the reflected beam always focuses on a circle of 

constant radius in which the detector moves.  

 

2) θ-θ goniometer: In this scan, the sample is stationary in the 

horizontal position, and the X-ray tube and the detector both move 

simultaneously over the angular range θ. 

 

Figure 2.5: Schematic diagram of the Bragg Brantano geometry  

 

2.2.1.1 Rietveld Refinement 

Analysis of the XRD pattern is necessary to explore the structural 

factors of the material under investigation [Figure 2.6]. Rietveld refinement 

is a method described by Hugo Rietveld for characterizing crystalline 

material. A theoretical profile is matched with the measured profile through 

the Rietveld approach [90]. The difference between the calculated intensity 

(model) to the observed intensity (sample) is minimised by least squares 

refinement. It is a full pattern-fitting approach. This process is possible for 

already known material with a structure that already exists. It cannot be used 

for solving the crystal structure. The results of refinement contain the 

information about the cell parameters, anisotropy, atomic displacements, 

crystallite size, strain, etc. This also helps with the quantitative analysis of 

the weight percentage of different phases present in the sample.  
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There are different software available for refinement like MAUD, 

TOPAS, GSAS-II, FullProf, etc. The calculated pattern of the structure is 

usually a Crystallographic Information File (CIF). The Crystallography 

Open Database (COD) contains a large number of CIF files to be 

downloaded. Depending on the phases present in the sample, CIF 

information can be downloaded from COD. The experimental XRD pattern 

needs to be measured with a long scan rate with proper sample preparation. 

Both the experimental and calculated patterns, background, peak profile, 

etc, need to be given as input to the refinement software and start refining 

the parameters corresponding to the instrument, sample, structure, etc.   

 

Figure 2.6: Flow chart of steps in the process of structural analysis from Powder 

Diffraction Data 

 

The residual difference (R) between the theoretical and measured 

results determines the quality of the refinement. Small values of R 

correspond to the better fitting and more accurate crystal structure analysis. 

The commonly used R values are the Residual variance factor (Rp) and the 

weighted residual variance factor (Rwp), which are defined as follows [91];  

Rp = ∑|𝑌𝑜𝑖 − 𝑌𝑐𝑖|/ ∑ 𝑌𝑜𝑖  

Rwp = [∑ 𝑤𝑖(𝑌𝑜𝑖 − 𝑌𝑐𝑖)
2/ ∑ 𝑤𝑖𝑌𝑜𝑖

2]
1/2
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The measured XRD intensity is Yoi, the calculated intensity is Yci at 

point i, and wi is the statistical weight factor. The change of Rwp towards a 

lower value indicates the refinement direction towards better fitting 

refinement results. The ratio of Rp to Rwp value is the goodness of fit χ2. In 

general, χ2 value close to 1 and an Rwp value close to 10% or less is a good 

fit, and refined parameters are considered reliable.  However, refinement 

cannot be completely relied on the Rwp value; sometimes there will be 

pseudo-convergence phenomena. Hence, along with the χ2 and Rwp value, 

the chemical parameters of the refinement structure model, such as atomic 

coordinates, atomic proportions, etc., should be physically possible. Apart 

from all these factors visual assessment of the fitting of the experimental 

and theoretical model is also important.  

In this work, a Bruker D2 phaser XRD instrument [Figure 2.7] with Cu 

Kα (λ = 1.54 Å) radiation was employed and operated at an applied voltage 

of 30 kV and current of 10 mA using Bragg Brentano geometry with a θ-θ 

goniometer. A silicon XRD sample holder is used, and the 2θ range is from 

20° to 80° with a step size of 0.02° and a scan time of 0.6 seconds.  Full 

Prof software is used for the Rietveld refinement process, and the refined 

CIF file is analysed and plotted in Visualisation of Electronic and Structural 

analysis (VESTA) and Mercury software.  

 

Figure 2.7:  Picture of D2 PHASER XRD 
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System Specifications 

Make: Bruker 

Model: D2 Phaser 

2 theta range:  -3°-160° 

X-Ray Source: Cu Kα radiation 

Detector: LYNXEYE one-dimensional strip detector.  

 

2.2.2  Raman Spectroscopy 

When light incident on a material, there will be energy transfer 

between the incident radiation and the material, which leads to inelastic 

scattering. The scattered light can provide information about the vibrational 

state of matter. Raman spectroscopy is the study of inelastic scattering of 

light. Raman scattering is named after Indian physicist Chandrasekhara 

Venkata Raman, who discovered it in 1928. He used mercury lamps as a 

monochromatic source of photons and a photographic plate to record 

spectra; he won the Nobel prize in physics in 1930 for the discovery of the 

Raman effect.  

A monochromatic light source is focused on a sample, and the 

radiation after scattered from the sample. The process of elastic scattering 

in which the majority of the light scattered has the same energy as that of 

the incident energy is called Raleigh scattering. A small fraction of light is 

scattered with different energy than that of the incident energy due to 

inelastic scattering, known as Raman scattering. The scattered light consists 

of the Raleigh line, which is a strong line having a frequency the same as 

that of the incident light. Weak lines of higher frequency, higher than the 

exciting line, are anti-Stokes lines, and weak lines of lower frequency than 

the exciting lines are called Stokes lines. The schematic representation of 

Raman scattering is shown in Figure 2.8. 
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Figure 2.8: (a) Schematic of the different lines in Raman scattering, (b) Energy excitation 

diagram of different Raman lines. 

The interaction between the electron cloud of the sample and 

monochromatic light induces the changes in the vibrational state and 

generates the Raman mode. Group theory provides selection rules on 

symmetry considerations to identify the Raman active modes. A Raman 

spectrometer consists of a Laser source, a sample illumination system, 

spectrometer.  Details of all the components are shown in Figure 2.9.  

 

Figure 2.9: Block diagram of the instrumentation of the Raman spectrometer 

Laser source 

Mercury arc lamp of 435.8 nm line of a coiled low-pressure source 

was used as a light source in Raman spectrophotometers until the 1960s 
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[92]. Laser sources became available in the late 1960s and completely 

replaced the mercury lamp. These laser sources provide a stable and intense 

beam of radiation. The table provides a list of different sources of lasers 

used for different wavelength regions.  

Table 2.1: Laser sources of Raman spectroscopy with wavelength 

Laser Wavelength (nm) 

Argon ion 488 or 514.5 

Krypton ion 530.9 or 647.1 

Helium Neon 632.8 

Near IR diode  785 

Nd-Yag Laser 1064 

 

Sample illumination system 

In Raman spectroscopy, there is no need for a separate sample 

holder; the sample can be placed on a glass plate, and a very small sample 

can be investigated. The laser beam is focused on the sample by means of 

different lenses, and the calibration is done by using a Si film. The 

measurement is done on back-scattered geometry in which the sample is 

irradiated with a laser beam, and the scattered light is collected and focused 

back towards the detector, typically at a 180° angle.  

Spectrometer 

One of the great challenges in the Raman spectrometer is to remove 

the Rayleigh signal. Thus, the most critical component in a Raman 

spectrometer is the filter that damps the Rayleigh scattered light. For this, 

either a notch, edge pass, or bandpass filters are used, depending upon the 

laser wavelength. The Rayleigh line is filtered out by using a suitable filter, 

while the rest of the scattered light is dispersed onto a detector.  A charge-

coupled device (CCD) is used as the detector in the Raman spectrometer. A 

CCD is a silicon-based multichannel array detector of the UV, Visible, and 

near-infrared region. The high sensitivity of the CCD makes it suitable to 
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detect weak Raman signals, and the entire Raman spectrum can be detected 

in a single acquisition through multi-channel operation.  

CCD detector contains 1D or 2D arrays of millions of individual 

detector elements (Pixels). Each of these elements interacts with light and 

builds up charge. The scattered light is dispersed with a diffraction grating, 

and the dispersed light will fall on the long axis of the CCD array. Each 

element in the detector will detect the light from the different spectral 

regions. The charge registered will be more as the interaction is longer and 

the light. After the measurement, each charge reading is measured. CCDs 

require cooling for their proper spectroscopy operations. Typically, this is 

done using Peltier cooling or liquid nitrogen cooling [93].  

 

Figure 2.10: Raman spectrometer 

System specifications:  

Make: Jobin Yvon Horibra [Figure 2.10] 

Model: LABRAM-HR visible (400−1100 nm)  

Spectral Range: 5−4000 cm-1  

Excitation Laser Sources: He-Ne (632.8 nm) and Argon (488 nm)  
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Detector: CCD detector Spectral resolution: ~1 cm-1  

Optics: High stability confocal Microscope 

 

2.2.3 UV-Visible Diffuse Reflectance Spectroscopy (UV-Vis DRS) 

Specular reflection is the reflection of incident light symmetrically 

concerning the normal line, which satisfies the laws of reflection. However, 

Diffuse reflection is the reflection of incident light in all directions and does 

not follow the laws of reflection. When light incident on the surface of 

crystalline powder material, a part of the light undergoes specular reflection 

on each grain surface. The remaining part of the light will be refracted into 

the interior of the grains and undergo multiple times of absorption, 

reflection, and refraction. Finally, radiation will come out from the surface 

of the powder in all directions is called diffuse reflection [Figure 2.11].  

 

Figure 2.11: Schematic of the specular reflection and Diffuse reflectance 

 

This diffuse reflectance is used to probe the important parameters of 

semiconducting material, such as bandgap (Eg), electronic disorder, i.e., 

Urbach energy (EU), and defect states using the UV-visible optical 

absorption.  

The most accepted model of the theory of diffuse reflectance is the 

Kubelka-Munk model. The model proposes that the behaviour of light 

inside a light scattering grain of infinitely thick, opaque material can be 

written as  
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𝐹(𝑅∞) =  
(1 − 𝑅∞)2

2𝑅∞
=

𝐾

𝑆
 

F(R∞) is the Kubelka Munk function, K is the molar absorption coefficient, 

s is the scattering coefficient, and R∞ is the relative diffuse reflectance of 

the sample over a standard sample.  

R∞ = 
𝑅𝑆𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
 . 

F(R∞) is proportional to the absorption coefficient of the material, α, and 

can be written as  

F(R∞) = α = C 
(ℎ𝜈−𝐸𝑔)

1/𝑛

ℎ𝜈
 

Where C is the proportionality constant, hν is the photon energy, and Eg is 

the band gap. It can be written in the form of a linear equation (α ℎ𝜈)n = 

hν-Eg [94]. The Tauc plot shows the quantity hν on the abscissa and the 

quantity (αhν)n on the ordinate. Hence, a plot of (αhν)n v/s hν produces a 

straight line, and the intercept on the energy axis gives the value of the band 

gap of the sample 

Urbach energy, EU, is characterised by the exponential tail observed 

near the band gap as a tail in the disordered crystalline material [95]. These 

tails are arising due to the localised states in these materials due to defects 

and disorder, which extend into the band gap. In the spectral region 

corresponding to transitions involving the tails of the electronic density of 

states, the spectral dependence of the absorption coefficient α is described 

by the Urbach equation, 𝛼 = 𝛼0𝑒𝑥𝑝 (
ℎ𝜐−𝐸𝑔

𝐸𝑈
), where α0 is a constant, EU 

reflects structural disorder and defects of a semiconductor [95].   

Instrumentation: 

The instrumentation for UV-Vis-DRS typically consists of a light 

source, a sample holder with an integrating sphere, and a detector [Figure 

2.12]. The light source is usually a xenon lamp or a light-emitting diode 
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(LED), which provides a broad spectrum of light in the UV and visible 

regions. The sample holder is designed to hold the sample in a specific 

position and to minimise the effects of stray light. Integrating spheres are 

spherical with an inner surface and inner wall made of light-scattering 

material, such as barium sulphate, having high reflectance [Figure 2.12].  

 

Figure 2.12: Schematic of the instrumentation of the UV-DRS 

 

The detector is usually a photomultiplier tube or a charge-coupled 

device (CCD), which measures the intensity of the reflected light as a 

function of wavelength. 

For the measurement, initially, the baseline correction is done by 

placing the standard sample white board filled with barium sulphate at the 

reflection position, and then the diffuse reflected light is measured by 

converging the scattered light in all directions through an integrating sphere.  

System specifications:  

Make: Shimadzu [Figure 2.13] 

Model: UV 2600i 

Spectral Range: 220 nm to 1400 nm, 
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Excitation Laser Sources:  

Detector: Photo multiplier Tube 

 

Figure 2.13: Shimadzu UV-Vis DRS spectrophotometer 

 

2.2.4 X-Ray Photoelectron Spectroscopy (XPS) for core level studies  

 The XPS spectra consist of the electron counts or the number of 

electrons (intensity) ejected from the sample surface with a kinetic energy 

after overcoming its binding energy (B.E.) to the atom. For a particular 

atom, the binding energy is the signature of the electronic orbitals. 

Irradiation of the sample with monoenergetic soft X-rays (energy less than 

~ 6 keV), leads to emission of electrons due to the photoelectric effect. 

Usually, Mg Ka (1253.6 eV, line width ~ 0.70 eV) and Al Ka (1486.6 eV, line 

width ~ 0.85 eV) sources generate X-rays for XPS measurement [96], [97]. 

The rays can penetrate up to a few nanometres into the depth of the sample 

surface. The energy spectrum is collected using an electron spectrometer. 

The energy of the irradiated photons is the total energy hν, which is supplied 
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by the X-rays. This energy is distributed in overcoming the B.E. of the 

atomic orbital from which the emission of electrons takes place, and the 

work function, φSp, of the surface of the material, while the remaining part 

provides the kinetic energy (K.E) of the ejected electrons [97], [98]. The 

relation can be expressed as: 

𝐾. 𝐸. +𝐵. 𝐸. +𝜑𝑆𝑝 = ℎ𝜈 

Hence, the K.E. can be expressed as: 

𝐾. 𝐸. = ℎ𝜈 − 𝐵. 𝐸. −𝜑𝑆𝑝 

The spectra collect the information of the K.E. of the emitted electrons, 

and information on the B.E. is collected using the relation: 

𝐵. 𝐸 = ℎ𝜈 − 𝐾. 𝐸 − 𝜑𝑆𝑝 

Figure 2.14 diagrammatically demonstrates the binding energy equation in 

terms of incident X-ray energy, K.E. of the ejected electrons, and 𝜑𝑆𝑝 of 

the material.  

The process of photoelectron emission comprises three steps:  

1. The interaction of the orbital electrons and X-rays leads to the 

photoelectrons/Auger electrons.  

2. Scattering process due to the movement of some of these electrons 

from the bulk to the surface. 

3. After overcoming the sample’s threshold work function, emission of 

electrons are emitted from the vacuum surface.  

The core electron has a B.E. concerning the Fermi energy (Ef) of the system, 

and not the vacuum-level energy. Hence, the difference between the final 

states and the initial states' energy when photo photo-excited electron has 

already left the atom is denoted as the B.E.  
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Figure 2.14: Schematic diagram illustrating the XPS equation that includes X-ray energy 

(hν), binding energy (B.E.), and the kinetic energy measured (K.E.). The sample’s work 

function is represented by 𝜑𝑆 and spectrometer work function (φSp). 

 

 The electrons have certain K.E. when moving through the material, 

penetrating some distance before losing their energy due to inelastic 

collisions. The range of energy used in XPS is generally from 50-1200 eV 

[99]. So, the mean free path of the electron is up to a few layers [100]. 

Hence, the photoelectrons originating from the atomic orbits are extremely 

surface-specific. In a typical XPS spectrum, several spectral lines are 

observed along with the background. The elastically scattered electrons, 

without any energy loss, emitted from the sample surface, contribute to the 

sample’s composition. 

Instrumentation:  

XPS instruments have the following components [Figure 2.15] [101]: 

• The system works under an ultrahigh vacuum, meaning it’s kept at an 

extremely low pressure (less than 10⁻⁹ Torr). This is important 

because the photoelectrons produced don’t travel far before they can 

get absorbed by gas molecules, since they have low energy. 
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• To excite the sample, X-rays like Al Kα or Mg Kα are used. A 

monochromator helps make sure only X-rays of a specific energy hit 

the sample, so the results are clear and consistent. 

• The photoelectrons that come off the sample are then sorted by an 

electron energy analyser, which tells us their energy levels. A common 

type used is called the Concentric Hemispherical Analyser. 

• An argon ion gun is used to clean the sample surface by gently 

sputtering away contaminants like leftover carbon from the air. It can 

also be used to look at different layers beneath the surface by 

sputtering deeper. 

• Since some materials can build up a positive charge when electrons 

leave their surface, an electron flood gun sprays electrons back onto 

the sample to keep things balanced. This prevents shifts in the data 

caused by charging, and any small shifts can also be corrected by 

referencing a standard carbon peak in the spectrum. 

• Finally, the data collected is processed by software and compared to 

known reference data to help identify what’s on the sample surface. 

X-ray photoelectron spectroscopy (XPS) was performed using a - to 

evaluate the chemical composition, bonding environment, and oxidation 

states of the elements present in the samples. was used to investigate the 

materials. A flood gun was used to irradiate the samples and neutralise 

the charging effects. 

System specifications:  

Make: Thermo-Scientific Escalab 

Model: 250-Xi XPS spectrometer 

Excitation Sources: Monochromatic Al-Kα X-rays source 

Spectral Resolution: 0.3eV  
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Figure 2.15: Schematic of the XPS instrumentation 

 

2.2.5 Photo Electron Spectroscopy (PES) for valence band studies 

PES is used to study the occupied electron density of states and the 

mapping of the valence band structure of solid-state materials. The principle 

of PES is the same as that of XPS, which utilises photo-ionisation and 

analysis of the kinetic energy distribution of the emitted photoelectrons. 

However, in this measurement, the energy of the source of radiation is very 

less and it is capable of ionising electrons from the outermost levels of 

atoms, the valence level. The valence band structure can be scanned by this 

spectroscopy. The valence band has different features corresponding to the 

different elements in the material. The features corresponding to the valence 

band contributions from different elements can be probed by resonant 

photoelectron spectroscopy.  
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Off-resonance: When the photon energy does not match any core level 

transition energy of any atom in the sample, then the VB spectra obtained 

are in off-resonance.  

On resonance: When the photon energy matches a core-level transition, the 

signal from the valence band electrons associated with that atom is 

enhanced and modifies the feature corresponding to the particular atom in 

the VB.   

A study of the off-resonance and on-resonance can be used to distinguish 

the different features in the valence band.  

The instrumentation of PES is the same as described in the XPS 

section. The synchrotron beam is monochromatized using a variable line 

spacing plane grating (VLS-PG) based monochromator. The XPS 

measurement was used in Grating III and Grating IV, and the valence band 

measurement was used to do with Grating II with low energy. The 

experimental setup has separate preparation and analysis chambers. The 

preparation chamber has having sample cleaning facility, and it is equipped 

with LEED. The analysis chamber has the facility of a closed-cycle Cycle 

Refrigerator, a 5-axis manipulator, a hemispherical electron energy 

analyser, and a flood gun. All these chambers are under vacuum, and the 

sample can be transferred between the chambers without breaking the 

vacuum. BL 10 PES measurement facility is shown in Figure 2.16.  

System specifications:  

Make: Angle Resolved Photo Electron Spectroscopy (ARPES) Beamline 

(BL-10) of INDUS-2 Synchrotron Source, Raja Ramanna Centre 

for Advanced Technology (RRCAT), Indore. 

Spectral Range: 30 eV to 1000 eV 

Resolution: 35 meV at 90 eV photon energy 

Flux: 5×1011 photons/sec/200 mA 
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Beam size: 300 µm (H) × 100 µm (V) approximately 

Monochromator: Four VLS –Plane Gratings 

Analysis chamber base pressure: 7x10-11 mbar 

 

Figure 2.16: Instrumentation of the PES in Beamline 10, Indus II synchrotron facility 

[102]. 

 

2.2.6  X-Ray Absorption Spectroscopy (XAS) 

When X-rays interact with matter, three main processes can occur: 

absorption, elastic scattering, and inelastic scattering.  

 

Figure 2.17: Schematic of the X-Ray absorption and the scattering of the outgoing 

photoelectron wave.  
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When an X-ray of energy E is absorbed by the atom, emission of a 

core electron of binding energy E0 will take place with K.E (E-E0). The core 

level from which emission takes place will eventually be filled by an 

electron and leading to the fluorescent X-Ray or Auger electron. The 

absorption coefficient µ(E) has a sharp step at the core level binding energy 

corresponding to the highest absorption of X-ray at that energy. After the 

absorption, if the atom is isolated, there is no chance of scattering with 

neighbouring electrons, and it shows a smooth function. However, the 

ejected photoelectron can scatter from neighbouring atoms. And shows an 

oscillatory function after the absorption edge [Figure 2.17].  

XAS studies the X-ray absorption coefficient near and above an X-

ray absorption edge. XAS can be broken into two regimes [Figure 2.18]; 

1) Extended X-Ray Absorption Fine Structure (EXAFS) 

2) X-Ray Absorption Near Edge Structure (XANES) 

XANES is the absorption fine structure close to the absorption edge. 

The approximate range of XANES includes 10 eV below the absorption 

edge and 20 eV above the edge. In this region, there will be a large variation 

of the absorption coefficient, and dominated by pre-edge and absorption 

edge features. This measurement can provide information about the 

unoccupied energy level. The soft X-Ray absorption spectra correspond to 

Near Edge X-Ray Absorption Fine Structure (NEXAFS) related to surface 

sciences and organic materials. The term XANES is used for hard X-ray 

spectra related to coordination geometry and for metal and inorganic 

materials [103].  

XANES region contains pre-edge feature (Small features between 

the Fermi energy and the threshold), edge (the main rising part of XAS 

spectrum), and post-edge feature (Characteristic feature above absorption 

edge) [Figure 2.18]. The analysis of the shape, position, and pre-edge 

features of XANES reveals the oxidation state of the atom, coordination 

geometry, d-band occupancy, charge transfer, and orbital occupancy.  
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Figure 2.18: Different regions of XAS spectra 

EXAFS data is the oscillatory data starting after the rising edge 

around ~50eV to extending up to ~1000 eV above the edge. After absorbing 

the X-ray, the ejected photo-electron can scatter from neighbouring atoms. 

The scattering of the photo-electron wave function interferes with itself. The 

absorption coefficient µ(E) depends on the density of states with energy (E-

E0) at the absorbing atom. The interference at the absorbing atom varies 

with energy, leading to an oscillatory feature for the absorption coefficient 

called the EXAFS regime. Taking the Fourier transform of this absorption 

data and fitting the oscillatory function through different scattering paths of 

electrons can yield the coordination number, the nature of neighbouring 

atom (approximate atomic number), distance between the central and 

neighbouring atom, bond distances, and quantify the degree of disorder and 

structural variations in the immediate environment of the absorbing atom.  

EXAFS region can be defined as a function χ as a function of energy 

in terms of the absorption coefficient. 

𝜒(𝐸) =  
𝜇(𝐸) − 𝜇0(𝐸)

∆𝜇0
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Here, the numerator corresponds to the removal of the background 

and division by ∆𝜇0 corresponds to the normalisation of the function, in 

which the normalisation function is considered as the sudden increase in the 

absorption coefficient edge. For the interpretation of EXAFS, it is general 

practice to use the photoelectron wave vector, k, which is an independent 

variable that is proportional to momentum rather than energy. 

Instrumentation: 

 

Figure 2.19:  Block diagram of the EXAFS measurement setup in Indus BL 9 synchrotron 

radiation facility [102]. 

The K-edges of Ti (4966 eV) and Mn (6539 eV), X-ray absorption 

spectra were recorded. XANES measurements were carried out at room 

temperature, and the Ti K-edge was in transmission mode, and the Mn K-

edge was in fluorescence mode. Ion chambers are filled with He, N2, and Ar 

for the measurement of Ti and Mn K edges. The Ti and Mn foils are taken 

as a reference. The higher harmonic components are suppressed by the 

detuning of the monochromator by ~60% during the data collection.  
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Both transmission and florescent modes can be used to record 

EXAFS spectra. The sample is placed between two ionisation chamber 

detectors in the case of transmission mode.   For measurements in the 

transmission mode, the sample is placed between two ionisation chamber 

detectors. The incident flux measured by the first ionisation chamber and 

the second ionisation chamber measures the transmitted intensity. Energy 

calibration measurement of the reference metal foils is done by a third 

ionisation chamber. Fluorescence mode is used for dilute samples or thin 

film samples. The EXAFS data is recorded using silicon drift detectors 

[Figure 2.19].  

Samples are made in the form of pellets by mixing the sample with 

an inert binding agent, cellulose. The amount of sample required is 

calculated for each element based on the absorption coefficient of that 

element. The remaining amount is taken by the cellulose and pressed into 

pellets. In the case of fluorescence mode, the pellets are made by only the 

sample; no cellulose has been used. These pellets are covered with kepton 

tape and stuck on the sample holder and placed vertically to the synchrotron 

beam. The alignment of the sample holder is done according to the mode of 

measurement, for the transmission mode detector is placed along the 

direction of the sample, and for the fluorescence mode detector is placed in 

front of the sample at a 45º angle. ATHENA software version 0.9.26 is used 

for further analysis of the obtained EXAFS data, such as background 

subtraction and normalisation [104] . 

System specifications:  

Make:  EXAFS Beamline (BL-09) of INDUS-2 Synchrotron Source, Raja 

Ramanna Centre for Advanced Technology (RRCAT), Indore 

[Figure 2.20]. 

Flux:  109 ph/sec at 10 keV 

Beam size:  1 mm x 0.2 mm 
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Energy Range:  4 to 25 keV 

Optics:  Si (111) based double crystal monochromator for energy selection  

  and meridional cylindrical mirror (Rh/Pt coated) for collimation. 

Resolving power: 104 

Excitation Sources: Synchrotron radiation 2.5 GeV ring operated at 120 mA 

injection current.  

Detector: Lytle/ vortex (fluorescence mode),  

    ionisation chamber (Transmission mode) 

 

Figure 2 .20: EXAFS measurement instrumentation in Beamline 9, Indus II synchrotron 

radiation facility [102]. 

 

2.2.7 Field Emission Scanning Electron Microscope (FE-SEM) 

A microstructure image of the materials is captured by FE-SEM. The 

morphology, surface structure, thickness, and particle size can be analysed 

from FE-SEM. An electron beam is used for imaging the material.  When 

high-energy electrons impinge on the sample, different kinds of electrons, 

secondary, Auger, primary, and backscattered electrons, and X-rays are 
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generated depending on the depth of electron matter interaction [Figure 

2.21].  

 

Figure 2.21: Schematic of the different kinds of radiation emitted when high-energy 

electrons impinge on the sample 

• Secondary electrons (SE) 

When the impinging electrons interact with a few nanometres of the 

sample, secondary electrons are generated. SE electrons undergo inelastic 

interaction between the beam and the sample. It is sensitive to surface 

structure and provides topographic information.  

• Backscattered electrons (BSE)  

Backscattered electrons are primary electrons that are back-reflected 

by the atoms in the sample. Back-scattered electrons are generated from a 

wide region within the interaction volume. These are high-energy electrons, 

scattered from deep inside the sample rather than the region of origin of SE 

(a few microns below the surface). This will provide compositional 

information about the sample. Backscattered electrons are reflected after 

elastic interactions between the beam and the sample. BSE shows high 

sensitivity to atomic number. As the atomic number of the element in a 

material increases brighter the BSE image of that particular element 
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compared to a lesser atomic number element in the same material. Hence, 

this technique can be utilised for chemical phase distribution. 

• X-rays 

When electrons incident on the sample, characteristic X-rays are 

produced below the depth of the origin of BSE. These X-rays give 

information about the elemental composition.  

 

Figure 2.22: Block diagram of the FE-SEM 

FE-SEM needs a vacuum environment to avoid the disturbance of 

the electron beam, SE, and BSE by the gas molecules. The electron gun of 

SEM consists of a field emission cathode that can provide spatial resolution 

and less sample charging effect. FESEM yields a less electrostatically 

distorted, clearer image with high magnification. Figure 2.22 shows the 

block diagram of the different parts of the FE SEM instrument.  

Figure 2 .23: FE-SEM Instrument 
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System specifications: 

Make: Zeiss  

Model: Gemini SEM 360 [Figure 2.23] 

Magnification: 8 – 2,000,000  

Probe current: 3 pA - 20 nA  

Resolution: 0.7 nm @ 15 kV  

Maximum field of view: 5 mm at 5 kV and WD = 8.5 mm. 

 

2.2.8 High Resolution Transmission Electron Microscope (HR-TEM) 

Transmission electron microscopy (TEM) is an analytical technique 

used to visualise the nanometer dimensions in matter. The electrons that are 

transmitted through the sample are detected to form an image. High 

resolution, shorter wavelength of electrons, increases the microscope 

resolution when accelerated through a strong magnetic field.  

 Since electrons can have a significantly shorter wavelength (about 

100,000 times smaller) than that of visible light when accelerated through a 

strong electromagnetic field, this increases the microscope resolution by 

several orders of magnitude. Ultimately, by using a TEM, we can see the 

columns of atoms present in crystalline samples and the molecular 

machinery inside cells. It allows visualisation and analysis of specimens in 

the realms of microspace (1 micrometre = 1µm = 10-6 m) to nanospace 

(1 nanometre = 1 nm = 10-9 m).  

TEM creates a bright field image of a sample by a beam of highly 

energetic electrons. While transmitting through the sample, electrons will 

be scattered or diffracted at the potentials of the atom, thereby changing the 

phase of the electron wave. The transmitted electrons are collected onto a 

phosphorescent screen or through a camera. The regions where electrons do 
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not pass through show a darker image, and the unscattered electron region 

shows a brighter image. There is a range of grey in between these two 

regions, depending on the interaction of electrons and scattering within the 

sample. This image can provide direct and highly resolved information 

about the sample under investigation. TEM provides information on the 

size, shape, and structure of nanomaterials. It can examine defects, grain 

structures, and layer thicknesses in microelectronic devices, aiding in 

quality control and new material development.   

Instrumentation 

The main components of the Source of electrons, electron gun, 

Electron beam, Electromagnetic lenses, Vacuum chamber, two condenser 

lenses, Objective and Intermediate lens, Sample holder and stage, (Imaging 

Device) Phosphor or fluorescent screen, Computer [Figure 2.24]. 

There are two common ways to produce electrons: thermionic 

emission and cold field emission. With thermionic emission, a tiny tip, often 

made from tungsten, a LaB6 crystal, or a special ZrO/W Schottky emitter, 

is heated up by running an electric current through it. The heat gives the 

electrons enough energy to escape from the surface. At the same time, a 

high voltage between this electron source (the cathode) and a nearby plate 

(the anode) creates an electric field that helps steer and speed up the 

electrons. On the other hand, cold field emission doesn’t need any heating. 

Instead, it uses an extremely sharp tungsten tip at room temperature. When 

a strong electric field is applied, electrons can actually “tunnel” out of the 

metal, escaping without any extra heat. These sources have a very high yield 

of electrons and a very low chromatic aberration of the electrons, allowing 

imaging at atomic resolutions [105].  
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Electromagnetic lenses consist of a huge bundle of windings of 

insulated copper wire, a soft iron cast, and a pole piece. A magnetic field is 

induced by the current in the winding and reaches its main strength at the 

pole piece of the lens. The accelerated electrons entering the magnetic field 

are deflected by Lorentz forces. 

 

Figure 2.24: Block diagram of the TEM instrument. 

The condenser lens system controls the beam diameter. The first condenser 

lens, which is strong, shrinks the image of the electron source down to about 

one hundredth of its original size. This creates a tiny, focused spot called 

the “crossover,” which is much clearer and more precise than the larger tip 

of the filament. Then, the second condenser lens, which is a bit weaker, 

takes that small image and projects it onto the sample, making it roughly 

twice as big. Overall, this means the source is reduced in size by about fifty 

times. This lens also helps control how much the light spreads out on the 

screen. There is also a condenser aperture located just below or between 

these lenses, and its job is to narrow and shape the electron beam, as well 
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as adjust how bright it is. Objective lenses focus the electron beam through 

the specimen, and the intermediate lens helps to magnify the image or 

diffraction pattern.  

The electron column does not offer a lot of space for the sample. The 

sample should be thin so that the electrons can penetrate the specimen to 

produce the image. Thin sections of the sample are mounted on copper 

grids, which are available in a wide variety of materials and mesh sizes. The 

grids with the sections on top are attached in a holder and introduced into 

the goniometer of the TEM through a vacuum lock. The goniometer is the 

mechanical setup that enables highly precise and stable control of the 

specimen holder during imaging. 

When using a Transmission Electron Microscope (TEM) to look at 

a sample, there are two main ways to do it: Image mode and Diffraction 

mode. In Image mode, the microscope uses lenses and apertures to control 

the electron beam that hits the sample. The electrons that pass through are 

then focused and magnified to create an image on the screen, showing 

details like the size of grains or any defects in the material’s structure. 

Diffraction mode works a bit differently; it produces a pattern on a 

fluorescent screen based on how the electrons scatter after hitting the 

sample. This pattern is like X-ray diffraction and is called a Selected Area 

Electron Diffraction (SAED) pattern. If the sample is a single crystal, there 

will be sharp spots in the pattern, but if it is polycrystalline, the pattern looks 

more like rings. The crystalline structure can be analysed by this SAED 

pattern [105]. 

In electron microscopy, there are two main ways to create images by 

using the objective aperture as a kind of filter: bright field and dark field 

microscopy. In bright field mode, the image is formed by electrons that 

travel straight through the sample without bouncing off, while the diffracted 

electrons are blocked by a diaphragm. On the other hand, dark field imaging 

works by using those diffracted electrons to create the picture instead 
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Figure 2.25: JEOL JEM F200 TEM Instrument [106] 

System specifications: 

Make:  Jeol [Figure 2.25] 

Model:  JEM F200 

Operating voltage:  200kV 

Resolution: ≤0.11 nm (with Cold FEG)  

 

2.2.9 Electron Paramagnetic Resonance spectroscopy 

Electron Paramagnetic Resonance (EPR) refers to the phenomenon 

where paramagnetic substances absorb microwave radiation resonantly 

when subjected to an external magnetic field. This magnetic field causes a 

quantised orientation of electron spins, which corresponds to a splitting of 

their energy levels. Specifically, in the presence of a sufficiently strong 

magnetic field, the energy states associated with the electron spin 
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projections ms=+1/2 and ms=-1/2 become distinct, enabling resonance 

absorption of microwave photons as in Figure 2.26 [107]. 

 

Figure 2.26: Principle of EPR spectroscopy for the detection of unpaired electrons and 

energy levels in a magnetic field 

Resonance occurs when the energy of the applied microwave 

radiation precisely matches the energy gap between these split levels 

[Figure 2.26]. The intensity of this absorption is directly proportional to the 

concentration of unpaired electrons, or free radicals, within the sample. The 

energy separation of the relation can express ΔE: 

ΔE=hν=geμBB0 

where h is Planck’s constant, ν is the microwave frequency, ge is the 

electron g-factor (a dimensionless parameter reflecting the ratio between the 

magnetic dipole moment and angular momentum of the electron), μB  is the 

Bohr magneton, and B0 represents the strength of the applied magnetic field. 

The g-factor value is derived by comparing the microwave 

frequency to the magnetic field at which resonance occurs, typically 

calculated as g=hν/μBB0. In EPR spectroscopy, the recorded spectra are 

conventionally presented as the first derivative of the microwave absorption 

signal concerning the magnetic field [108]. 
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The interaction between the unpaired electron's magnetic moment 

and the magnetic moments of nearby nuclei leads to the splitting of the EPR 

spectra called hyperfine splitting. Figure 2.27 shows the block diagram of 

the EPR spectrometer.  

 

Figure 2.27: Block diagram of EPR spectrometer 

This interaction causes a splitting of the EPR signal into multiple lines, 

providing valuable information about the molecule's structure and the 

environment of the unpaired electron. By analysing the resonance lines and 

hyperfine splitting in EPR, the possible oxidation states, Ov, and the electron 

interactions can be interpreted [109].  

Figure 2.28: EPR spectrometer 
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System specifications: 

Make: BRUKER BIOSPIN, Germany [Figure 2.28] 

Model: EMXmicro A200-9.5/12/S/W 

Source: Microwave X Band 

Temperature Range: Room Temperature and down to 100 K 

 

2.3 Experimental techniques 

2.3.1 Ferroelectric measurements 

A P-E loop for a device is a plot of the polarisation (P) developed 

against the field applied to that device (E) at a given frequency. The most 

often quoted method of hysteresis loop measurement is based on Sawyer 

and Tower. 

Polarisation may be defined as P=Q/A, where Q is the charge 

developed on the plates and A is the area of the plates (m2). 

 

Figure 2.29: Block diagram of Sawyer tower circuit for ferroelectric hysteresis 

measurement. 
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The voltage is cycled with a signal generator. The voltage across the 

reference capacitor is measured. The charge on the capacitor must be the 

same as the charge on the ferroelectric capacitor, as they are in series. This 

means the charge on the ferroelectric can be found by: 

Q = C × V 

Think of C as the capacitance of a reference capacitor, and V as the voltage 

across it. To understand how a material polarises in an oscillating electric 

field, we can plot the voltage applied to the material on the oscilloscope’s 

x-axis and the surface charge on the y-axis [Figure 2.29]. This works 

because the reference capacitor has a much higher capacitance than the 

ferroelectric material, so most of the voltage drops across the ferroelectric. 

To measure the polarisation, we cycle the voltage across the ferroelectric, 

which in turn cycles its polarisation. We can’t measure the exact polarisation 

instantly, but by looking at how it changes as we cycle the voltage, we can 

figure out its absolute values. [110]. 

 

Figure 2 .30: Experimental setup for P-E loop measurement 

System specifications: 

Make: Radiant Technologies 

Model: Precision Material Analyser Workstation based on Virtual Ground 

System [Figure 2.30]. 
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Sample holder: Home-made sample holder with Cu needle, immersed in 

silicon oil.  

2.3.1.1 Positive Up Negative Down measurement (PUND) 

The "Positive Up, Negative Down" (PUND) measurement method 

is a technique used in ferroelectric materials to measure polarisation 

switching current. It involves applying a series of electrical pulses to the 

sample, specifically a positive pulse followed by a negative pulse, to induce 

polarisation switching and measure the resulting current. This method helps 

in separating the switching current from other contributions like leakage 

current, allowing for a more accurate measurement of polarisation. The 

PUND measurement setup will be the same as described for the P-E loop 

measurement.  

The PUND test is used to check ferroelectric materials by sending 

five pulses one after the other with the same voltage strength, just with 

different directions. Each pulse lasts the same amount of time, and there is 

a fixed pause between them.  The first pulse goes in the negative direction; 

it is not measured but used to set the starting polarisation of the sample. 

Then, two pulses come in the positive direction: the first one flips the 

polarisation, and the second one does not, so we can see the difference 

between switched and unchanged polarisation. During each pulse, 

measurements are taken twice, once while the voltage is applied and once 

after the voltage goes back to zero, after waiting for the same amount of 

time as the pulse length. Finally, two more pulses go in the negative 

direction: one switches the sample back, and the last one keeps it in that 

switched state. During the first voltage pulse (P), all active mechanisms will 

bring their contribution to the measured current, including leakage currents, 

dielectric displacement current, and ferroelectric displacement current. 

During the second voltage pulse of the same polarity (U), since all dipoles 

have been switched, leakage currents, dielectric displacement current will 
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contribute to this pulse. Hence, the subtraction of polarisation in U from 

polarisation in P gives the value of actual polarisation.  

 

Figure 2.31: PUND measurement setup 

System specifications: 

Make: Radiant technology  

Model: Precision Premier II, FE loop tracer [Figure 2.31] 

2.3.2  Magnetic measurements 

A vibrating sample magnetometer, sometimes called a Foner 

magnetometer, is a tool scientists use to measure how magnetic a material 

is. It works based on Faraday’s Law, which basically says that when a 

magnetic field changes near a wire, it creates an electric voltage in that wire. 

 The sample to be tested will be placed inside a steady magnetic 

field. If the sample is magnetic, this field will cause its tiny magnetic 

regions, called domains, to line up, making the sample magnetised. The 

stronger the magnetic field, the more these domains align. As the sample 

vibrates, the magnetic field around it changes, and this change is picked up 

by coils nearby. These coils detect the changing magnetic field and turn it 

into an electrical signal. That signal gets boosted by amplifiers and sent to 

a computer, where special software figures out how magnetic the sample is 

and how much the steady magnetic field influenced it. 
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Instrumentation 

This technique works by gently shaking the sample near a special 

coil that picks up tiny signals. When the sample moves, it creates a very 

small voltage in the coil, which the system detects, timed exactly with the 

vibration. These vibrations are about 1 to 3 millimetres at roughly 40 times 

per second, the setup is sensitive enough to notice incredibly small changes 

in magnetisation, smaller than a millionth of a magnetic unit. The VSM 

(Vibrating Sample Magnetometer) option that comes with the PPMS system 

includes a motor to make the sample vibrate, a coil to detect the signals, 

electronics to control everything and read the data, and software called 

MultiVu for easy automation and control. 

The sample sits on the end of a rod that moves back and forth in a 

smooth, wave-like motion. This oscillation is carefully centered right in the 

middle of a coil called a gradiometer pickup coil. The position and how far 

the rod moves are controlled by the VSM motor module, which uses an 

optical sensor to keep everything precise. As the sample vibrates, the coil 

picks up a voltage signal, which is then amplified and processed in the VSM 

detection module. This module uses the position information from the motor 

to sync up perfectly with the signal it is detecting. The motor module sends 

signals from the optical sensor, which the detection module uses to separate 

the signals into two parts for better accuracy. These signals are averaged 

and sent to the computer software for analysis. 

To create the magnetic field needed to magnetise the sample, there 

is an actively cooled electromagnet that keeps the field steady. The sensor 

coils, sometimes called pickup coils, detect the tiny electric current 

generated by the vibrating sample. This current is then boosted by an 

amplifier. The vibration exciter is attached to the rod holding the sample, 

making it vibrate at about 85 times per second. The rod itself can also rotate 

the sample to position it just right. A control unit keeps the vibration steady 

at 85 Hz. Finally, the magnetic field strength is measured using a 
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magnetometer, and the data is recorded and managed through software on a 

computer interface. 

 

Figure 2.32: (a) Dynacool 9T PPMS setup (b) sample holder [111] 

System specifications 

Make: Quantum Design, Physical Property Measurement System (PPMS) 

using a vibrating sample magnetometer (VSM), installed at the State 

University of New York, Buffalo State University, USA. 

Model: Dyna cool 9T  [Figure 2.32] 

Operating temperature:1.8K to 400K   

Stability: +/-0.1% for T < 20 K (typical) +/-0.02% for T > 20 K (typical) 

Power requirements: System Cabinet: 200-230 V, 50/60 Hz, 30 A, single 

phase 

 

2.3.3 Dielectric measurements 

Dielectric materials are generally insulators or poor conductors with 

low dielectric loss. There is a wide variety of these materials. Under the 

effect of an external electric field, the dielectric materials are polarised. In 

other words, with the application of the electric field, the positive and 

negative centers are separated, and electric dipoles are formed. The dipole 

moment per unit volume is known as polarisation. This property originates 

from the structural non-centrosymmetry. Dielectric permittivity is the 
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ability of a material to store electrical potential energy under the influence 

of an electric field. It is dependent on the applied frequency and 

temperature. 

In the present study, dielectric properties were measured on circular 

disk-like pellets. Silver paste electrodes were prepared on both sides of 

well-sintered pellets. The electrodes were cured at ~ 550 ºC for 10 minutes. 

This enables better adhesion of the electrodes to the pellets and ensures 

proper contact. 

 

Figure 2.33: Block diagram of LCR meter setup 

Newton’s 4th Ltd. PSM 1735 phase-sensitive LCR-meter was used 

to measure the dielectric response with signal strength ~ 1 Vrms. The basic 

accuracy of this device is 0.1 % and the temperature variation in the furnace 

used for high-temperature dielectric measurement is ± 3 ºC.  

The LCR meter is modelled as a two-lead measuring device [Figure 

2.30]. The leads are modelled as having a resistance Rs and an inductance 

Ls. As the leads are likely wires insulated with dielectric insulating material, 

these leads also form a lossy capacitor that is modelled by the capacitance 

Cp and resistance Rp. The Kelvin fixture is used to model the dotted section 

in Figure 2.30. A Sample of silver pasted on both sides will be connected 

through silver wire in the Device Under Test (DUT) portion. The LCR meter 

will measure the reading for a frequency sweep.  

Dielectric measurement was carried out in parallel plate capacitance 

mode. Dielectric constant or relative permittivity, εr, is a complex quantity, 

containing real (εꞌ) and imaginary (εꞌꞌ) parts: εr = εꞌ + εꞌꞌ. Dielectric constant, 
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the real part of εr (εꞌ), quantifies the stored energy, and the imaginary part 

(εꞌꞌ) gives the dielectric loss factor, which is the electric energy loss due to 

the movement of atoms/molecules in a continuously changing applied field. 

The dielectric loss tangent is represented by the formula. This component 

also gives rise to a phase difference between the field function and the 

resulting polarisation. Both components are frequency-dependent. The 

capacitance of pellets was estimated as: where ‘C’ is capacitance, ‘A’ cross-

sectional area of the pellet, ‘d’ the separation between the pellets, and ‘εₒ ~ 

8.854 * 10-12 F/m is the permittivity of the free space. 

For measuring the temperature-dependent dielectric properties, the 

DUT portion in the figure contains a temperature bath in which the sample 

is placed with a proper sample holder. The sample holder region is covered 

with glassy cotton, which increases the temperature in steps. The dielectric 

parameters are measured at regular intervals of temperature. The 

temperature bath can have a range of temperatures from 50 °C to 450 °C.  

 

Figure 2 .34: Dielectric measurement setup 

System specifications: 

Make: N4L Impedance Analyser Interface [Figure 2.34] 

Model: PSMCOM1735  

Frequency Range: 1Hz to 1MHz 
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2.3.4 Magnetodielectric Measurements 

Magneto dielectric measurements have been done by measuring the 

dielectric permittivity by the application of a dc magnetic field. The 

magnetic field is applied using a Helmholtz coil. The sample is placed in 

between the Helmoltz coil perpendicular to the magnetic field direction 

[Figure 2.35]. The electrodes on both sides of the pellet are connected to 

Newton’s 4th Ltd. PSM 1735 phase-sensitive LCR meter through silver 

wires. One magnetic field is applied in a Helmoltz coil and stabilised by 

keeping it for some time, then the permittivity measurement is done at that 

field. After the measurement, the magnetic field increased, and the 

corresponding permittivity was measured. The measurement has been done 

in the range from 0.01 T - 0.1T.  

 

Figure 2.35: Block diagram of magnetodielectric setup 

Dielectric permittivity at zero magnetic field has been measured 

initially, then the magnetic field is increased slowly by increasing the 

current in the electromagnet. After the specific magnetic field attained a 

time of 2 minutes kept before taking the measurement to make the field 

stable. The variation of capacitance with magnetic field, 

Magnetocapacitance (MC), is calculated with the formula;  

MC =  
∈′ (B) - ∈′ (0)  

∈′ (0)
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Figure 2.36: Magneto dielectric measurement setup 

System specifications: 

Same LCR meter specification as given in the dielectric measurement 

section. 

Make: SES instruments [Figure 2.36] 

Magnetic field range: 0 to 1T 

 

2.3.5 Magnetoelectric Measurements 

Theoretically, magnetoelectric coupling interaction is obtained by 

Landau’s theory, where the free energy of a homogeneous magnetoelectric 

system at constant temperature is approximated by ME order parameters, 

Magnetisation (M) and Polarisation (P) [9].  

The expansion of free energy is given by:  

F(E,H) = F0 -Pi
sEi- Mi

sHi- ½ ε0εijEiEj- ½ μ0μijHiHj -αijHjEi-

1/2βijkEiHjHk-½ γijkHiEjHk    

where F0 is the ground state free energy, subscripts (i, j, k) refer to the three 

components of a variable in spatial coordinates, components of spontaneous 

polarisation and magnetisation are represented as Pi
s and Mi

s, respectively.  

Ei and Hj are the components of the electric field E and magnetic field H, 

while ε0 and µ0 are the dielectric and magnetic susceptibilities of vacuum, 

εij and µij are the second-order tensor of dielectric and magnetic 
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susceptibilities, respectively.  βijk and γijk are third-order tensor coefficients.  

αij is the component of the tensor, which is designated as the linear ME 

coefficient. The components of total electric polarisation can be obtained by 

differentiation of the free energy equation w.r.t. electric field in the form 

Pi (E, H) =  −
𝜕𝐹

𝜕𝐸
= Pi

s + ε0εijEj + αijHj +1/2βijkHjHk + 1/2γijkHjEk 

Mi (E, H) = −
𝜕𝐹

𝜕𝐻
= Mi

s + μ0μijHj + αijEj + 1/2βijkEjEk + 1/2γijkEjHk  

Magnetic field-induced total polarisation in the absence of applied electric 

field (E = 0) is given by:  

Pi (H) = αijHj +1/2βijkHjHk 

This equation gives the induced polarisation due to the direct ME effect. 

Hence, experimentally, the change of polarisation with applied magnetic 

field can be measured to obtain the ME coupling coefficients and can 

quantitatively analyse the strength of ME coupling in the material. Hence, 

the polarisation with the applied magnetic field can provide the 

magnetoelectric coupling coefficient. 

Instrumentation 

The instrumentation part of the multiferroic tester includes the 

Helmholtz coil for providing the ac magnetic field, an electromagnet for the 

dc magnetic field, the current amplifier, the Gaussmeter with a Hall Effect 

sensor, a current sensor in-line with the Helmholtz coil, a shield box to avoid 

external noise, precision tester [Figure 2.37].  

The shield box is aluminium and non-magnetic. The coax cables go 

into the box to connect to a small PC board holding the sample. The BNC 

(Bayonet Neill–Concelman) connectors have their shields connected to the 

box metal, so connecting coax cables to the connectors will automatically 

connect the outside box to the ground shields of the tester connectors. A 

non-magnetic battery holder conveniently holds the sample. The shield box 
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is attached to a wooden base to place the sample at the correct height to be 

at the central axis of the Helmholtz coil [112]. 

 

Figure 2.37: Block diagram of Magnetoelectric measurement setup 

Since one side of the sample is grounded during the MR Task 

execution, two BNCs are not needed on the shield box. The second BNC 

allows us to execute Polarisation Hysteresis vs. Magnetic Field and Small 

Signal Capacitance vs. Voltage tests on the sample, since both tests require 

the DRIVE and RETURN to be connected to the sample. 

First dry run of the MR Task with no sample inserted into the sample 

holder needs to be done. The sample holder will be shortened. This test will 

evaluate the amount of current generated in the RETURN cable that enters 

the active area of the Helmholtz coil. If the current is significant, this data 

will be used to correct the actual measurement for this parasitic 

contribution. The second will be the MR Task measurement of the sample 

itself. The measurements can be done with a fixed AC magnetic field for 

various DC biases. A zero-field measurement of the MR Task to determine 

the noise coupling into the sample from external sources. Finally, 

capacitance measurement v/s magnetic field [112].  
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Figure 2.38: (a) Magnetoelectric measurement setup, (b) Sample holder 

System specifications: 

Make: Radiant Technologies 

Model:  Precision multiferroic II ferroelectric tester [Figure 2.38] 

Magnetic field range: 0 to 1500 Oe 

AC magnetic field frequency range: 1Hz to 10Hz 

 

2.4 Theoretical Density of States and Electron Localisation  

Function Calculations 

Theoretical Density of States (DOS) analysis involves calculating 

the number of electron states available at each energy level within a 

material. This is done by considering the spatial dimensions and the 

dispersion relation of the material, which describes how electron energy 

changes with momentum. Through DOS calculations, the carrier 

concentration, Transport properties, and electronic properties, etc.  

Electron Localization Function (ELF) calculations help to 

understand the empirical concept of electron localization. The ELF was 

introduced by Becke and Edgecombe [86] and thereafter applied to a great 



 

97 
 

range of systems from atoms, molecules, and solids. It is related to the 

covariance of the electron pair distribution. Just as with the electron 

localization function, the local covariance does not seem to be, in and of 

itself, a useful quantity for elucidating shell structure. The ELF provides the 

variation of charge density around the atoms and gives an idea about the 

type of bonds, charge localization, and variations in the local charge density 

near chemical modifications.  

The total energy and electronic DOS calculations are based on density 

functional theory as implemented in the Vienna Ab-initio Software Package 

(VASP) [113], [114]. Projected augmented wave (PAW) pseudopotentials in 

generalized gradient approximation (GGA) have been used to perform the 

calculations, which are applied to the Perdew-Burke-Ernerhof (PBE) 

exchange-correlation function [115]. The calculations were performed on a 

unit cell (5 atoms) of tetragonal BTO, and a plane-wave energy cutoff of 

800 eV was used. The energy convergence criterion was set to 10-6 eV, and 

an 8x8x8 K-point mesh was used. We have also calculated the electronic 

DOS and total energy for La and Fe-doped BTO using a (2x2x4) supercell 

(80 atoms). To simulate the Fe-doped system, we have replaced one Ti by 

Fe out of 16 available Ti sites (BaTi0.9375Fe0.0625O3) and additionally 

replaced Ba by La to simulate Ba0.9375La0.0625Ti0.9375Fe0.0625O3. The total 

energy and electronic DOS in all the systems were calculated in fully 

relaxed structures. We have used denser 8×8×4 k-grid points in the Brillouin 

zone for the electron localization function and electronic DOS.   

First-principles calculations were performed using the Vienna Ab 

initio Simulation Package (VASP) within the framework of density 

functional theory (DFT) [116], [117]. The projector augmented-wave 

(PAW) method was employed with the Perdew–Burke–Ernzerhof (PBE) 

exchange-correlation functional [118]. The pseudopotentials used include 

for Ca (3s2 3p6 4s2), Ba (5s2 5p6 5d0.016s1.99), Mn (3d6 4s1), Ti (3d3 4s1), and 

O(2s2 2p4), ensuring accurate treatment of core and valence electrons. A 

high plane-wave energy cutoff of 700 eV was used to ensure convergence 
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of total energy and electronic properties. The electronic self-consistency 

loop was converged with a stringent criterion 1.0E-7 eV, while ionic 

relaxation was controlled using 1.0E-3 eV/Å, indicating force-based 

convergence. Structural optimization was carried out using the conjugate 

gradient algorithm with full relaxation of atomic positions and cell 

parameters. Spin-polarized calculations were performed for all the cases. 

Brillouin zone sampling was done using a Monkhorst-Pack grid of 4×4×4 

[119]. Post-relaxation, the band structure was calculated along high-

symmetry paths to analyze electronic dispersion. The density of states 

(DOS) was computed using a dense k-grid of 10x10x10 to examine the 

distribution of electronic states across energy levels, and the electronic 

localization function (ELF) was evaluated to visualize bonding 

characteristics 
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CHAPTER 3 

Room temperature multiferroicity and 

magnetoelectric coupling in 

Ca/Mn-modified BaTiO3 

Ba(1-x)Ca(x)Ti(1-y)Mn(y)O3 (x=y=0, 0.03, 0.06, 0.09) 

 

     This chapter details the structural modification of Ca/Mn-modified      

     BaTiO3 with XRD, Raman, and TEM analysis. Oxidation states 

     have been studied with XPS. Ferroelectric studies and magnetic  

    studies indicate multiferroicity. Magnetoelectric coupling studies    

    explore a room-temperature magnetoelectric coupling coefficient  

    for the optimised doping percentage, Ba(0.97)Ca(0.03)Ti(0.97)Mn(0.03)O3. 
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3.1 Introduction  

Magnetoelectric (ME) and multiferroic materials are required for 

developing next-generation novel multifunctional devices. Hence, these are 

high-priority ferroic research materials. Experimentally discovered about 

sixty years ago, the ME effect has thus far been important in the fields of 

microelectronics and sensors [120]. To date, intensive research has been 

conducted in the field of magnetic and electric ordering and their coupling. 

Various materials and coupling mechanisms have been explored for 

magnetoelectric coupling (MEC) [121], [122], [123]. BaTiO3 (BTO) is a 

well-known ferroelectric (FE) material. BTO can be chemically modified to 

impart ferromagnetism (FM) to the crystal structure and develop ME 

properties in the material [124]. Transition metal (TM) doping at the Ti site 

is an effective method to achieve BTO-based magnetoelectric materials 

[125], [126] BaTiO3-BiFeO3 [127], BaTiO3–LaFeO3 [128], BaTiO3–

La0.7Ba0.3MnO3 [129], Mn- and Co modified BaTiO3–BiFeO3 [130], [131], 

etc., are some examples of the solid solutions of BTO with magnetic 

(ABO3) perovskite materials that demonstrate MEC. Apart from doping 

magnetic ions and solid solutions, composites with ferromagnetic materials, 

core-shell structures with magnetic materials [132], and heterojunction thin 

films of BTO with ferromagnetic films [133], [134] facilitate MEC. 

Excellent MEC was revealed in most of these materials, leading to the 

exploration of physical properties and utilisation for industrial applications. 

Compared with a composite or heterostructure material, a single-

phase compound can show intrinsic ME behaviour. Unfortunately, no 

single-phase ME material that meets room temperature (RT) applications 

has been discovered yet [122]. The most severe weaknesses of single-phase 

ME materials are linked not only to their operational temperatures (mostly 

well below RT) but also to the magnitudes of the order parameters. The 

introduction of a new ferroic order in a single-phase ferroic material leads 

to the decrease of the existing ferroic order in the material. Their extremely 
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low switchable polarisation (usually in the order of magnitude of nC/cm2) 

can be useful for fast switching applications. The development of single-

phase multiferroic materials is constrained by factors such as different 

symmetry breaking and different physical requirements of magnetism and 

FE owing to ferroic ordering at extremely low temperatures. However, 

composite materials show enhanced coupling through the contribution of 

different strong ferroic orders from different phases in the material. In ME 

composites, MEC takes place as FE and FM domains are coupled through 

their secondary (ferro/magneto) elastic domains because of electrostriction 

and magnetostriction. Significantly advanced MEC that induces coupling 

through interface-induced strain has been observed for thin film 

heterostructures [135]. 

BTO can be made multiferroic by doping with a TM ion at the Ti-

site to induce magnetism in BTO and simultaneously substitution Ba with 

elements such as Ca, Bi, Sr, and La at the A-site to retain the FE of the 

structure [125], [136]. This will show magnetic orderings while retaining 

the FE of BTO, leading to multiferroicity and MEC. Khedri et al. [137] 

investigated Ca-doped BTO and revealed the retention of the tetragonal 

P4mm structure even up to 20% Ca doping. Hasan et al. [138] supported 

the experimental work with a theoretical study on the structural and physical 

properties of Ca-doped BTO. On the other hand, Tong et al. [139] 

experimentally revealed a FM exchange mechanism in Mn-doped BTO that 

involved a spin-polarised hole trapped at Ti vacancies, leading to effective 

exchange interactions between hole carriers and magnetic Mn ions. A 

second-order Jahn-Teller effect through Mn3+ ions at Ti sites, favouring FE, 

supports FM due to its magnetic exchange interaction. Hence, FM can be 

induced by retaining FE by both A-site Ca-doping and B-site Mn3+-doping 

in BTO. Multiferroicity can occur due to the FM exchange interactions of 

the d electrons in TM ions. Hence, this work attempted to incorporate Ca 

and Mn at the A and B-sites, respectively, to investigate a structure 

correlated multiferroicity and probable MEC in modified BTO. 
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Nayak et al. [140] studied the emergence of hexagonal P63/mmc 

with Cr doping at the Ti site of BTO. Dang et al. [141] investigated 

structural polymorphism from P4mm to P63/mmc with Mn doping in the Ti 

site of BTO. Pal et al. [142] reported the role of the hexagonal P63/mmc 

space group in inducing FM in Fe-doped and Mn-doped tetragonal BTO. 

They also studied tuning this hexagonal phase to zero in Fe- and Mn-doped 

BTO by simultaneous doping at the A-site with various elements. Hence, 

doping at the A-site and B-site with suitable elements in BTO can 

effectively tune the simultaneous presence of tetragonal P4mm and 

hexagonal P63/mmc structures. This dual-phase presence can not only tune 

the multiferroicity but also couple these phases to impart MEC.  

This work aims to induce Multiferroicity by incorporating 

ferromagnetic ordering in ferroelectric BaTiO3.The previous reports and our 

experience indicate that the incorporation of transition metal (TM) at the Ti 

site completely removes the ferroelectricity of BTO and cannot be a good 

multiferroic choice. The triggering of the paraelectric hexagonal phase of 

BTO is the main reason for the reduction in ferroelectricity. However, 

suitable substitution of the Ba site of BTO can be helpful to stabilise the 

tetragonal structure responsible for the ferroelectricity, even for very high 

doping percentages. Hence, the loss of tetragonality by B-site TM doping 

can be reduced by suitable A-site modification, and possibly retain the 

ferroelectricity.  Simultaneous substitution of the A-site by Bi/La/Sr/Ca, and 

B-site by Fe/Mn/Ni/Cr can generate magnetism, retaining the 

ferroelectricity, and thereby lead to multiferroicity [143]. Out of these 

combinations, Bi+ Fe [144], Bi+ Mn [143], and La+ Fe [128] have already 

been explored. 

The choice of Ca+ Mn in this study is because Ca and Ba have the 

same oxidation state, thereby reducing the possibility of conductive losses 

due to multiple valence states at the A-site, and Mn has the possibility of 

being in the Mn4+ state as compared to the other possibilities like Fe/Ni/Cr. 

However, Mn generally tends to be in a mixed valence state of Mn3+/Mn4+, 
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thereby introducing the possibility of a double exchange ferromagnetic 

interaction. Mn also introduces a pseudo-Jahn-Teller distortion (PJTD) due 

to the Mn3+ ion, which can favour ferroelectricity through distortion of the 

BO6 octahedra, along with inducing ferromagnetic ordering in the modified 

lattice. Moreover, Ca substitution at the A-site has also been reported to 

stabilise the tetragonal structure even up to 20% substitution [138].  Hence, 

the combination of Ca+ Mn is expected to retain ferroelectricity and 

simultaneously generate magnetism, thereby resulting in multiferroicity and 

a possible magnetoelectric coupling in the modified material.  

Structure correlation of the FE and FM properties is investigated in 

detail, and coupling of the electric and magnetic orders is measured and 

quantified as the ME voltage generated in the material. A complete 

structural correlation linked with the physical properties of Ca and Mn-

modified BTO has been reported in this work. Ba(1-x)Ca(x)Ti(1-y)Mn(y)O3 

(x=y=0, 0.03, 0.06, 0.09) samples named as BTO (x=0), BCTMO1(x=0.03), 

BCTMO2(x=0.06), BCTMO3(x=0.09) have been studied. 

3.2 Results and analysis  

3.2.1 X-Ray diffraction analysis  

XRD data of the BTO sample confirms a tetragonal P4mm structure. 

All BCTMO samples have a mixed phase tetragonal P4mm and hexagonal 

P63/mmc structure of BaTiO3 [Figure 3.1a]. There is a minor peak observed 

at ~29° in all samples. This may be an indication of the presence of 

secondary barium orthotitanate (Ba2TiO4) in the samples [145]. These peaks 

arise from the nonstoichiometry of Ba: Ti due to the lower amount of 

titanium present in the precursor solution. A very minute peak of BaCO3 at 

~24.6° is observed [146] in the BTO sample, almost at the level of the 

background, which is not visible for the doped samples.  
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Figure 3.1 (a) XRD data of all samples with the CIF file of the P4mm and P63/mmc space 

groups. (b) Zoomed-in image of the variation in the intensity of the hexagonal peak H(104) 

and tetragonal peak T(110) with composition. (c) Zoomed-in image of the splitting of 

tetragonal T(002) and T(200) peaks. 

Figure 3.1(b) shows a zoomed image of the highest intensity 

tetragonal peak, T(110). The existence of an additional peak corresponding 

to the highest intensity hexagonal peak H(104) as a shoulder peak to the 

T(110) peak starts to appear from BCTMO1 onwards, and its intensity 

gradually increases as the doping increases [Figure 3.1(b)]. This indicates 

the increase in the hexagonal phase percentage in the samples. The 

tetragonality of the samples is indicated by the splitting of T(002) and 

T(200) peaks as shown in Figure 3.1(c). The splitting of these peaks for all 

samples indicates that the tetragonal phase still coexists with the hexagonal 

phase of BaTiO3.  

The structure was analysed by Rietveld refinement using Fullprof 

software for all samples [Figure 3.1_1]. The XRD data have been refined 

with the tetragonal P4mm standard CIF file-COD151325229 and hexagonal 

P63/mmc standard CIF file-MP4830 obtained from the Crystallography 

Open Database [Figure 3.2(c)].  



 

105 
 

 

Figure 3.1_1: Refinement plots of all the samples, the inset shows the zoomed image of the 

fitting of H(104) and T(110) peaks 

A six-coefficient polynomial is used for the background subtraction. 

All the XRD peaks are fitted with pseudo-Voigt-type peak profiles. Initially, 

a tetragonal CIF file was used to refine the XRD data. After attaining the 

least residue, the hexagonal phase was added as the secondary phase, and 

the refinement was simultaneously done with both phases. Sample 

parameters, instrumental parameters, lattice parameters, atomic positions, 

and U, V, W peak profile parameters were refined until the fit converged to 

acceptable fitting parameters of Rp and Rwp values of <12 and χ2 < 3.5 for 

all the samples. At this point, the theoretical fit matched well with the 

experimental data.  

The phase percentage, lattice parameters, bond lengths, and bond 

angles are extracted from the refined CIF files of the samples. VESTA 

crystallographic software was used for analysing the crystal structure. The 

tetragonal phase reduces from 100% (BTO) to 88% (BCTMO1), 71% 
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(BCTMO2), and 45% (BCTMO3). Hence, the hexagonal phase increases 

from 0% (BTO) to 12% (BCTMO1), 29% (BCTMO2), and 55% 

(BCTMO3) [Figure 3.2(b)]. Therefore, a major tetragonal P4mm phase was 

observed in BTO, BCTMO1, and BCTMO2, while a major hexagonal 

P63/mmc phase was observed in BCTMO3. The presence of d electrons in 

transition metals (TM) is reported to trigger the hexagonal phase (P63/mmc) 

when doped at the B-site of BTO [143].  

 

Figure 3.2 (a) Rietveld refinement of the BCTMO1 sample with the P4mm and P63/mmc 

space groups. Inset: (a1) Zoomed-in image of the T(110) and H(104) peaks of the 

refinement using both phases. (b) Variation in the phase percentage of the tetragonal and 

hexagonal phases with composition. (c) Schematic of the crystal structure of tetragonal 

P4mm and hexagonal P63/mmc using VESTA software. 

Note that the hexagonal phase induced in the doped samples 

represents the hexagonal phase of BaTiO3 itself and not that of BaMnO3 

[147] and CaMnO3 [148]. This can be confirmed from the 2θ values and the 

intensity profile of the two structures. Hence, the incorporation of Mn in 

BaTiO3 is solely responsible for the drastic conversion of the structure from 

a P4mm to P63/mmc space group and the incorporation of Ca in BaTiO3. 
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Figure 3.3 (a) Schematic of the P4mm structure and different types of Ti–O and Ba–O 

bonds. (b)Schematic of the P63/mmc structure. (b1) Schematic of the Ti and O lattice in 

the P63/mmc structure with two types of Ti–O bonds. (b2) Schematic of the Ba and O lattice 

in the P63/mmc structure with two types of Ba–O bonds. 

In an ideal BaTiO3, Ti will be in the Ti4+ oxidation state. However, 

it is challenging to achieve an exclusive Ti4+ valence state in an 

experimental sample. Hence, a mixture of Ti3+ and Ti4+ is obtained in most 

reported samples, thereby inducing defects like Ovs. Similarly, Mn doping 

can lead to the possibility of Mn3+ and Mn4+ states with d4 and d3 electrons 

and can trigger structural distortion leading to transformation to a P63/mmc 

phase, inciting an instability of the tetragonal polar phase. This can be due 

to the changes in the TM 3d–O2p hybridisation or pseudo Jahn-Teller 

distortion induced by Mn3+, which is absent in Ti4+ ions. 

The non-centrosymmetry of the Ti atom (blue atom in Figure 3.3a) 

in the TiO6 octahedra of the P4mm structure is responsible for the FE in 

BTO. However, the unit cell in the P63/mmc structure consists of eight 

corner shared Ti atoms and four edge shared Ti atoms of the first kind, Ti1 

(blue atoms in Figure 3.3b), and four internal Ti atoms of the second type, 

Ti2 (violet-coloured atoms in Figure 3.3b). Both Ti1 and Ti2atoms form two 
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types of TiO6 octahedra in terms of symmetry. Ti1 forms TiO6 octahedra, 

which are symmetric with six equal Ti–O bond lengths of ~1.9905 Å. On 

the other hand, two neighbouring octahedra of Ti2 atoms share a face of 

three O atoms, represented as O2 (pale green atoms in Figure 3.3b). Such a 

conjunct pair of face-shared octahedra is generally called a dimer. These 

internal Ti2 atoms in the dimer form TiO6 octahedra that are distorted. The 

arrangement of these distorted TiO6 octahedra is a result of the trans 

formation from the P4mm to the P63/mmc structure.  

The distance between the Ti2 ions inside the dimer is close to ~2.8 

Å for the hexagonal BaTiO3 [30]. The repulsion between the two Ti2 atoms 

results in a longer Ti–O bond near the O3 face of the dimer, resulting in six 

Ti–O bonds (~1.992 Å) and three shorter Ti–O bonds (~1.958 Å) that are 

part of each Ti2 atom away from the O3 face. Hence, the two TiO6 octahedra 

in the dimer are distorted, with three shorter and three longer Ti–O bonds 

[Figure 3.3b1]. The relative displacement of Ti2 ions concerning the O-cage 

of the distorted TiO6 octahedra in the hexagonal BaTiO3 is on opposite 

sides, thereby negating the possibility of FE due to Ti ions [Figure 3.4a]. 

With the initial Mn incorporation, the average Ti–Ti separation changes to 

2.78 Å in BCTMO1, 2.67 Å in BCTMO2, and 2.423 Å in BCTMO3 [Figure 

3.3_1].  

 

Figure 3.3_1: Variation of Ti-Ti separation in octahedral dimer in hexagonal BaTiO3 with 

Mn doping 
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Hence, it appears that the Ti atoms are moving closer to each other. Note 

that a trend of reducing TiO6 octahedral volume was observed with 

increasing doping concentration, although it is difficult to comment on the 

O position from the XRD results. Hence, there is a serious indication of a 

strong Ti–Ti interaction. The reason behind such an increase in the strength 

of this interaction needs to be explored and may be related to the 

modifications, like the Ti-site, namely, the nature of the valence state of the 

Ti atom or Mn atom. 

Apart from the TiO6 octahedra, the P63/mmc structure consists of a 

repeating pattern of three Ba–O planes [(Ba2–O1), (Ba1–O2), and (Ba2–

O1)] as shown in Figure 3.3b2. Within this structure, consecutive Ba2 atoms 

are displaced from the O1 plane in the opposite direction along the c axis 

[Figure 3.4b]. Similarly, there is minimal separation of Ba1 from the O2 

plane in the opposite direction along the b axis when considering the two 

consecutive Ba1–O2 planes of one repeating pattern with the Ba1–O2 plane 

of the consecutive repeating pattern [Figure 3.4b].  

Figure 3.4: (a) Displacement of Ti2 atoms in the opposite direction from the 

centrosymmetric position of the Ti2O9 dimers. (b) Displacement of consecutive Ba atoms in 

the opposite direction from the Ba–O plane along the c direction (represented by blue 

arrows) and the b direction (represented by black arrows). 
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The displacement of Ba2 from the Ba2–O1 plane along the c 

direction is larger than that of the displacement of Ba1 from Ba1–O2 along 

the b direction. The displacement of two consecutive Ba1 and Ba2 atoms is 

displaced from the corresponding Ba–O plane in opposite directions and 

negates the possibility of FE. The separation of the Ba2 atom from Ba2–O1 

decreases with substitution from 0.25 Å (BCTMO1) to 0.21 Å (BCTMO2) 

and 0.16 Å (BCTMO3). On the other hand, the separation of the Ba1 atom 

from the Ba1–O2 plane negligibly decreases with substitution from 0.18368 

Å (BCTMO1) to 0.18323 Å (BCTMO2) and 0.18304 Å (BCTMO3), which 

is technically unreliable. However, there is a trend of reduction in the 

separation. Hence, one can visualise the effect as a probability without 

commenting strongly on such calculations. 

Hence, it is observed that the introduction of Mn enables the TM 

ions in the dimer to come closer to each other, whereas the introduction of 

Ca enables the reduction of the separations of the Ba(Ca) and O planes. Mn 

doping promotes the phase transition from P4mm to P63/mmc, and with 

higher doping to R3̅c while up to 20% Ca doping retains the P4mm phase 

[137]. Hence, a possible phase transition towards P63/mmc with doping of 

Mn can be counteracted through a simultaneous doping of Ca that tends to 

retain the P4mm structure. This struggle between the two mechanisms may 

have generated a mixed phase of the doped samples. 

The a and c lattice parameters of both phases reduce with 

substitution [Figure 3.5a]. Hence, the volume of the unit cell seems to be 

decreasing with an increase in doping concentration. This happens for both 

the P63/mmc and P4mm space group. As a result of this volume contraction, 

the c/a ratio of the P4mm phase also reduces continuously [Figure 3.5b]. 

The tetragonal lattice parameters a and c negligibly change from BTO to 

BCTMO1, then gradually decrease to BCTMO3. Similarly, the a and c 

lattice parameters of the hexagonal phase show a gradual decrease from 

BCTMO1 to BCTMO3. Changes in the lattice parameters can be explained 
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through the ionic radii of the dopants in the A-site and B-site. Ba2+ [1.75 Å 

(XII)] is replaced by smaller ionic radii Ca2+ [1.48 Å (XII)] at the A-site of 

BTO. However, Mn can have Mn3+ [0.785 Å (VI) high spin, 0.72 Å (VI) 

low spin] and Mn4+ [0.67 Å (VI) oxidation state] in the Ti4+ [0.745 Å (VI)] 

and Ti3+ [0.81 Å (VI)] sites [149]. The doping of lower ionic radii Mn4+ in 

the Ti4+ site reduces the lattice parameters. Meanwhile, Mn3+ doping will 

enhance the lattice parameters. Although there is a reduction in lattice 

parameters due to A-site modifications arising from the competition of Mn3+ 

and Mn4+ oxidation states in the Ti site, the lattice parameters are not 

changed drastically. There are only minor changes in the c/a ratio, indicating 

the retention of tetragonality even for the highest doped samples. 

 

Figure 3.5: (a) Variation in tetragonal and hexagonal lattice parameters with composition. 

(b) Variation in the average Ba/Ca–O and Ti/Mn–O bond lengths with composition. (c) 

Variation in the tetragonal and hexagonal volumes and the tetragonal c/a ratio with 

composition. (d) Variation in the tetragonal and hexagonal Ti–O–Ti bond angles with 

composition. 
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The dopant ionic radii also influence the average Ti/Mn–O and 

Ba/Ca–O bond lengths. There is a gradual reduction in these average bond 

lengths [Figure 3.5c]. Variations in the 180° Ti O–Ti bond angle in the 

tetragonal lattice were analysed and plotted [Figure 3.5d]. There is a slight 

decrease in the bond angle from BTO to BCTMO1, and then it gradually 

increases for BCTMO2 and BCTMO3. The hexagonal phase variation in 

the 90° Ti2–O1–Ti2 bond angle shows a decreasing trend. The changes in 

the bond angle in both phases indicated variations in the overlapping atomic 

orbitals and led to changes in the magnetic exchange interactions and 

variation in the magnetic properties. The probable changes in the magnetic 

exchange with the structure will be discussed later. 

 

3.2.2 Raman spectroscopy analysis  

The Raman spectrum of all the samples reveal an E(TO) phonon 

mode at 40 cm-1, A1(TO) mode at 280 cm-1, B1/E(LO + TO) mode at 305 

cm-1, A1(TO)/E(TO) mode at 520 cm-1, and A1(LO)/E(LO) mode at 720 cm-

1 corresponding to a tetragonal P4mm structure [Figure 3.6(a)] [150]. As the 

doping percentage increases, all the modes corresponding to the tetragonal 

structure were broader. This is an indication of the presence of different 

types of vibration due to the dopant-induced variations of bonds. Some 

phonon modes corresponding to the hexagonal phase are present in the 

doped samples at ~100 cm-1 [A1g], ~420 cm-1 [E2g], and 635 cm-1 [A1g] 

[151]. The coexistence of the characteristic peaks of both tetragonal and 

hexagonal phases in the doped samples confirms the dual-phase nature of 

the samples. Figure 3.6 b and c show the variation in intensity and 

broadening of the tetragonal B1/E(LO + TO) mode at ~305 cm-1 and 

hexagonal A1g mode at ~635cm-1, respectively. The intensity of the ~305 

cm-1 mode was extracted by subtracting the background. The relative 

intensity of this peak for each sample concerning the BTO sample 

(Isample/IBTO) was calculated and found to decrease with increasing doping 



 

113 
 

concentration, revealing the reduction of the tetragonal phase. On the other 

hand, the relative intensity of the hexagonal A1g mode at ~635 cm-1 

(Isample/IBCTMO3) was calculated and found to increase with higher doping 

concentrations, revealing the enhancement of the hexagonal phase. This is 

by the correlated XRD studies [Figure 3.6(d)]. Due to the presence of a 

heavier Mn ion with respect to the Ti ion, a probable redshift is observed 

for the characteristic peaks of both the phases [Figure 3.6(e)]. 

 

Figure 3.6: (a) Raman spectra of all samples. (b) Zoomed image of the variation in the 

305 cm-1 tetragonal mode. (c) Zoomed image of the variation in the 635 cm-1 hexagonal 

mode and 720 cm-1 tetragonal mode. (d) Variation in the intensity of the 305 cm-1 and 635 

cm-1 modes with composition. (e) Variation in the Raman shift of the 305 cm-1 and 635 cm-

1 modes with composition. 

 

3.2.3 XPS analysis  

XPS analysis of each element was performed to understand the 

oxidation states of various elements present in the material. The oxidation 

state is important to understand, as the bonding of electrons with the 

neighbouring ions correlates to the structure and hence the physical 

properties. Due to spin-orbit interactions, Ba 3d, Ca 2p, Ti 2p, and Mn 2p 

peaks display doublet features with two separated peaks. The area fraction 

of each ion can be calculated with the general formula [An+]/ ([An+]+[Am+]), 

where A is an ion with multiple oxidation states (n+ and m+), with [An+] 
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and [Am+] being the area under the corresponding peaks in the XPS 

spectrum. This area fraction can be treated as the contribution of An+ content 

over Am+. The area fractions of Ti3+ over Ti4+ (fTi3+) and Mn3+ over Mn4+ 

(fMn3+) are calculated from the deconvoluted XPS spectra. The fractions fTi3+ 

and fMn3+ contain information about the loss of positive charge. It should be 

noted that Ba and Ca are predominantly in the +2-charge state without the 

possibility of any other state. Hence, the effective cationic valence state will 

be dictated by these fractions. To maintain the charge neutrality of the 

crystal structure, an easy solution is to have an oxygen deficiency. 

Therefore, fTi3+ and fMn3+ were analysed with increasing amounts of doping 

since the variation of the amount of these 3+ cations can indirectly provide 

the variation of OV in the material.  

 

Figure 3.7:  Deconvoluted XPS spectra of the BCTMO1 sample. (a) Ba 3d, Ti 2p, and O 

1s data before etching. (b) Ba 3d, Ti 2p, and O 1s data after etching. 

To investigate the differences between the surface construction and 

the bulk structure, the samples were investigated before and after etching 

with Ar gas. The comparison of the data before and after etching revealed 

interesting removal of XPS peaks corresponding to the adsorbed species on 

the surface for the O 1s and Ba 3d XPS spectra. The deconvoluted XPS 

spectra before and after etching for BCTMO1 are shown in Figures 3.7 and 
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3.8.  Figure 3.10_1 to 3.10_5 shows the deconvoluted spectra of all samples 

for Ba 3d, Ca 2p, Ti 2p, Mn 2p, and O 1s.  

The Ba XPS spectra [Figure 3.10_1(a)] reveal a doublet 

corresponding to the Ba2+ state Ba 3d5/2 at 779.6 eV and Ba 3d3/2 at 794.9 

eV in BTO with spin-orbit splitting energy of 15.3 eV. These peaks resemble 

the reported features of the Ba2+ state in the perovskite BaTiO3 [152]. 

Shoulder peaks appear for both features corresponding to the different 

chemical state of the Ba atom on the surface. There is a decrease of binding 

energy (B.E.) ~1eV for Ba 3d5/2 for all doped samples concerning BTO, 

indicating the modification of the Ba environment with doping. The etched 

data shows a shift towards a higher B.E. of ~1eV for the doublet in 

comparison with that before the etching process. The shoulder peaks of Ba 

disappeared in the etched data [Figure 3.7b]. This corresponds to the surface 

adsorbed phase, which is removed after the etching process. Some reports 

claim that this is the adsorbed BaCO3 on the surface of the sample [153], 

while another claim is surface phase related to a relaxation of the residual 

strain [154]. Wegmann et al. [155] stated that the observation of carbonate 

in the XPS spectra is difficult because it forms discrete particles rather than 

a continuous surface layer. Hence, the residual strain near the surface plays 

a major role in the origin of this shoulder peak, while BaCO3 contamination 

does not. 

The Ca 2p XPS spectra of the BCTMO sample [Figure 3.10_2(a)] 

shows a doublet corresponding to the Ca2+ state at 347.63 eV (2p3/2) and 

351.23 eV (2p1/2) with a spin-orbit splitting energy of 3.6 eV. These peaks 

resemble the reported features of the Ca2+ state in the perovskite CaTiO3 

[156]. Note that no prominent shoulder peaks are revealed for both features, 

hinting at no probable different chemical state of the Ca atom on the surface. 

This indicates that Ca may not be prominently diffused to the surface of the 

particles or may not have participated in the process of adsorption. The 

positions of the Ca 3d5/2 and Ca 3d3/2 doublets have no major changes in the 
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binding energies of the Ca ions in the doped samples, maintaining the spin-

orbit splitting energy of 3.6 eV, indicating a similarity in the Ca environment 

or bonding. There were no significant changes observed in the Ca 2p XPS 

spectra after the etching process [Figure 3.10_2(b)]. 

Figure 3.8: Deconvoluted XPS spectra of all the samples. (a) Ca 2p and Mn 2p data before 

etching. (b) Ca 2p and Mn 2p data after etching. 

The O 1s XPS spectra of BTO can be deconvoluted to three peaks 

[Figure 3.10_5(a)] corresponding to the binding energy (B.E.) of lattice 

oxygen (OI) at ~529–530 eV, a second peak feature (OII) at ~531–532 eV, 

and a third feature corresponding to adsorbed oxygen (OIII) at ~532.5–533.5 

eV. These values are in accordance with the literature [157]. The 

contribution of OI is from the O atoms bonded to Ba, Ca, Ti, and Mn ions 

in the samples. On the other hand, the origin of OII is controversial and has 

been explained as a contribution from both chemisorbed oxygen species 

(e.g., hydroxyl groups) [158], [159] and oxygen vacancies OV [160], [161], 

[162]. A third feature of OIII is a contribution from the surface adsorbed 

carbonates (CO3
2- ) and water molecules (H2O) [158]. In natural conditions, 

there is an adsorption of water molecules that contributes to the OIII feature 

due to atmospheric exposure. 
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There are numerous reports relating the OII feature (B.E. between 

531–532 eV) to the presence of OV. For example, Wang et al. reported that 

the generation of OV with an increase in the OII peak intensity in Fe2O3 with 

an increasing annealing time in an N2 atmosphere; namely, a reduced 

atmosphere reveals the connection between OII and OV [162]. However, this 

was an ex-situ study, which could have involved contributions from external 

contaminants. A recent in situ XPS study revealed an unchanged spectrum 

before and after reduction [163], [164], providing strong support for the 

non-OV origin of OII. Also, the absence of an O 1s electron in the case of an 

OV has been projected as a non-OV origin of OII [159], [165]. Hence, it is 

difficult to judge the actual origin of OII from the literature. 

However, it is hard to believe that a crystal is so perfect that no OV 

will be present, and the presence of OV will leave no mark on the XPS 

spectra. A loss of one O-atom should lead to a change in the electronic 

charge distribution of the neighbouring cations, which can be evident from 

a dislocation of the position of these cations [162]. Moreover, the 

coordination and valence state of the cations will likely differ due to the OV 

[160]. This dislocation and modification will affect the local bonding of the 

nearest O atoms and lead to changes in the binding energy. Hence, one 

should see an OV feature in the XPS spectra. However, it is questionable 

whether the OII contribution is from OV or chemisorbed species. The O 1s 

XPS data of the etched samples [Figure 3.10_5(b)] revealed a complete 

removal of the OIII feature with a reduction of the OII feature. Note that 

etching is a process where inert atoms are bombarded on the sample surface 

to tear off the surface atoms from the surface layers and expose the inner 

bulk layers, where chemisorption is not possible. A complete removal of the 

OIII feature is strong evidence of this occurrence. The reduction of the OII 

feature also supports the view that OII does have a component of 

chemisorption. However, the retention of the feature in a reduced form may 

be the contribution of other sources, such as OV. Analysis of the etched O 

1s XPS data reveals a continuous rise of OII with doping [Figure 3.9b]. 
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Figure 3.9: Fractional variation in fOII, f3+ (a) before etching and (b) after etching [inset 

shows the individual variation of the fractional area of fTi3+, fMn3+ 

The Ti 2p XPS spectra in BaTiO3 are a strong feature and reveal a 

doublet Ti 2p3/2 and Ti 2p1/2. In the BTO sample, this doublet is observed 

at ~459.16 eV (Ti 2p3/2) and ~464.86 eV (Ti 2p1/2) with a spin-orbit splitting 

energy of 1.7 eV [Figure 3.10_3(a)]. These peaks are consistent with the 

Ti4+ oxidation state [150]. Peaks corresponding to Ti3+ are obtained at 

~458.61 eV (Ti 2p3/2) and ~463.91 eV (Ti 2p1/2) [166]. There is an increase 

of B.E. by ~0.5 eV for Ti 2p1/2 for all doped samples concerning BTO, 

indicating the modification of the Ti environment with doping. There was a 

slight increase in the area fraction of fTi3+ from ~23% to 26% from BTO to 

BCTMO1. Thereafter, there was a reduction to 24.8% in BTCMO2 and 24% 

in BCTMO3 [Figure 3.9(a) inset]. There are minor differences in the area 

fractions of fTi3+ between the BCTMO samples. Ti 2p etched XPS data 

shows a shift of ~1 eV lower B.E. after the etching process [Figure 

3.10_3(b)]. There is a shift towards higher B.E. for Ba after etching. This 

corresponds to the structural influence of the etching process on the material 

[167]. After etching, fTi3+ shows a gradual increase from ~29% to 36% from 

BTO to BCTMO3 [Figure 3.9(b) inset]. 

The Mn2p XPS spectra of the doped BCTMO samples [Figure 

3.10_4(a)] revealed two doublets corresponding to Mn3+ at binding energies 

of 641.05 eV and 652.45 eV with spin–orbit splitting of 11.4 eV and 
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doublets for Mn4+ at 642.59 eV and 653.89 eV for BCTMO1 [168]. The 

area fraction of fMn3+ and fMn4+ reveals the presence of both Mn4+ and Mn3+ 

ions, with a dominance of Mn3+ over Mn4+. The value of fMn3+ decreased 

from BCTMO1 to BCTMO3 for both before and after the etching process 

[inset of Figure 1 .9(a) and (b)]. The simultaneous variation of Ti3+ and Mn3+ 

will contribute to the effective charge of 3+ cations. Hence, the fraction of 

3+ valence state ions can be calculated from the equation f3+ = (1-x)fTi3+ 

+(x)fMn3+, where x is the doping fraction. There was an increase of f3+ from 

23% in BTO to 27.5% in BCTMO1; thereafter, it remained unaffected in 

BCTMO2 and BCTMO3 [Figure 3.9(a)] before the etching process. 

Meanwhile, there is a gradual increase of f3+ from 22% to 38% with doping 

after the etching process [Figure 3.9(b)]. Although the origin of the OII peak 

in the O 1s spectra cannot be claimed as proof for the OV, the increase in f3+ 

correspondingly increases the OV in these samples.  

Figure 3.10_1: Deconvoluted XPS spectra of all the samples. (a) Ba 3d before etching. 

(b) Ba 3d after etching  
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Figure 3.10_2: Deconvoluted XPS spectra of all the samples. (a) Ca 2p before etching. 

(b) Ca 2p after etching. 

 

 

Figure 3.10_3: Deconvoluted XPS spectra of all the samples. (a) Ti 2p before etching. (b) 

Ti 2p after etching. 

 



 

121 
 

 

Figure 3.10_4: Deconvoluted XPS spectra of all the samples. (a) Mn 2p before etching. 

(b) Mn 2p after etching. 

 

Figure 3.10_5: Deconvoluted XPS spectra of all the samples. (a) O 1s before etching. (b) 

O 1s after etching. 
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3.2.4 Magnetic properties  

Incorporating Mn ions introduces magnetic properties in the 

materials, which can be realised from RT M–H plots of the materials [Figure 

3.11]. Magnetisation in emu per gram (emu per g) is plotted with applied 

magnetic field in Oersted (Oe). Pure BTO is diamagnetic, exhibiting a 

negative magnetic moment with an applied magnetic field. This 

diamagnetic nature also confirms that the Ti ions are in the Ti4+ state, having 

d0 electrons with no possibility of a magnetic moment. The ‘s’ type nature 

of the diamagnetic loop [Figure 3.11(a)] indicates the feeble FM ordering. 

Figure 3.11a1 shows the M–H loop after diamagnetic subtraction. The 

zoomed image of this FM hysteresis [Figure 3.11(a2)] shows remnant 

magnetization, Mr of ~0.35 ×10-3 emu per g, saturation magnetization, Ms 

~4 ×10-3 emu per g and a coercive field, Hc of ~85 Oe. An ‘s’ type M–H 

loop is observed with an unsaturated magnetic moment with the 

incorporation of Ca and Mn in the BCTMO1 sample [Figure 3.11(b)] due 

to the presence of a weak FM in the paramagnetic background. After careful 

subtraction of this paramagnetic background, a saturated ferromagnetic 

loop is obtained [Figure 3.11(b1)]. The magnetisation values obtained for 

the BCTMO1 sample are an Mr of 1.800 ×10-3 emu per g, Ms of ~17 ×10-3 

emu per g, and Hc of ~138 Oe [Figure 3.11(b2)].  

Note that the Mr and Ms of BCTMO1 are three times higher than the 

BTO sample (Table 3.1). However, an entirely paramagnetic behaviour is 

observed in BCTMO2 and BCTMO3 samples with no opening of a possible 

loop [Figure 3.11c and d]. The comparison of the variation of the 

diamagnetic subtracted M–H loop of BTO, paramagnetic subtracted M–H 

loop of BCTMO1, together with BCTMO2 and BCTMO3, is plotted in 

Figure 1.12, and the inset shows the zoomed image of the M–H loop 

indicating the variation of Mr. 
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Figure 3.11: M–Hloop of (a) BTO. (a1) Diamagnetic subtracted M–H loop of BTO. (a2) 

Zoomed-in plot of the diamagnetic subtracted M–H loop of BTO. (b) M–

HloopofBCTMO1.(a1) Paramagnetic subtracted M–H loop of BCTMO1. (a2) Zoomed-in 

plot of the paramagnetic subtracted M–H loop of BCTMO1. (c) M–H loop of BCTMO2. 

(d) M–H loop of BCTMO3. 

There is a gradual increase in the hexagonal phase from 12% to 55% 

from BCTMO1 to BCTMO3. However, FM is only observed for the 

BCTMO1 sample. Hence, the contribution of FM has a different origin. A 

literature survey reveals that FM can occur from a double exchange 

mechanism in the dimer section (between Ti2 sites) of the structure in the 

hexagonal phase. In the case of Mn doped BTO, Mn3+–O–Mn4+ (90°), 

Mn3+–O–Ti4+ (90°), Mn4+–O–Ti3+ (90° ) or a Ti3+–O–Ti4+ (90°) double 

exchange mechanism can induce FM and Ti3+–O–Ti3+, Mn3+–O–Mn3+ 

(90°), Mn4+–O–Mn4+ (90°), and Mn3+–O–Ti3+ (90°) can induce AFM. 

Statistically, the chances of Mn3+ being in the vicinity of another Mn3+ for 

lower percentages of doping are low. Similarly, the same can be said about 

the proximity of Mn3+ with Ti3+ or Ti3+ with another Ti3+ inside the dimer 

due to the low percentage of doping in these samples. Hence, double 

exchange FM mechanisms are the most likely to occur with Ti3+–O–Ti4+ 

(901) and Mn3+–O–Ti4+ (901). On the other hand, the exchange interaction 

between the Ti1 sites and the Ti1 and Ti2 sites in Mn-doped BaTiO3 is 

reported to be very weak and considered as paramagnetic behaviour [169]. 
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Considering the percentage of the hexagonal phase and the magnetisation 

results, it is logical to believe that the hexagonal phase leads to 

paramagnetic behaviour in these materials and does not contribute to 

magnetic ordering. 

The most described mechanism of magnetic ordering in tetragonal 

BTO for such lower magnetisation values (~meV) is correlated with the 

bound magnetic polarons (BMPs) formed due to the trapped electrons in the 

OV [170], [171]. Many TM-doped tetragonal BTO samples exhibit a 

magnetic nature due to BMPs. OVs in BTO can trap the electrons locally 

and create F centers. The magnetism due to the F-center exchange 

mechanism arises in the OV–Ti3+/Mn3+/Mn4+ networks. The spin 

polarisation of the 3d electron occurs when an electron at the Ov site binds 

with the localised 3d electron. 

The electrons in the (Ov) and 3d electrons of TM ions exhibit FM 

exchange interaction, resulting in the formation of BMPs. The short-range 

ordering of these BMPs includes exchange interactions, and several such 

BMPs can lead to magnetic ordering in the material. The origin of weak 

ferromagnetism shown by BTO is due to these BMPs. 

 

Figure 3.12: M–Hloop of BTO (after diamagnetic subtraction), BCTMO1 (after 

paramagnetic subtraction), BCTMO2, and BCTMO3. The inset shows the zoomed image 

of the M–H loop. 
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Table 3.1: Magnetic measurement results 

Sample Ms (emu per g) 

(×10-3) 

Mr (emu per g) 

(×10-3) 

Hc (Oe) 

BTO 4 0.35 85 

BCTMO1 17 1.8 138 

BCTMO2 - - - 

BCTMO3 - - - 

 

In the BCTMO1 sample, the tetragonal phase is the dominant phase, 

and the enhanced number of Ovs leads to an increase in BMPs. The presence 

of Ti3+ and Mn3+ contributions leads to a short-range FM exchange 

interaction of Mn3+/Ti3+–O Ti4+ in the tetragonal lattice. This exchange 

interaction and the BMPs contribution result in a weak FM along with a 

paramagnetic background of the hexagonal phase in BCTMO1. Another 

supportive structural indication for FM of BCTMO1 is from the XRD 

analysis. The ~180° Ti/Mn–O Ti/Mn bond angle was found to be the 

minimum for the BCTMO1 sample. This angle was ~167° for BTO, 164° 

for BCTMO1, 174° forBCTMO2 and 172° for BCTMO3. A stronger 

hybridisation of the orbitals is possible for a lower bond angle, which 

favours a stronger superexchange interaction. The minimum Ti–O–Ti bond 

angle in BCTMO1 is supportive of the strongest Mn3+/Ti3+–O–Ti4+ FM 

exchange interaction. These interactions are short-range, leading to weak 

magnetic ordering. 

In BCTMO2 and BCTMO3 samples, the incorporation of more 

dopants accelerates the tetragonal to hexagonal phase transition due to the 

increase of OV. It is logical to expect the hexagonal phase to absorb the OV 

and the 3+ cations that were formed, thereby reducing the number of defects 

(3+ ions and OV) in the tetragonal lattice. This reduces the chances of BMPs 

and Mn3+/Ti3+–O–Ti4+ FM exchange interactions in the tetragonal phase. As 

the hexagonal phase increases, the samples become completely 

paramagnetic. This is the reason why magnetic ordering is absent in 
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BCTMO2 and BCTMO3, and they completely behave as paramagnetic 

materials. 

3.2.5 Ferroelectric properties  

The P–E hysteresis loop is a characteristic of FE in materials. Before 

the application of any electric field, E = 0, any FE material should display 

zero net polarisation due to the randomly oriented FE domains. P–E 

measurements are performed by the application of an AC electric field with 

a magnitude of 20 kVcm-1and frequency of 20 Hz [Figure 3.13]. In the case 

of lossy FE, this method yields a faulty assessment of the saturation 

polarisation due to the response of the dipoles to the electric field in the 

presence of active transport possibilities of charge carriers. Hence, a P–E 

loop is not conclusive to determine whether the material has an FE 

component for electrically conductive FE materials. To overcome this 

problem, the PUND measurement is a standard FE test to determine the 

switched and unswitched polarisation, with the difference providing the 

actual FE polarisation [172]. 

A proper saturated P–E loop is observed for BTO with a saturation 

polarisation Ps of ~11.5 µC/cm2 and remnant polarisation, Pr of ~4.5 

µC/cm2. This is due to the formation and alignment of the domains and 

domain wall movements with the application of the field. The grain size, 

domain wall density, Ovs, and multiple valence states of the dopant ions can 

significantly influence the FE properties of these materials [173]. 

Cigar-shaped [174] lossy unsaturated pinched P–E loops are 

observed for the BCTMO samples. A closer look at the polarisation 

hysteresis loops [Figure 3.13(a)] reveals the unsaturated P–E loops for 

BCTMO1, BCTMO2, and BCTMO3. The unsaturated nature is a signature 

of the conductive properties of these samples, while the loop itself is the 

proof of a weak FE in these materials. The unsaturated nature is a result of 

leakage currents and dielectric (non-FE) polarisation due to defect dipoles, 

mostly in the hexagonal phase. Meanwhile, it is difficult to deconvolute the 



 

127 
 

contributions from the FE and non-FE components of the polarisation 

except for attaining a combined result in the form of unsaturated P–E loops. 

Variation of P–E loops between the samples is shown in [Figure 3.13(b)] 

and the inset shows the zoomed image of the P–E loop indicating the 

variations of remnant polarisation between the samples. 

 

Figure 3.13: (a) Room temperature P–E loop of all the samples. (b) Comparison of the 

room temperature P–E loop of all the samples. [Inset: zoomed-in image showing the 

variation in the Pr value of all the samples. (c) Variation in Pm and Pr obtained from the 

unsaturated P–E loop. 

Since there is no saturation polarisation, the highest polarisation 

obtained can be named as maximum polarisation, Pm. It can be an 

accumulation of both the FE and non-FE components of the polarisations. 

This is better understood in these materials as the Pr continuously decreases 

with the reduction of the tetragonal phase content, while the Pm reduces until 

BCTMO2 but increases for BCTMO3, where the contributions of the defect 

dipoles increase with the drastic increase of the hexagonal phase component 

[Figure 3.13(c)]. 

Pinching of the P–E loops arises from the pinning of the charged 

defect dipoles on domain wall motion in perovskite ceramics [175]. Three 

main microscopic mechanisms have been proposed for the origin of the 

pinching effect for the P–E loop: (a) volume effect, (b) domain wall effect, 
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and (c) grain boundary effect [176]. According to the volume effect model, 

unintentional and intentional defects that can be present in the system are 

stabilised in preferred lattice sites, creating an internal bias that constrains 

the switching of the polarisation along specific directions. The presence of 

OV in the bulk BaTiO3 can create defect dipoles with trivalent cations like 

Ti3+–OV and dopant cations like Mn3+–OV, which can stabilise the domain 

structures [177], [178]. Upon the application of a field, the bulk dipoles 

align with the field. However, these defect dipoles cannot orient along the 

field due to their structural limitations. Following removal of the field, a 

restoring force is created due to the rigidity of these defect dipoles that 

accelerates the domain back-switching to its original state towards zero net 

polarisation. Therefore, the remnant polarisation will decrease at a 

particular reducing field than what it would have been in the absence of the 

defect dipoles due to the intrinsic FE, since the polarisation will be lower. 

This gives the P–E loop a pinched nature [178]. The domain wall effect is 

based on the concept that mobile defects can diffuse towards domain walls 

to minimise the local depolarising fields and may act as pinning agents on 

domain walls. The OVs migrate to the domain walls and fix the motion 

[179]. These defects in the domain walls have a fixed dipole moment that 

restricts the movement of the domain dipoles, thereby having a pinching 

effect. In the grain boundary effect, the interface regions between dissimilar 

phases, such as undesired secondary phases, pores, and electrodes, are often 

the location of space charge accumulation. Such space charge defects are 

yet another source of internal bias field responsible for the deformations and 

asymmetries in the hysteresis loops [176]. 

From the XPS, it is already observed that there are multiple 

oxidation states of Mn and Ti in BCTMO samples. The ideal oxidation state 

of the B site is Ti4+, which should be ideally replaced by Mn4+. However, 

the incorporation of Mn in the lattice results in a net increase in 

concentrations of +3 valence cations (Ti3+ and Mn3+) from BTO to 

BCTMO1, and it remains steady thereafter. There has been a continuous 
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increase in the quantity of OV. Hence, the pinching should increase 

proportionately from BCTMO1 to BCTMO3. However, an insignificant 

pinching is visible for the BCTMO2 sample. This anomalous behaviour of 

BCTMO2 concerning BCTMO1 and BCTMO3 can be explained by 

different pinching mechanisms between these samples. 

In the BCTMO1 sample, the major phase is tetragonal. Hence, there 

is a dominant presence of Mn3+ and OV in the tetragonal lattice, thereby 

increasing the chances of a bulk effect of pinching. In BCTMO2, the 

proportion of the hexagonal phase increased. The hexagonal phase arises 

due to the presence of Ovs and increased trivalent B-site cations. Hence, the 

hexagonal phase is most probably an absorber of trivalent cations and a 

larger proportion of the Ovs in this sample, thereby reducing the bulk defect 

dipoles and pinching due to the bulk or domain wall contribution. However, 

the grain boundary contribution should contribute to the pinching, which is 

much less in BCTMO2 than in BCTMO3, which has a major hexagonal 

phase. Hence, one can observe a variation of the mechanism of pinching 

from a bulk to a more grain boundary effect in these samples. 

One must also note that ageing of the samples is sometimes 

responsible for such pinched loops [180]. In these samples, the ageing effect 

can be negated as the data have been taken from freshly prepared samples.  

  3.2.5.1 PUND measurement 

The P–E loop of the doped samples is not saturated and shows a 

leaky behaviour. To distinguish FE switching from artefacts for non-

saturated P–E loop PUND (positive-up and negative down), pulse 

measurements were done. In this method, a series of voltage pulses was 

applied, and polarisation was measured by switching and non-switching 

voltages. This allows for the separation of the different components of the 

electrical response of an FE material.  
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The PUND measurement is a standard ferroelectric test consisting 

of five pulses applied in sequence. The pulses are of the same 

(programmable) pulse width, with a fixed delay time between the pulses, 

and are of the same magnitude (|VMax|). The first pulse is in the negative 

VMax direction. It is not measured, but is used to preset the sample into the 

particular polarisation (µC/cm2) state. The next two pulses are in the 

positive VMax direction. The first switches the polarisation, and the second 

does not, so that both switched and unswitched polarisations are measured. 

At each pulse, measurements are made with the pulse voltage applied after 

the pulse width and again after the voltage returns to zero, and a delay of 

the pulse width (ms). The last two pulses are in the negative VMax direction, 

with the first pulse switching the sample and the last pulse maintaining the 

switched state.  During the first voltage pulse (P), all active mechanisms 

will bring their contribution to the measured current, including leakage 

currents, dielectric displacement current, and ferroelectric displacement 

current. During the second voltage pulse of the same polarity (U), since all 

dipoles have been switched, leakage currents, dielectric displacement 

current will contribute to this pulse. Hence, the subtraction of polarisation 

in U from polarisation in P gives the value of actual polarisation.  

 

Figure 3.14: PUND measurement of all doped samples at 1.5 kV. 
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The PUND measurement was done at a voltage of 1.5kV with a 

pulse width of 1 ms and a delay time of 1 ms. Switched and unswitched 

polarisation is measured in both the positive and negative directions at the 

pulse voltage and zero volts. Switched measurements are designated ‘‘P*’’ 

(P-Star) and unswitched measurements are called ‘‘P^’’ (P-Hat). 

Measurements at zero volts are distinguished by an appended ‘‘r’’. 

Therefore, the eight measurements are ±Pand±P^ and ±P^r. The net 

switching polarisation (dP) was evaluated using the following relation: 

2(dP) = [(+P*) - (+P^)] + [(-P*)-(-P^)] and the true remnant polarisation 

2dPr= [(+P*r)-( +P^)]+[(-P*r)-(-P^). The results obtained from PUND for 

all doped samples are plotted in Figure 3.14, and the obtained values are 

added in Table 3.2. The switching polarisation and true remnant polarisation 

from FE are obtained as 0.0495 µC/cm2 and 0.2929 µC/cm2 for BCTMO1, 

0.0259 µC/cm2 and 0.0957 µC/cm2 for BCTMO2, and 0.0012 µC/cm2 and 

0.0020 µC/cm2 for BCTMO3. These values of a finite switching 

polarisation and remnant polarisation confirm the presence of FE in these 

materials. However, the transport properties of these materials are enhanced 

due to the presence of OVs and Ti3+, thereby transforming these materials 

into leaky FE. Although the P–E loops of the doped samples are unsaturated 

and indicate leaky behaviour, the PUND measurement proved that the 

samples are not completely leaky, with BCTMO1 exhibiting the maximum 

FE among the doped samples and contributing to the actual FE polarisation. 

Thus, a balance of FM and FE only coexists in the BCTMO1 

sample, thereby introducing a multiferroic nature. Higher doping in 

BCTMO2 and BCTMO3 enhances the hexagonal phase and reduces the 

possibilities of FM exchange interaction and F center exchange in BMPs, 

and introduces a lossy nature in the lattice, thereby destroying the chances 

of multiferroicity. 
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Table 3.2: PUND measurement results of the BCTMO samples with unsaturated P-E loops 

Pulse Applied voltage 

(kV) (Vmax)  

Measured 

values 

BCTMO1 

(μC/cm2) 

BCTMO2 

(μC/cm2) 

BCTMO3 

(μC/cm2) 

1 -1.5 None - - - 

2 1.5 P* 4.36908 

 

1.51114 

 

0.20365 

 

 0 Pr
* 0.73448 0.20373 0.00794 

3 1.5 P^ 4.32061 1.4952 0.20256 

 0 Pr
^
 0.41005 0.10576 0.00619 

4 -1.5 P*
 -4.71032 -1.50941 -0.203 

 0 Pr
* -0.8522 -0.20289 -0.00729 

5 1.5 P^ -4.65976 -1.47351 -0.20169 

 0 Pr
^ -0.59091 -0.10943 -0.00501 

Net Switching Polarisation, dP 0.04951 0.02592 0.0012 

True remnant polarisation dPr 0.2929 0.0957 0.0020 

 

3.2.6 Transmission Electron Microscopy  

 

High Resolution TEM image of all samples is shown in Figure 3.15. 

The BTO sample shows a long-range tetragonal lattice in (111) directions 

with a d spacing of 2.31 Å. The selected area electron diffraction pattern 

with bright spots in a ring pattern indicates the reflections from different 

zone axes of the tetragonal lattice structure. In the x=0.03 sample, there are 

two kinds of lattice structure corresponding to the tetragonal and hexagonal 

lattices. The (103) planes of a hexagonal lattice with d spacing 3.4 Å are 

parallel with the (102) planes of a tetragonal lattice with d spacing 1.8   Å.   

The boundary between the two lattices indicates a deviation from 

the lattice planes of the tetragonal and hexagonal lattices. x=0.06 sample 

shows the coexistence of parallel tetragonal (002) (d spacing 2.01 Å) planes 

and hexagonal (006) (d spacing 2.01 Å) planes. X=0.09 shows the 

tetragonal (101) and hexagonal (104) planes. 

SAED pattern of the x=0.09 hexagonal region shows blurred spots 

with ring patterns for different lattice planes of the hexagonal lattice. The 

existence of both lattice structures in doped samples indicates that Ca and 

Mn doping stabilise the hexagonal structure in tetragonal BTO. The TEM 
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image shows how the hexagonal and tetragonal lattices are interlinked with 

each other, which leads to the influence of one lattice modification over the 

other and related MEC. 

 

Figure 3.15: x=0 →(a) TEM image of tetragonal lattice, (b) background subtracted lattice 

plane image of (a), SAED pattern of (a), x=0.03→ (a) TEM image of hexagonal and 

tetragonal lattice, (b),(c),(d) background subtracted lattice plane image of selected region. 

x=0.06→ (a) TEM image of hexagonal and tetragonal lattice, (b),(c),(d) background-

subtracted lattice plane image of selected region. x=0.09→ (a) TEM image of hexagonal 

and tetragonal lattice, (b),(c),(d),(e) background-subtracted lattice plane image of selected 

region, (f) SAED pattern corresponding to the hexagonal region. 
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3.2.7 Magnetoelectric coupling in BCTMO1 

 BCTMO1 shows both Fe and FM ordering, indicating multiferroicity in the 

material [Figure 3.16(a) and (b)]. However, the existence of two ferroic 

orders does not ensure coupling between the two. In this case, coupling 

between FM and FE (i.e., a ME coupling) is more desirable for practical 

applications than just the mere presence of the two.  

According to Landau’s theory, ME coupling interactions are 

obtained by the free energy of a system in terms of magneto-electric order 

parameters, with magnetisation (M) and polarisation (P) at constant 

temperature, approximated by Taylor’s expansion of the free energy [123]: 

   F(E, H) = F0 -Pi
sEi- Mi

sHi- ½ ε0εijEiEj- ½ μ0μijHiHj -αijHjEi-1/2βijkEiHjHk 

                    -½ γijkHiEjHk 

Where F0 is the ground state free energy, subscripts (i, j, k) refer to the three 

components of a variables in spatial coordinates, spontaneous polarization 

and magnetization is represented by Pi
s and Mi

s, Ei and Hj are the 

components of the electric field E and magnetic field H. Dielectric and 

magnetic susceptibilities of a vacuum are given as ε0 and µ0 and εij and µij 

are the second order tensor of dielectric and magnetic susceptibilities. αij is 

the component of the tensor α, which is designated as the linear ME 

coefficient, and βijk and γijk are third-order tensor coefficients. 

The components of total electric polarisation, P, and magnetisation, 

M, can be obtained by the above equation concerning the electric field in 

the following equations: 

Pi (E, H) =  −
𝜕𝐹

𝜕𝐸
= Pi

s + ε0εijEj + αijHj +1/2βijkHjHk + 1/2γijkHjEk 

Mi (E, H) = −
𝜕𝐹

𝜕𝐻
= Mi

s + μ0μijHj + αijEj + 1/2βijkEjEk + 1/2γijkEjHk 

Magnetic field-induced total polarisation in the absence of applied 

electric field (E=0) is given by the following equation:  
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Pi (H) = αijHj +1/2βijkHjHk 

These equations are used for experimental calculations of the ME 

coupling coefficient [18]. The magnitude of the linear ME effect in the 

material is determined by the tensor αij, and nonlinear ME effects are 

determined by the tensors βijk:  

δPi/δHj = αij +1/2βijkHk 

Hence, Pi varies linearly with Hj for the linear ME coupling effect. 

The numerical value for ME coupling is denoted by αME, which is the 

voltage generated in the ME material by the application of a magnetic field. 

The coefficient αME is related to αij as αME = αij/ε0εr [183]. 

The ME measurement can be determined using three methods: 

static, quasi-static, and dynamic [129]. Induced electric charge is measured 

as a function of increased DC magnetic field in static ME measurements. 

The ME signal is measured as a function of time-varying applied magnetic 

field in the quasistatic method. Static and quasi-static methods have the 

drawback of charge accumulation at the sample surface. Dynamic ME 

coupling measurements avoid the errors due to charge accumulation. In this 

method, a DC magnetic field is provided by an electromagnet, and a small 

AC field is provided by a Helmholtz coil. Electrode charging and charge 

accumulation are avoided by superimposing an AC field of small magnitude 

on a DC magnetic field as bias. The usual practice of measuring 

magnetically induced αME is by measuring the open circuit induced voltage 

generated by the application of an AC +DC magnetic field [184]. Another 

possible approach to measure the αME is the net electric polarisation induced 

in the sample by the application of an AC+DC magnetic field. This method 

involves the measurement of the short circuit-induced current: electric 

polarisation. In this case, the experimental setup is like that used to measure 

electric polarisation hysteresis loops, except that the multiferroic sample is 

excited by external AC and DC magnetic fields instead of applied voltages. 

Since the sample was short-circuited when stimulated by the magnetic field, 
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the polarisation in the sample is measured, yielding αij. This value needs to 

be divided by the small signal capacitance of the sample at that magnetic 

field strength to convert it to αME. 

In this work, a dynamic ME measurement was performed on the 

samples by applying a combination of steady (DC) and alternating (AC) 

magnetic fields. The DC field was varied from 0 to 1500 Oe in steps of 100 

Oe, while an AC field of amplitude 40 Oe with a frequency of 1 Hz was 

applied. The generated polarisation, P, due to an applied magnetic field, H, 

is measured. The magneto-electric coefficient, αij = dPi/dHj, is measured by 

fitting the P vs. H plot. 

The structural ferroelectric and magnetic studies reveal that the 

existence of both ferroelectric and ferromagnetic ordering is obtained for 

BCTMO1 and is multiferroic in nature, and there is a possibility of coupling 

of this ferroic order that can lead to magnetoelectric coupling. Whereas 

BCTMO2 and BCTMO3 are not showing ferromagnetic ordering and show 

completely lossy ferroelectric behaviour, indicating no multiferroicity and 

hence no magnetoelectric coupling. While BTO shows very weak 

ferromagnetism along with ferroelectricity, and has a possibility of very 

weak ME coupling. Hence, ME coupling is possible for BTO and 

BCTMO1. For the ME voltage measurement, we have studied all the 

compositions. Since BCTMO2 and BCTMO3 are not multiferroic, there 

were no P-H loops obtained for these compositions; however, for BTO, the 

P-H loop obtained was almost at the level of noise, and analysis was not 

reliable for the ME coupling voltage generated and making it impossible to 

get a proper reading for the analysis. Hence, we report only BCTMO1, 

which is multiferroic and has a possibility of magnetoelectric coupling and 

provides a reliable P-H measurement for the analysis.  

The response of the P vs. H plot [Figure 3.16(c)] for a Hac of 40 Oe 

and 700 Oe DC field shows linear behaviour, indicating the direct coupling 

of ferroic orders. The obtained αME is plotted in Figure 3.16(d) by fitting the 
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P vs. H plot for different DC fields. The αME value increases with an applied 

DC field until 600 Oe, with nominal changes with an increase in the DC 

field thereafter. The highest value of coefficient αME obtained for this 

sample is weak, of the order of ~0.704 meV in an 800 Oe DC field and 40 

Oe AC field. The fitted value of αij is 0.0382, and βijk is 3× 10-6 and a small 

signal capacitance of 0.6169 nF at this magnetic field. In BTO, the ME 

coupling measurement provided noisy P–H measurement data, and analysis 

was not possible. For BCTMO2 and BCTMO3, paramagnetic behaviour 

and a high-loss FE nature neglect the possibility of ME coupling and do not 

yield proper P–H measurement results. Hence, the measurement of the ME 

coupling coefficient was not possible. 

 

Figure 3.16: (a) P–E hysteresis of BCTMO1. (b) M–H hysteresis of BCTMO1. (c) 

Polarisation with an AC magnetic field with a bias DC magnetic field of 600 Oe. (d) 

Variation in aME with a DC magnetic field at a constant AC magnetic field of 5 Oe. 

In the BCTMO1 sample, the short-range exchange interactions and 

BMPs in the tetragonal phase induce magnetic ordering with the application 

of a magnetic field, and this ordering is directly coupled with the tetragonal 
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FE domains and induced polarisation in the material. In the ME material, 

the nature of coupling [i.e., the coupling between the polarization (P) and 

magnetization (M)] might be bilinear (P–M), linear quadratic (P–M2), 

quadratic–linear (P2–M), biquadratic (P2–M2), linear–cubic (P–M3), cubic–

linear (P3–M), or involve higher order terms [68]. Among the possible 

natures of ME coupling, only P–M is direct coupling, while the other 

coupling takes place through elastic interactions. 

As we have obtained a linear response of induced polarisation with 

applied AC magnetic field, this indicates that ME coupling in this material 

is a bilinear P–M interaction through direct coupling of ferroic orders 

present in the same tetragonal phase. Also, the values of the linear coupling 

coefficient αij of the order of ~10-2 and the nonlinear coupling coefficient 

βijk of the order of ~10-6 indicate that the coupling is linear. Here, both 

magnetic and electric ordering are contributed by the tetragonal phase. The 

role of the hexagonal phase is to maintain an optimum number of defects in 

the tetragonal phase for the simultaneous existence of FM and FE and the 

ME coupling in BCTMO1. 

Table 3.3: Maximum polarisation, Saturation magnetisation, and magnetoelectric coupling values 

reported for single chemical phase bulk material at room temperature 

No Sample Maximum 

polarization 

Pm 

(µC/cm2) 

Saturation 

magnetization 

Ms 

emu/gm 

αME 

mV/cm. 

Oe 

Ref 

1 BaTiO3-LaFeO3 solid solution - 1.034 1.56 [185] 

2 BaTiO3-BiFeO3 solid solution 17 - 0.89 [186] 

3 Fe-doped BaTiO3 - 0.082 16 [187] 

4 Cr doped BaTiO3 3.7 0.008 13 [188] 

5 Sm doped 0.67-

BiFeO30.33BaTiO3 

35 - 0.55 [189] 

6 Er, Nb-doped BiFeO3 0.46 0.093 0.22 [190] 

7 Na0.5Bi0.5TiO3 31 5 4.18 [191] 

8 Sm and Fe doped Bi4Ti3FeO12+δ 12 22 0.84 [192] 

9 Yb and Mo doped BiFeO3 0.3 0.4 0.264 [193] 

10 Ca and Mn-doped BaTiO3  4.23 0.017 0.704 This work 
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Hence, the incorporation of Ca and Mn in BaTiO3 is responsible for 

the structural transformation from a solely P4mm phase to a mixture of 

P4mm and P63/mmc phases, with a major P4mm phase for x=0.03, 0.06, and 

a major P63/mmc phase for x=0.09. For x=0.03, the magnetism induced in 

the sample is FM in nature, while the FM nature weakens with higher 

doping percentages. The FE in the materials is modified within the 

corporation of Ca and Mn. The loss of FE, along with the incorporation of 

magnetic properties (especially in the case of x=0.03), seems to be 

influencing each other through direct magneto-electric coupling. The linear 

response of inducing polarisation with an AC magnetic field indicates direct 

ME coupling of the ferroic orders in x=0.03 and a lack of such coupling for 

higher doping. Table 3.3 shows a comparison of the different reported 

values of αME for bulk materials of a single chemical phase at room 

temperature. Although composite and heterostructures reveal a much higher 

value for αME, the direct coupling of ferroic orders, weakening of one ferroic 

order by the introduction of another ferroic order within the single phase, 

results in very weak coupling values in these materials. 

3.3 Conclusion  

Ba(1-x)Ca(x)Ti(1-y)Mn(y)O3 (x=y=0,0.03,0.06,0.09), has been prepared 

through sol–gel synthesis. XRD and Raman spectroscopy reveal 

characteristic peaks corresponding to a dual phase of ferroelectric tetragonal 

P4mm and ferromagnetic hexagonal P63/mmc space groups of BaTiO3. The 

ferroelectric hysteresis shows a saturated P–E loop for x = 0 and a lossy 

unsaturated pinched P–E loops for doped samples. M–H loops indicate 

diamagnetism for x=0, ferromagnetic hysteresis for x=0.03, and 

paramagnetic behaviour for the other samples. The multiple oxidation states 

of Mn3+, Mn4+, Ti3+, Ti4+, and the number of Ovs are the reasons for the 

ferromagnetism. A reduced O–Ti–O angle may be a consequence of an 

increased hybridisation of the 2p–3d orbitals in the x = 0.03 sample 

compared with the other samples, which may correlate with the enhanced 
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ferromagnetic double exchange interaction. The existence of both 

ferroelectric and ferromagnetism in x=0.03 leads to multiferroicity and 

magnetoelectric coupling. The structural studies confirm the presence of a 

major tetragonal phase for x = 0, 0.03, and 0.06. However, a hexagonal 

phase appears for the doped samples, and for x=0.09, the sample was mostly 

hexagonal. The hexagonal phase was minimal for x=0.03, hence the 

possibility of a ME coupling seems to be maximum. The magnetic studies, 

on the other hand, reveal that ferromagnetism was also maximum for the 

x=0.03 sample. This combination of maximised ferroelectricity and 

ferromagnetism ensures the possibility of ME coupling in the material. Note 

that the x=0.06 and x=0.09 do not reveal ferromagnetic ordering and are 

lossy ferroelectrics. Hence, the possibility of ME coupling is nullified.  

Induced polarisation with an applied magnetic field shows a linear response, 

indicating direct ME coupling in this material. A weak magnetoelectric 

coupling coefficient of αME ~0.704 mVcm-1Oe-1 was obtained for a DC 

magnetic field of 800 Oe and an AC magnetic field of 40 Oe. Hence, 

Ba(0.97)Ca(0.03)Ti(0.97)Mn(0.03)O3 is a magnetoelectrically coupled material. 

This ME coupling is absent for higher percentages of doping, revealing the 

adverse effect of higher percentages of Mn. 
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CHAPTER 4 
 

Hexagonal polymorphism induced structural 

disorder and dielectric anomalies of 

Ca/Mn modified BaTiO3 

Ba(1-x)Ca(x)Ti(1-y)Mn(y)O3 (x=y=0, 0.03, 0.06, 0.09) 

 

This chapter details the optical band gap modification of the Ca/Mn-

modified BaTiO3.  XAS analysis shows the valence state changes and local 

structural distortions. Experimental UV-DRS, PES studies, and Theoretical 

DOS and ELF calculations indicate the defect state formation within the 

band gap and the shift of band edges, and lattice distortion. Dielectric 

anomalies and diffuse phase transition have been studied in correlation with 

the structural changes. 
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4.1 Introduction 

Crystal structure is an inevitable part of determining multiple 

properties exhibited by different crystalline materials. BaTiO3 (BTO), one 

among the good ferroelectric materials, has been intensively studied for its 

multiferroic properties by doping it with Transition metal (TM) elements. 

With the modification, there may or may not be multiferroicity; however, 

these dopings can play an important role in the manipulation of the disorder-

induced electronic, dielectric, and ac conductivity of these materials. 

Depending on how the disorder influences these physical properties can be 

effectively used for various multifunctional applications like sensors, 

actuators, antennas, optoelectronic devices, etc.  

The modification of BaTiO3 through A-site and B-site doping is a 

widely explored method to tune its band gap for various applications, 

including optoelectronics and photovoltaics [194], [195], [196]. Its wide 

band gap (>3 eV) can hinder its application in fields like ferroelectric 

photovoltaics, as it limits the absorption of a significant portion of the solar 

spectrum. Substituting Sr²⁺ for Ba²⁺ in BTO (Ba1-xSrxTiO3) can lead to a 

reduction in the band gap [197]. Experimental and theoretical studies on 

these ceramics have shown variation in the energy band gap from 3.615 eV 

to 3.212 eV with Sr substitution, correlating with crystal symmetry 

transition. Doping Sn at the [198] A-site of BTO can generate impurity 

bands that alter the direct bandgap to an indirect one and decrease its value, 

reducing the electron excitation energy. (Ba₀.₈₇₅Sn₀.₁₂₅)TiO₃ exhibits p-type 

semiconductor characteristics, which improve the conductivity of BTO. The 

co-substitution of La³⁺ and Na⁺ in BTO ceramics, forming Ba(1-

x)(La,Na)xTiO₃ (BLNT), introduces structural disorder and A-site vacancies, 

which leads to the creation of shallow defects and a narrowing of the band 

gap energy [199]. The replacement of transition metal ions at B-sites in 

BTO-based solid solutions can lead to a significant decrease in band gaps. 

Doping BTO with Fe (BaTi0.88Fe0.12O3-δ) results in a smaller band gap 
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compared to pure BTO. Fe doping also creates donor impurity levels in the 

forbidden band due to the presence of Fe³⁺ and Fe⁴⁺ forms and positively-

charged Ovs. With Mn and Nb doping, the band gap of BTO can decrease 

from 3.2 eV to approximately 2.7 eV for a 7.5% doped sample [200]. 

Experimental studies have observed a redshift in UV-absorption spectra, 

indicating a decrease in the optical band gap from 3.13 eV to 2.71 eV as 

Mn²⁺ doping increases [201]. Apart from the band structure modification, 

doping can change the Tc and the permittivity and make a diffuse kind of 

phase transition from ferroelectric to paraelectric. La doping in BTO shifts 

the Curie point to lower temperatures and controls grain growth efficiently. 

The dielectric constant of La-doped BaTiO3 ceramics increased with 

increasing La content [202]. Uniform distribution of Ca2+ ions in the BTO 

matrix makes the transition from the ferroelectric to the paraelectric phase 

more diffuse and free from relaxational effects up to 10 KHz [203]. 

Structural studies of Ca and Mn-modified BaTiO3, described in the 

previous chapter, indicate a pure Tetragonal P4mm structure for the x=0 

sample and multiple phases of major tetragonal P4mm and minor 

Hexagonal P63/mmc for x=0.03, 0.06, and majority Hexagonal P63/mmc 

with minor tetragonal P4mm for x=0.09. The multiferroic and 

magnetoelectric studies revealed that x=0.03 exhibits magnetoelectric 

coupling at room temperature. The variation of the multiple oxidation states 

of Ti3+, Ti4+, Mn3+, and Mn4+ and the structural changes lead to the 

magnetoelectric behaviour exhibited by this material.   

This study involves the structural investigation of the samples using 

X-ray absorption spectra analysis to investigate the oxidation state and local 

structural changes due to doping at the Mn and Ti sites. Band gap 

modification and Urbach tail in UV-DRS and changes in the valence band 

observed in PES measurement due to localised defects in the material, and 

supported with theoretical Density of States calculation. The electron 

localisation function calculation is used to analyse the changes in the 



 

144 
 

localised electron density near the dopant atoms. Variation of dielectric 

properties corresponds to the structural modifications and defect formation 

are also explored in this work.  

4.2 Results and Discussion 

4.2.1 X-Ray Absorption Spectroscopy Analysis 

To further confirm the oxidation states, site occupancy, and the local 

geometry of Ti and Mn ions, X-ray absorption spectroscopy was performed. 

The special pre-edge features and the absorption edge position in XAS, 

including the XANES spectra, provide details of the symmetry of the 

orbitals, hybridisation, and the oxidation states of the absorbing atom. The 

changes in the absorbing energy indicated by the shifts in the XANES 

spectra are indications of probable changes in the oxidation states of the 

atom. Oscillations after the absorption edge, including EXAFS spectra, 

provide the scattering paths that include local structural changes 

surrounding the atom. The standard normalisation and background 

subtraction procedures were executed using ATHENA software version 

0.9.26 to obtain normalised XANES spectra [204]. 

The Ti-K edges of the samples [Figure 4.1] reveal sharp absorption 

features with a main peak at ~4987 eV (feature E) corresponding to the Ti 

1s- 4p transition and indicating the density of states of unoccupied Ti 4p 

[205]. This feature carries the information of the oxidation state of Ti in the 

crystal structure. The positions of this feature for the present samples are 

nominally shifted from ~4987 eV to lower energies with doping. This 

indicates a major Ti4+ state in these samples. The main absorption peak 

intensity increases with doping. This is an indication of a reduction in the 

non-centrosymmetric location of the Ti ion [206]. The non-

centrosymmetricity introduces broadening of the 4p electronic states due to 

different hybridisations with the neighbouring oxygen [205]. Hence, an 

increase in the centrosymmetric nature is observed with doping. The 

nominal shift of the Ti-K absorption edge to a lower energy value is 
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observed mainly for BCTMO3 [inset of Figure 4.1(b1)]. This indicates a 

decrease in the oxidation state from Ti4+ to Ti3+. 

Figure 4.1: (a) XANES data of the Ti K-edge with the absorption peak E and all the pre-

edge features marked as A, B, C, and D. (b) Variation in the features with samples. Inset 

(b1) is the zoomed-in image of absorption peak E. Inset (b2) is the zoomed-in image of the 

pre-edge feature C. Inset (b3) is the zoomed-in image of the pre-edge feature B. 

Small features at a lower energy (4965–4985 eV) represent the Ti 

3d pre-edge features. There are four features marked as A (~4968 eV), B 

(~4971 eV), C (~4975 eV), and D (~4982 eV) [Figure 4.1(a)] [207], [208]. 

The pre-edge region of the XANES spectra can be deconvoluted into four 

peaks in the Athena software, as in Figure 4.2.  

Figure 4.2: Deconvoluted XANES spectra of the Ti edge of all samples. 
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In the case of an octahedral symmetry, the five-fold degenerate 3d 

orbitals split into three-fold (t2g) and two-fold (eg) degenerate states. These 

degenerate states manifest as two pre-edge features: a minor hump-like 

feature A for a Ti 1s- Ti 3d(t2g) quadrupolar transition and a sharp peak, B, 

for 1s- Ti 3d(eg) O 2p hybridised states, which is mostly a dipolar 

contribution. Feature A is forbidden in a dipole approximation and is 

allowed in a quadrupole approximation, making it a very weak [205]. This 

feature is so weak that the analysis of this peak is irrelevant. As the 

hybridisation between the Ti 3d eg orbitals and O 2p orbitals becomes more 

pronounced, the local distortion in the TiO6 octahedron increases, resulting 

in a relatively large dipole component; hence, the intensity of the eg peak 

(B) increases. The intensity of B and the mean-square displacement of the 

Ti ion from the center of the symmetric position of the TiO6 octahedron are 

proportional; thereby, the B feature representing asymmetry of the TiO6 

octahedra is absent if the TiO6 octahedra are centrosymmetric [209], [210]. 

Note that this B feature is present in all samples, indicating a non-

centrosymmetric TiO6 octahedra in all the samples [inset of Figure 4.1b3]. 

This is a clear indication of the retention of the tetragonal phase with doping 

in all the samples. The intensity of feature B gradually decreases with 

doping, hinting at a gradual transformation towards a more centrosymmetric 

TiO6 octahedra [Figure 4.2(a)]; namely, a reduction of the tetragonality. This 

information matches the XRD results [Figure 4.2(b)]. It is interesting to note 

that the hexagonal phase is composed of both centrosymmetric and non-

centrosymmetric octahedra in this mixed phase material. The non-

centrosymmetric TiO6 octahedra form dimers. From the XRD studies, these 

octahedra continuously evolve with doping with respect to the position of 

the Ti atoms. The Ti atoms move closer to each other. However, this 

distortion was much less compared with the octahedral distortion in the 

tetragonal phase. 
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Figure 4.3: (a) Schematic of the displacement of Ti from the centrosymmetric position in 

the P4mm tetragonal structure of BTO. (b) Variation in Ti displacement from the 

centrosymmetric position of BTO (P4mm) and variation in the intensity of the Ti pre-edge 

feature B with composition. 

Feature C (~4975 eV) appears due to the interaction with the 

neighbouring Ti atoms and has a dipolar character [208]. There is no trend 

in the intensity profile of this feature, indicating a dynamic change of Ti–

O–Ti bond angles and Ti–O bond lengths. The shoulder structure D (~4982 

eV) is a characteristic of tetragonal BaTiO3 [inset of Figure 4.1(b2)] [205]. 

The identification of the electronic states responsible for this shoulder 

feature was not made, but there are some conclusions that have been 

reported with the shoulder structure, indicating the contribution of the A-

site and B-site ions in the FE perovskite. This reflects the electronic 

hybridisation between Ti and Ba in the perovskite. A theoretical background 

for this claim, based on the Born effective charges of each constituent atom, 

is reported by Ghosez et al. [211] Modification of the Ba site and Ti site of 

BaTiO3 induces changes in the intensity of the shoulder peak, indicating 

that it correlates with the electronic hybridisation between the A-site and B-

site through O atoms. The gradual reduction in the intensity of peak D 

indicates a gradual decrease in the A–B bond with Ca and Mn doping in the 

Ba and Ti sites, respectively. 
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Figure 4.4: (a) XANES data of the Mn K edge. (b) Variation in the features with samples. 

Inset (b1) shows the zoomed-in images of the absorption peak. Inset (b2) shows the 

zoomed-in image of the pre-edge feature. 

The Mn-K edge XANES absorption peak of Mn3+ is observed at 

~6555 eV, while Mn4+ appears at ~6562 eV [212]. The normalised Mn-K 

edge in fluorescence mode for all samples [Figure 4.4] is observed at ~6558 

eV, which is in between the absorption peaks of Mn3+ and Mn4+ [inset of 

Figure 4.4(b1)]. Pre-edge features corresponding to Mn 1s- 3d (t2g) and 3d 

(eg) states appear as a broad feature in the region ~6542 eV. These pre-edge 

features are not resolved experimentally due to core-hole lifetime 

broadening [209]. The intensity of the pre-edge feature for Mn4+ is generally 

more than that for Mn3+ [213]. The gradual evolution of the pre-edge 

intensity with doping indicates the relative increase of Mn4+ over Mn3+ with 

doping, as obtained in the XPS. Comparing the pre-edge intensities of Mn 

and Ti, a very feeble pre-edge intensity contribution is observed for Mn 

compared with Ti for all samples [Figure 4.4(b2)]. Therefore, the MnO6 

octahedra are expected to be relatively less distorted than the TiO6 

octahedra. The obtained XANES feature can also indicate the occupancy of 

Mn at the A site or B site. Mn will predominantly occupy the B site in all 

equilibrium growth conditions rather than going to the A site, according to 

first-principles calculations based on energetics [214]. Note that the sharp 

absorption peak of the main Mn-K edge without any pre-edge feature peak 

indicates a simultaneous replacement of Ba and Ti by Mn [215]. However, 
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the similar XANES features of the Ti K-edge and Mn K-edge with pre-edge 

features confirm the B-site occupancy of Mn in BTO. 

The EXAFS data reveal the local environmental changes at the Ti 

and Mn sites. The k2 -weighted Ti K-edge and Mn K-edge EXAFS spectra 

[216] were Fourier transformed (FT) in the range 0–5 Å [Figure 4.5].  

Ti K-edge EXAFS for the samples is shown in Figure 4.5(a). The 

radial distance of the shell configuration, which is assignable to scattering 

paths of Ti-O, Ti−Ba, and Ti−O−Ti [217]. All three peaks shift towards a 

lower position with doping, corresponding to the decrease in the Ti-O, Ti-

Ba, and Ti-Ti distances. An increase in the intensity of the EXAFS 

oscillation corresponding to the Ti-O bond with doping indicates the oxygen 

environment surrounding the Ti is less distorted. This indicates the 

centrosymmetric nature of Ti in the doped samples. Intensity of the Ti-Ba 

path shows a random behaviour with doping, while the Ti-O-Ti scattering 

path shows an increase in intensity of the peak up to 0.06 and then a decrease 

for x=0.09. For all doped samples, the intensity of the Ti-O-Ti path is more 

than the x=0 sample, indicating a less distorted Ti-O-Ti path with doping.  

Mn EXAFS spectra [Figure 4.5(b) show the main feature at 1.35 Å, 

related to the first oxygen coordination shell (Mn–O) for all samples. The 

position of this peak slightly shifts to higher values with increasing Mn 

content. Note that in higher Mn-containing samples, Mn4+ is a dominant 

state, which has a smaller ionic radius than Mn3+. Therefore, the 

enlargement of the Mn–O bond length with increasing Mn content is 

indicative of increasing Mn3+ proportions. The multipeak at ∼3.2 Å 

corresponds to the second (Ba) and third near neighbours (Ti, Mn, and Nb), 

including multiple scattering contributions from Mn−Ti−O paths [218]. 

This peak corresponds to a weighted sum of contributions from Mn−Ti, 

Mn−Mn, and Mn−Ba. This peak appears shifted towards lower values, 

corresponding to the decrease in the Mn-Ba/Ti/Mn bond with doping.  The 

Mn−O peak amplitude tends to increase with doping, indicating that the 
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oxygen environment around the manganese is becoming less distorted, 

indicative of the transformation to more centrosymmetric, less tetragonal 

behaviour with doping [218]. However, the multipeak the intensity 

decreases gradually with doping, indicating the higher disorder of the 

second shell with doping. The contraction of the first shell and the 

expansion of the second shell, opposite changes in the variations in the 

intensity of the scattering paths of the first and second shell, reveal the 

modifications in the coordination sphere of Mn and thus the crystal structure 

changes with doping [219]. The third peak observed ~3.7 Å for the x=0.03 

sample appears much smoother in other samples, which suggests the 

distribution of Interatomic distances for that shell is possibly more 

disordered with doping and not significantly observed in the higher-doped 

sample.  

 

Figure 4.5: Fourier transformed EXAFS spectra of (a)Ti edge, (b) Mn edge. Inset(a1)and 

(b1) show the EXAFS spectra without stacking.  

 

4.2.2 UV-Visible DRS analysis 

The emergence of the hexagonal phase can induce band gap 

variations due to the defects and disorder created in the material. The defect 

states created can effectively modify the band gap energy (Eg).  The band 

tails, which can be a material property of an imperfect semiconductor or can 
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be introduced into the material by doping. The exponential Urbach tail at 

the absorption edge results from transitions between these band tails below 

the band edges and changes an abrupt absorption to a bent absorption at the 

band gap energy. Hence, the analysis of the Urbach energy (EU) indicates 

the disorder in the material.   

Eg was measured using the UV-visible absorption spectrum and is 

estimated by fitting the absorption coefficient in Tauc’s relation given by 

(αhν)n =C(hν–Eg) [26], where C is the proportionality constant, h is the 

Planck constant, Eg is the optical bandgap, and n is 2 for the direct bandgap 

[27]. Tauc’s plot of all the samples is given in Figure 4.6. The extrapolation 

of the straight portion of the curve to the energy axis will give the bandgap. 

The structural disorder and the defects in the lattice are associated with the 

EU [28]. The spectral dependence of the absorption coefficient α in the 

spectral region corresponding to transitions involving the tails of the 

electronic density of states is described by the Urbach equation, 

𝛼 = 𝛼0𝑒𝑥𝑝 (
ℎ𝜐−𝐸𝑔

𝐸𝑈
),  

where α0 is a constant, EU is the energy that reflects structural disorder and 

defects of a semiconductor.  

The Eg and EU are calculated from the (αhv)n v/s hv plots. In 

polycrystalline metal oxides, which have disorder due to doping, the Urbach 

tail influence on the band gap is very high it can shift the band gap by a few 

hundred meV.  Hence, (αhv)n plots can be used to determine the bandgap of 

this material only when the influence of disorder on the absorption edge is 

not too strong. For this purpose, Viezbicke et al. [220] have developed the 

NEAR factor (Near-Edge Absorptivity Ratio) to describe the influence of 

band tails on the absorption edge. The NEAR factor for a direct allowed 

transition is determined using the following formula. 

NEAR = {
(𝛼ℎ)2│ℎ𝜈=𝐸𝑔

(𝛼ℎ)2│ℎ𝜈=1.02𝐸𝑔  
}= 

𝛼(𝐸𝑔)

𝛼(1.02𝐸𝑔)
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NEAR factor is intended to determine how steep the absorption edge 

is near the bandgap. To do so, the absorption at the energy of the bandgap 

is compared with the absorption at a photon energy enhanced by 2%, i.e., 

1.02 Eg. When the Urbach tail is significant, NEAR approaches 1, while 

when the absorption edge is little affected by the Urbach tail, NEAR is 

small, ideally approaching 0. The (ahv)n plot should only be used if a NEAR 

factor < 0.5 can be achieved.  

 

Figure 4.6: (a) UV-DRS tauc plot of all samples, (b) Variation of Eg and EU with 

substitution. 

In all the samples, the NEAR factor is calculated to be <0.5, and 

hence the influence of Urbach tail on the Band gap is negligible. The Tauc 

plot of all samples for direct band gap (n=2) is shown in Figure 4.6(a). The 

calculated Eg and EU are plotted in Figure 4.6(b). Eg is showing a gradual 

decrement from 3.2 eV to 2.05 eV as the doping increases from x=0 to 

x=0.09. EU shows an increment from 125 eV to 740 eV from x=0 to x=0.03, 

then decreases to 358 for x=0.09. 

Table 2.1: Obtained values of Eg and EU from UV-DRS 

Sample Band gap (eV) Urbach energy (meV) 

BTO 3.2 125 

BCTMO1 2.6 740 

BCTMO2 2.1 729 

BCTMO3 2.0 358 
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 A sudden decrease in the EU from x=0.06 to x=0.09 is due to the 

drastic structural change from a minor hexagonal P63/mmc phase with 

major tetragonal P4mm in x=0.06 to a minor hexagonal P63/mmc phase 

percentage with major tetragonal P4mm phase percentage in x=0.09. EU 

increases as the disorder in the tetragonal phase increases, and then for 

x=0.09, there is a complete structural change taking place in which the 

hexagonal P63/mmc phase is the major phase and the tetragonal phase is the 

minor phase. The disorder in the tetragonal phase attains its maximum at 

x=0.03, and then the crystal structure tries to minimise the strain due to 

doping and defect formation by triggering the hexagonal phase, which 

results in a decrease in EU value. The drastic change observed in the Eg value 

corresponds to the defect states formed in the band gap due to doping.  

 

4.2.3 X-Ray Photo Emission Spectroscopy  

The electronic property was investigated using photoemission 

spectroscopy (PES). The valence band (VB) spectra for all compositions are 

shown in Figure 4.7. Analysing valence electron distribution provides 

essential information regarding the physical and chemical properties of the 

solid. The hybridisation of 2p electrons of oxygen with 3d electrons of Ti 

contributes to the primary share of the density of state (DOS) of the valence 

band (VB). The measured VB spectra are an integrated DOS throughout the 

entire Brillouin zone. For the interpretation of the partial DOS, it should be 

taken into account that the Ti state in XPS VB spectra demonstrates an 

overestimated contribution of the occupied 3d state due to a higher cross-

section of Ti than for oxygen [221]. The valence band is deconvoluted into 

3 Gaussian peaks of three electronic states: one pure O-2p orbital and two 

O-2p and Ti-3d hybridised states are called as regions A, B and C, 

respectively, for BTO and for doped samples, two additional ingap states 

(IGS) named as D and E are also observed [Figure 8(b)] [222].  
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Figure 4.7: (a)VB spectra of different samples, (b) Deconvoluted VB spectra 

The VB spectra reveal a growing intensity in valence states from 2 

eV extending to about 11 eV in binding energy (BE). The onset of the 

valence band maximum (VBM), defined from the Fermi level (EF) at 0 eV, 

also sees a clear shift towards lower BE as a function of doping. We interpret 

this shift in the valence band edge due to admixed dopant d states that 

hybridise with O 2p, which push the VBM towards the conduction band and 

reduce the bandgap [223].  

For the doped samples, VB tail rising earlier than x=0 indicates the 

enhanced IGS in the sample. The IGS may arise due to the vacancies that 

form the trap centers. Such states are most commonly found to originate 

from oxygen defects [224], [225] and Ti3+ ions located in the vicinity of 

oxygen defects [226]. IGS are represented by the peaks D and E in the doped 

samples. Peak E corresponds to the collective effect of the Ti3+ defect state 

and deep trap due to oxygen defects, while peak D corresponds to the 

shallow trap due to oxygen defects [227]. From Figure 4.8, it is evident that 

the overall area of the peak profile of the IGS peak D is maximum for the 

BCTMO1 sample, then decreases with doping, whereas peak E increases 
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from BCTMO1 to BCTMO3. Variations of the normalised area of the IGS 

D and E are plotted in Figure 9.  

 

Figure 4.8: Variation of the normalised area of IGS of peaks D and E with substitution. 

Hence, the concentration of Ov is maximum in the BCTMO1 sample 

and thereafter decreases as the structure goes towards a more hexagonal 

nature. And the defect states Ti3+ slowly increases from BCTMO1 to 

BCTMO3 [Figure 4.8]. The valence band tail crosses EF due to doping-

induced localized states. The origin of Ov and Ti3+ in BTO triggers the 

hexagonal phase of BaTiO3, as the hexagonal phase percentages increase to 

minimize these defect states. Similar results were obtained in the EU 

calculation from the UV-DRS spectrum. Urbach energy increases from 

BTO to BCTMO1, then decreases afterwards. PES and UV-DRS 

measurement both indicates the defect states within the bandgap that lead 

to Urbach tails in the valence band in PES and absorption spectrum in DRS.  

4.2.4 Theoretical Studies  

 4.2.4.1 Density of States Calculation 

To compare the experimentally obtained band gap modification, 

theoretical DOS calculations have been performed for x=0 and x=0.125 for 

tetragonal and hexagonal BaTiO3, and are shown in Figure 4.9. The valence 

band of the BTO is mainly formed by the Ti 3d orbitals, and the conduction 

band is formed by the O 2p orbitals. Bandgap of the tetragonal x=0 sample 
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is obtained as 1.4 eV, Figure 4.9(a). DOS calculations of doping of Ca and 

Mn for x=0.125 in the tetragonal phase are shown in Figure 4.9(b). The band 

gap has reduced to 1.123 eV with doping in the tetragonal phase without 

any defect states within the band gap. Hexagonal BTO, x=0 sample shows 

band gap value of 1.053 eV [Figure 4.9(c)] and doping of Ca and Mn for 

x=0.125 hexagonal BTO becomes a nearly metallic state (band gap ~0eV) 

with a lot of defect states of Mn and O.  

Figure 4.9: (a) DOS plot of x=0 tetragonal, (b) DOS plot of x=0.125 Ca and Mn doped 

tetragonal, (c) DOS plot of x=0 hexagonal BTO, (a) DOS plot of x=0.125 Ca and Mn 

doped hexagonal BTO 

In the experimental study, the sample contains a mixture of these 

hexagonal and tetragonal BTO, with doping possible in both of these phases. 

Hence, doping in the tetragonal phase leads to the shifting of VB and CB 

and results in the reduction of the effective bandgap. However, doping in 

the hexagonal phase can generate Mn and O defect states such as Mn3+, 

Mn4+, Ov, etc, and effectively reduces the band gap of the material. Both 

these effects are simultaneously occurring in all BCTMO1, BCTMO2, and 
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BCTMO3 samples, and the cumulative effect of shifting of VB and CB 

together with the defect states collectively reduces the effective band gap. 

As observed in PES, Urbach tails due to IGS are forming due to the doping 

of Mn and Ca in hexagonal BTO, as observed in Figure 4.9(d). The defect 

states are formed due to Mn(d) and O(p) states near the VBM. These defect 

formations are in correlation with the PES and UV-DRS measurements. 

4.2.4.2 Electron Localisation Function Calculation 

The local electronic cloud modification created in the tetragonal 

lattice due to doping and hexagonal structure polymorphism has been 

studied with Electron Localisation Function (ELF) calculation. Figure 

4.10(a1) shows the ELF plots of the (001) plane of the Ca-doped Ba-O 

lattice, and Figure 4.10(a2) shows the Mn-doped Ti-O lattice in tetragonal 

BTO for x=0.125. It has been observed that there is a lattice contraction 

surrounding the dopant Ca atom. Lattice expansion is observed surrounding 

to dopant Mn atom. The lattice expansion created due to Mn substitution is 

not isotropic.  Replacement of dimer Ti atoms by Mn atoms in the (-101) 

plane hexagonal lattice is shown in Figure 4.10(b1), and that of the (001) 

plane is shown in Figure 4.10(b2) for x=0.125. The replacement of 

centrosymmetric octahedral Ti atoms in the hexagonal lattice by Mn atoms 

is shown in the (-101) plane in [Figure 11 (c1)] and (001) plane [Figure 

4.10(c2)]. 

It has been observed that Mn substitution shows lattice expansion 

for tetragonal octahedral substitution and hexagonal dimer (Ti2) 

substitution with Mn ions.  This observation is in correlation with the 

EXAFS analysis of the Mn K edge with a shift of the Mn-O scattering path 

towards higher radial distance. However, Hexagonal centrosymmetric 

octahedral (Ti1) substitution with Mn ions indicates a lattice contraction 

surrounding the lattice. The confirmation of EXAFS and ELF indicates that 

Higher ionic radii Mn3+ ions are mainly substituting at the Tetragonal Ti 

site, and Hexagonal dimer Ti2 sites cause expansion of the lattice, and lesser 
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ionic radii Mn4+ ions are substituting the Hexagonal Ti1 sites causing the 

lattice contraction.  Ca substitution of Ba in both lattices shows lattice 

contraction surrounding the dopant atoms in both tetragonal and hexagonal 

structure. These lattice modifications are localised changes that occur 

surrounding the dopant atoms.  

 

Figure 4.10: (001) plane of tetragonal BaTiO3 for x=0.125 (a1) Ca doped Ba-O lattice 

and (a2) Mn doped Ti-O lattice, Replacement of dimer Ti atoms by Mn atoms in (b1) (-101) 

plane hexagonal lattice and (b2) in (001) plane is shown in for x=0.125,  The replacement 

of centrosymmetric octahedral Ti atoms in the hexagonal lattice by Mn atom (c1) in the (-

101) plane and (c2)(001) plane for x=0.125.  

The structural modifications observed in EXAFS data and the defect 

states with doping observed in DRS, PES, DOS, and ELF results indicate 

that the defects induced a hexagonal lattice in tetragonal BTO. These 
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modifications can influence the dielectric properties exhibited by these 

materials.  

 

4.2.5 FE-SEM Analysis  

FESEM images of optimally sintered pellets show [Figure 4.11] a 

dense micrograin for all samples. The sintering of all the samples at 1330 

°C for 4 h forms a crystalline nature with dense matter formation. All the 

sintered pellets have having relative density of more than 90%. Since the 

sintering temperature decreases with doping, the doped sample sintered 

more compared to the pure sample. During the sintering process, crystalline 

dense grains are formed by the site-to-site diffusion of ions.  

 

Figure 4.11: FESEM micrographs of all samples. 

Vacancies in the lattice play a major role in materialising such an 

ion diffusion process. The OV available in the lattice are important factor in 

the grain-growth mechanism. Pure BTO shows a cuboid morphology of 

grains, while BCTMO samples show two morphologies of cuboid one and 

needle type morphology. This lossy needle-like morphology corresponds to 

the 110-axial growth of the hexagonal structure along with the tetragonal 
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BTO cuboid grains.  The fraction of non-cuboid grains increases with 

doping, indicating the phase transition of BTO from tetragonal to hexagonal 

structure.  

4.2.6 Dielectric Properties 

Room temperature frequency-dependent dielectric constant (εr) 

[Figure 4.12(a)] and loss factor (tanδ) [Figure 4.12(b)] was studied in detail. 

There is a decrease in the permittivity value with frequency has been 

observed, which can be related to the space charge polarisation. The 

dispersion of permittivity at lower frequencies is greater for BCTMO3, 

indicating an increase in interfacial polarisation that arises from the 

separation of charge carriers accumulated at the grain boundary and 

electrode sample interface. From the structural studies, it has been observed 

that with substitution, the non-centrosymmetric nature of Ti is reduced, and 

also the paraelectric hexagonal phase percentage increases. The cumulative 

effect of these factors reduces the effective polarisation within the samples 

that resulting in the reduction of the permittivity with doping. 

Figure 4.12: (a)RT permittivity variation with frequency, (b) RT tanδ variation with 

frequency. 

Conduction losses in the materials are analysed by the measurement 

of tanδ, which shows the increment with doping. At lower frequencies, the 

value of tanδ will be high, and with frequencies, it decreases due to the space 

charge and interfacial contributions. Inset of Figure 4.12(b) [Figure 

4.12(b1)] indicates the variation of tanδ at higher frequencies, which is 
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almost the same for all samples except BCTMO3, which shows the higher 

dielectric loss even at higher frequency. From the FESEM morphology, the 

lossy rod-like features increase with an increase in doping percentage, 

which is also obtained from the dielectric loss measurement. In addition to 

this, the increase in the presence of multivalent cations, as in Mn3+/Mn4+ 

and Ti3+/Ti4+, enables more charge carriers to be freely available and leads 

to an increase in conductivity.  

 

Figure 4.13: Temperature-dependent permittivity variation showing ferroelectric to 

paraelectric phase transition. 

Variation of permittivity within the temperature range 50 °C to 200 

°C for a frequency sweep of 10Hz to 1MHz is shown in Figure 4.13. All 

samples show a ferroelectric to paraelectric phase transition indicative of 

the presence of a non-centrosymmetric ferroelectric P4mm phase in these 

materials. The curie temperature is ~116 °C for BTO while ~104 °C for 

BCTMO1, ~99 °C for BCTMO2 and ~101 °C for BCTMO3. A decrease in 

Curie temperature is indicative of the decrease in the non-centrosymmetric 

behaviour as doping increases. The transition temperature value has no 
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variation as a function of frequency, which confirms that these compositions 

are not relaxor-type and exhibit classical ferroelectric type. 

A sharp phase transition for BTO is modified into a broader diffuse 

type phase transition in doped samples. The diffuseness in the Curie 

temperature is due to the formation of nanopolar regions due to the Ca and 

Mn doping in BTO. The homogeneous nature of BTO leads to a single Tc 

for the ferroelectric to paraelectric phase transition. However, doping of Ca 

and Mn leads to variations in the polarisation in and around the doping sites, 

which creates polar regions with different polarisations and requires a 

temperature of phase transition with a distribution of Tc±δ, which leads to 

the diffuse phase transition in the doped samples [Figure 4.14]. Moreover, 

the decrease in the non-centrosymmetry with doping leads to a decrease in 

the polarisation and hence requires a much lower temperature for the phase 

transition to occur. This implies the reduction of the Tc value with doping.  
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Figure 4.14: Comparison of the phase transition from a sharp nature to a diffuse nature 

with doping.  
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The dielectric permittivity, 𝜖′ of a normal ferroelectric above the 

Curie temperature follows the Curie–Weiss law described by [228]: 

𝜖′ =
𝐶

(𝑇 − 𝑇𝑚)
  𝑓𝑜𝑟 𝑇 > 𝑇𝐶 

where Tm is the temperature at which ε has maximum value, εm, C is 

the Curie–Weiss constant, and 𝑇𝐶  is the Curie temperature of the 

ferroelectric to paraelectric phase transition. For ferroelectrics, this 

expression is no more than a mean-field approximation applied to the 

fluctuating local electric fields in the crystal structure. Figure 4.15 shows 

the plot of inverse dielectric constant vs temperature for all samples. All the 

plots clearly show a deviation from the Curie-Weiss law near the phase 

transition temperature. For pure BaTiO3, this deviation is taking place 

abruptly at the Tc, while for the doped samples, deviation from the Curie-

Weiss law starts a few temperatures above Tc and shows a gradual diffusive 

nature near the Tc.  

 

Figure 4.15: 1/ε v/s T plot of all samples. 
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To better describe the dispersion degree of diffuse ferroelectric 

phase transition, the Curie–Weiss law has been revised and can be described 

by a modified Curie-Weiss law [228]: 

1

𝜀
−  

1

𝜀𝑚
=  

(𝑇 − 𝑇𝑚)𝛾

𝐶
 

where εm is the dielectric constant (maxima) at Tm, γ (1≤γ≤2) is the 

degree of diffuseness, and C is the Curie-Weiss constant. For a purely 

ferroelectric material, γ = 1, 1<γ<2 is a diffuse transition, and for a relaxor 

ferroelectric, γ =2. Figure 4.16 shows a linear fit of ln (1/ε -1/εm) vs ln(T-

Tm) plots for different frequencies. The slope of the plots gives the value of 

γ. 

 

Figure 4.16:  ln (1/ε -1/εm) vs ln(T-Tm) plots for all samples 

All samples have a γ value in between 1 and 2 (1<γ<2), and there is 

no deviation of 𝜀𝑚 with frequencies, eliminating the possibility of a relaxor 

nature in these samples. The diffusive behaviour shown by these samples 

occurs because of the chemical disorder created due to the doping of Ca and 

Mn in BTO. Due to the random distribution of atoms, localised structural 

phase transition gives rise to the variation in phase transitions over a broad 
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range of temperatures. The value of γ increases with doping, which shows 

that the material is becoming disordered with doping. The broadness or 

diffusiveness occurs mainly due to compositional fluctuation and structural 

disordering in the arrangement of cations in one or more crystallographic 

sites of the structure. This suggests a microscopic heterogeneity in the 

compound with different local Curie points. The value of γ decreases with 

an increase in frequency.  Figure 4.16 shows the Curie Weiss fitting of all 

the samples and calculated γ values for the frequencies 10kHz, 100kHz, and 

1MHz.  

Figure 4.17: (a) dεr/dT v/s T plots of all samples and (b)zoomed εr  (c)zoomed dεr /dT plot 

of BCTMO3 sample 

In order to quantify the rate of change of permittivity with 

temperature, the derivative of ε has been taken with respect to T and plotted 

dε/dT with Temperature [Figure 4.17]. The derivative of ε with temperature 

indicates that the rate of change of ε at phase transition in the BCTMO1 

sample reduced to 1/2, and for the BCTMO2 sample it reduces to 1/8, and 

for the BCTMO3 sample it reduces to 1/10 of the rate of change of ε for 
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BTO. This reduction of permittivity change at Tm is due to the decrease in 

the tetragonal percentage, which has a major contribution towards 

permittivity.  

Another interesting fact is that the maximum permittivity at the 

phase transition, εm is constant for all frequencies in the BTO sample. 

However, εm value decreases with an increase in frequencies in doped 

samples [Figure 4.17]. The change in 𝜀𝑚 value with frequency is minimal 

in the case of BTO, whereas this change increases with doping, and the 

maximum deviation 𝜀𝑚 with frequency is shown by the BCTMO3 sample. 

This is due to the increase in space charge polarisation and defect dipoles 

contributions that reduce with frequency, and hence show a reduction in 𝜀𝑚 

as frequency increases. This is also clearer in the derivative plot of dε’/dT, 

where the variation of ε shows significant dispersion in the doped samples 

[Inset Figure 4.17] and is maximum for the BCTMO3 sample. There is an 

abnormal hump like feature is observed for BCTMO3 before phase 

transition, as shown in Figure 4.17.  For BCTMO1 and BCTMO2 samples, 

the hexagonal P63/mmc phase is a minor phase with the major tetragonal 

P4mm phase.  However, for BCTMO3, hexagonal P63/mmc is the major 

phase, and there is a minor contribution of the tetragonal ferroelectric phase 

leads to the high diffuseness shown in modified Curie Weiss plots with 

frequency (Figure 4.16), a very less εm value (1/5 of the εm of the BTO 

sample ) as shown in Figure 4.13, a Low value of dεm/dT (~1/10 of the BTO 

sample) as in Figure 4.17, and high dependence of εm with frequency.  

When analysing the phase transition temperature of BCTMO3, one 

can observe a shoulder-like feature just before Tc corresponding to another 

transition-like feature. This same observation is more visible in the dεr/dT 

graph [Figure 4.17]. Here, another transition is occurring just before the Tc 

around ~65-70 °C. The diffused phase transition peaks that occur in these 

doped BTO are due to the disorder created due to doping, but the secondary 

peak observed in the BCTMO3 sample before the phase transition is 



 

167 
 

abnormal, and its origin has multiple reasons. Chemical inhomogeneity and 

strain effects linked to fine-grain size in chemically modified BaTiO3 give 

rise to diffuse Curie peaks. One of the reasons may be the core-shell 

structure formed by a strong ferroelectric core surrounded by a weak 

ferroelectric shell, formed due to the doping. These two structures have 

different T→C phase transition temperatures. The weak ferroelectric shell 

T→C transition occurs at a lower temperature than the strong core 

ferroelectric transition. This kind of shoulder feature also can be 

corresponds to the presence of polar nanoregions (PNRs) in the paraelectric 

phase. This leads to polarisation fluctuations or partial ordering near the 

transition temperature. It can also be linked to the evolution of ferroelectric 

domain wall dynamics or intermediate phases, or relaxor-type behaviour 

induced by dopants. Polar nanoregions (PNRs) or local polarisation clusters 

exist as precursors to the full ferroelectric-paraelectric transition is 

reflecting complex local structural and dynamic phenomena preceding the 

tetragonal to cubic transition. 

4.3 Conclusion 

Ba(1-x)Ca(x)Ti(1-y)Mn(y)O3 (x=y=0, 0.03, 0.06, 0.09) samples have been 

investigated for structural polymorphism, band gap tuning, and dielectric 

anomalies. TEM image of the doped samples indicates the existence of a 

hexagonal and tetragonal lattice, which are interlinked with each other. 

XANES analysis confirms the presence of Ti3+, Ti4+, Mn3+, and Mn4+ 

oxidation states and the structural transformation to a centrosymmetric 

structure. EXAFS analysis indicates the local structural modification near 

the Mn and Ti sites with doping. UV-DRS shows a reduction in optical band 

gap from 3.2 to 2.05 eV and a highest Urbach energy for the x=0.03 sample. 

The Valence band edge in PES is observed to be shifted towards EF due to 

the presence of in-gap states.  Density of states calculations reveal a shift of 

VB and CB with doping in the tetragonal lattice and the formation of defect 

states with doping in the hexagonal lattice. Electron localisation function 
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calculations indicate the lattice contraction with Ca doping in both 

tetragonal and hexagonal lattices; however, a lattice expansion is observed 

with Mn doping in both lattices. Dielectric studies show a decrease in the 

permittivity and an increase in tanδ corresponding to the decrease in 

tetragonality and increase of the hexagonal phase. A sharp tetragonal to 

cubic phase transition in BTO transforms to diffuse behaviour with Ca and 

Mn doping. For x=0.09, the major hexagonal phase sample shows an 

abnormal shoulder feature before phase transition that may correspond to 

the ordering of the defect dipoles in the hexagonal phase.  
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CHAPTER 5 

 

Effect of oxygen vacancies and cationic valence state 

on multiferroicity and magnetodielectric coupling in  

La and Fe modified BaTiO3 

Ba(1-x)La(x)Ti(1-y)Fe(y)O3 (x=y=0, 0.01, 0.03, 0.06) 

 

This chapter details the structural modification of La/Fe modified  

BaTiO3 with XRD and Raman analysis. XPS explores the oxidation 

state variation with doping. EPR measurement shows the unpaired 

electrons which can form charge defect complexes. Ferroelectric  

and magnetic studies detail the multiferroicity. Magnetocapacitance 

measurement provides indirect evidence for the Magnetoelectric  

coupling. 
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5.1 Introduction 

 Magnetoelectric (ME) ordering in multiferroics is technologically 

applicable in a variety of fields like ultra-low power and highly dense logic-

memory, micro(nano) electronic, sensors, energy harvesting, actuators, 

spintronics, miniature antennas, terahertz emitters, electric-field controlled 

FM resonance, four-state memories, microwave filters, feRaM, MRAM, 

and Spintronics [229], [230], [231], [232]. Hence, it is one of the intriguing 

current research domains. However, generally ME effects are mild and 

materials have low Neel temperature. Most of the multiferroic materials 

exhibit ferroelectric (FE) and/or magnetic phase transitions at cryogenic 

temperatures [233], [234], [235]. Hence, practical devices are difficult to 

fabricate. There are a few single-phase multiferroic oxides, e.g., LuMnO3 

[236]. The large difference between the FE and magnetic ordering 

temperatures often suggests small Magnetoelectric coupling (MEC) [237], 

[238]. Realising strong ME coupling above RT in single-phase materials 

and understanding its origin is vitally important for practical applications. 

The magnetism can be introduced in an FE material due to the 

incorporation of magnetic ions, surface defects, cation vacancies, Ovs, 

lattice strain, and magnetic clusters [239], [240], [241]. The magneto 

dielectric effect is the variation of dielectric parameters, such as 

capacitance, with the application of a  magnetic field. This phenomenon 

is an indirect method to investigate MEC. 

 ME coupling has been achieved in the well-known FE BaTiO3 

(BTO) by inducing magnetism in various ways [242]. Many strategies have 

been proposed to improve the electrical and magnetic properties of BTO, 

including the substitution of A, B, and combined A and B sites in BTO for 

metal ions [243] and formation of solid solutions with other stable ABO3-

type materials [244], [245]. There are reports in which the multiferroicity 

in BTO is due to the ferromagnetism (FM) induced by the surface states 

due to Ov, and the FE has a core contribution[246], [247], [248], [249]. 

Apart from Ov, Ti or Ba cationic vacancies also lead to FM in BTO [250]. 
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There were efforts towards the realisation of multiferroicity in BTO by 

doping transition-metal ions (Mn, Fe, or Co) at Ti sites [242], [251]. 

Among these, the simultaneous coexistence of room-temperature (RT) FM 

and FE in Fe-doped BTO attracted a lot of attention. However, Fe doping 

leads to the transformation of the FE tetragonal BTO (t-BTO) into its 

hexagonal polymorph (h-BTO), which is paraelectric and ferromagnetic at 

RT [170]. FM was due to the 900 super-exchange interaction between two 

Fe ions [252]. The FM got enhanced with increasing Ov content [253], 

[254]. However, OV also reduced the insulating FE properties of BTO 

[255]. 

 Thus, it is important to find other possible ways to enhance the 

ferromagnetic properties without compromising the ferroelectric 

properties. Hence, a phase transformation from the FE tetragonal phase to 

the paraelectric hexagonal Fe-doped BTO is not desired. The 

understanding of the origin of FE and magnetic state is critical for tuning 

of RT multiferroic properties. Pal et al. [142] tried to retrieve the 

tetragonality of Fe-doped hexagonal BaTiO3 by doping elements such as 

Bi, Sr, and Ca in the A site. They have successfully retrieved the tetragonal 

FE phase from the hexagonal paraelectric phase, completely with Bi doping 

[144]. Hence, doping transition elements at the B site to induce magnetism 

and with other elements in the A site to preserve the tetragonal FE is 

another method to introduce multiferroicity and ME coupling in BTO. 

  There are reports on the possibility of RT multiferrocity in LaFeO3 

(LFO) [256]. It has a high Neel temperature ~467 ◦C and a colossal 

dielectric constant [257]. BaTiO3- BiFeO3 solid solution has been studied 

for the ME application, and it shows high ferroelectricity and 

piezoelectricity, but the antiferromagnetic nature leads to weak FM. The 

magnetodielectric (MD) effect was studied in BaTiO3-LaMnO3. However, 

an increase in MD was observed, but that may be due to the increase in the 

magnetoresistance of the (LaBa)MnO3 phase, rather than ME coupling 

[258]. 
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 LFO has an orthorhombic distorted perovskite structure, with 

antiferromagnetic characteristics. In the case of La and Fe doping in the Ba 

and Ti sites of BTO, the comparable ionic radii of La3+ and Ba2+ ions and 

those of Ti4+/Ti3+ and Fe3+/Fe2+ make the easy diffusion of La and Fe 

into the BTO lattice. The Fe introduction to the lattice can lead to several 

situations, including the creation of OV, diverse valence states of cations, 

and even Ba-loss. Such effects can have an effect on magnetism as well as 

FE properties and thereby on ME coupling. A ferroelectric and magnetic 

study on the BTO-LFO solid solution was reported by Sahoo et al. [128], 

but a detailed correlation is missing. Another relevant study was performed 

by Qi et al. [244]on LFO-doped BaTiO3 –BiFeO3 solid solutions. They 

were able to achieve improved FM and ME properties. The novelty of this 

work lies in finding structural correlation with lattice disorder, OV, and 

diverse valence states of the participating cations for the multiferroicity and 

magnetodielectric coupling in modified BaTiO3, with La at t h e  A-site and 

Fe at the B-site substitution. The series Ba(1-x)La(x)Ti(1-y)Fe(y)O3 (x=y=0, 

0.01, 0.03, 0.06) are named as BTO, BLFT1, BLFT2, and BLFT3. 

 

5.2 Results and discussions 

 

5.2.1 X Ray Diffraction Analysis 

 The XRD data of the BTO, BLFT1 samples revealed the presence 

of a pure tetragonal P4mm space group [Figure 5.1(a)]. However, for 

BLFT2 and BLFT3, a coexistence of tetragonal P4mm and cubic Pm-3m 

space groups has been obtained. The (110)/(101) Bragg reflection of BLFT 

samples shifted to higher angles when compared to pure BTO samples 

[Figure 5.1(b)], indicating a decrease in the d-spacing with the incorporation 

of La and Fe in the BTO lattice.  

 The radius of Ba2+(XII) ion is ~ 1.75 Å, while that of La3+ is 1.5 Å. 

On the other hand, the radius of the Ti4+ (VI) is ~0.745 Å, whereas the 

Fe3+(VI) is ~ 0.69 Å (low spin) and 0.785 Å (high spin). The possibilities 
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of having other valence states are also there. The radius of Ti3+ (VI) is ~0.81 

Å, while Fe2+(VI) can exist in ~ 0.75 Å (low spin) and 0.92 Å (high spin). 

The size of La3+ ions is much smaller than that of Ba2+ ions, and Ti4+ ions 

are of comparable size to Fe3+ ions. Hence, the incorporation of La and Fe 

ion in place of Ba and Ti sites lead to the compression of the BTO lattice 

for the doped compositions. The decrease in d spacing might be a 

consequence of such a change in the radii of these elements. 

 

Figure 5.1: (a) XRD pattern of all the prepared samples, (b) Shift of 101/110 peak, 

(c) Splitting of 002/200 peak. 

 Rietveld refinement was carried out for all the compositions using 

the Full-Prof suite software [259] [Figure 5.2]. A Pseudo-Voigt peak profile 

was assumed to best fit the peak profiles. All the compositions show a good 

fit. The phase identification of these samples was obtained using such 

techniques. In pure BTO, the (002) and (200) reflections are split at 45°, 

confirming a tetragonal phase (a = b ≠ c) [Figure 5.1(c)]. For a cubic 

structure (a = b = c), which removes this splitting. The c/a ratio is a measure 

of the tetragonality. The c/a ratio decreases almost linearly with the 

incorporation of La and Fe. The cubic phase appears for BLFT2 and BLFT3 

when a merging of these two peaks was observed. However, just by looking 

at the peaks, the absence of a tetragonal phase cannot be confirmed. Hence, 

a structural refinement was extremely important for this study. 
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Figure 5.2: Rietveld refinement plot of samples. The inset shows the zoomed image 

of the 101/110 peak and 002/200 mode. 

 The Rietveld refinement ensured the presence of a mixed phase of 

tetragonal and cubic nature in the BLFT2 and BLFT3 samples. 

Approximately 89.39% of the tetragonal phase was observed in BLFT2, 

while approximately 72.80% was observed in BLFT3. It is interesting to 

notice that the c/a ratio reduced from 1.0099 in BTO to 1.0023 in BLFT3. 

However, the changes in the c-axis are extremely significant from 4.0357 

Å in BTO to 4.0059 Å in BLFT3. On the other hand, the lattice parameter 

of the cubic phase changes from 3.996 Å in BLFT2 to 3.9968 Å in BLFT3. 

Note that the a and b axes are invariant with substitution in the tetragonal 

phase and are comparable to the lattice parameters of the cubic phase. Like 

the c/a ratio, the cell volume of the tetragonal phase reduces with 

substitution from BTO (64.446 Å3) to BLFT3 (63.958 Å3) [Figure 5.4(a) 

[inset]]. The above changes hint at very regular substitution of Ba and Ti by 

La and Fe, ensuring a homogeneous distribution of Ba, La, Ti, and Fe atoms 
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in the solid solution. The substitution of lesser radii La3+ (1.5 A) and Fe3+ 

(0.69 A) in place of Ba2+ (1.75 A) and Ti4+(0.745 Å) leads to a decrease in 

the unit cell volume.  

  

Figure 5.3: The schematic of the off-centering of Ti cation and O anion. 

 The bond lengths and bond angles were calculated by using Mercury 

software from the CIF file obtained after the Rietveld refinement. In the 

BTO structure, the central TiO6 octahedra have the Ti ion off-center. This 

off-centering is the source of the formation of dipoles due to the relative 

displacement along the (001) direction of the cations and anions in the 

structure. This provides a macroscopic polarisation Ps along the (001) 

direction, resulting in FE [Figure 5.3]. 

 In the cubic phase of an ABO3 perovskite, one expects no 

polarisation due to the centrosymmetric nature of the structure, which 

ensures that all the O-atoms are face-centered and the B-ion is body-

centered. The BO6 octahedra become the primary object of investigation 

when it comes to discussing FE or polarisation. It has been discussed that 

the prime reason for the deviation from the centro-symmetric nature is 

obtained from a strong A-O bond strength, which thereby shifts the O- ions 

from their face-centered positions, thereby creating different A-O bond 

lengths. As a result of this, the most affected is the BO6 octahedra, which in 

turn gets distorted and thereby generates a spontaneous polarisation due to 

the non-centrosymmetric structural properties. In the cubic phase, all A-O 

and B-O bonds are equal. 

 To discuss the changes in the asymmetry of the structure, the unit 
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cell atoms have been named as Op for the planar oxygens, Oa for the apical 

oxygens, A1, A2, A3, and A4 for the set of A atoms at the upper surface of 

the unit cell, while A1՛, A2՛, A3՛, A4՛ for the lower set [Figure 5.5(3a)]. An 

unaltered Oa-B-Oa bond angle of 180° is proof of non-deviation of the Oa 

and B ions from the central axis of the unit cell. Similarly, the Oa and Oa՛ 

atoms also remain at the center of the a-b plane. The position of Oa is at the 

center of the face, which is confirmed by a right-angled A1-Oa-A2 bond 

angle in the a-b plane. Also, there is only one type of A1-Oa-A2 bond angle. 

However, Op is not located at the center of the a-c and b-c faces of the BTO 

unit cell. This off-centering is the origin of distortion and is due to the 

strength of the A-O bonds. 

 

Figure 5.4: (a) Variation of a,b, and c lattice parameters for tetragonal and cubic 

phase (inset) variation of c/a and unit cell volume with composition (b) Schematic of 

the tetragonal P4mm structure. (c) Variation of avg. A-O and B-O bond length (d). 

Variation of three B-O bond lengths (e) Variation of three A-O bond lengths. 

 

 The stronger the bond, the more the off-centering. Hence, all the 

bond angles change. The bond angles, which can be instrumental to assess 

the distortion, are A1-Oa-A3, A1-Op-B, A1-Oa-B, Op-B-Op, A1-Op-A2, 

A1՛-Op-A2՛, and A1-Op-A2՛ [Figure 5.5(3b-3c)].  
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Figure 5.5: (1) Schematic of the variation of 1800 Op-B-Op and A1-Oa-A3 bond 

angles. (2) Schematic of the variation of two types of 900 bond angle A1-Op-A2 

and A1′-Op-A2′ for all samples. (3a) Schematic of the BTO to represent the bond 

angles. (3b) Op-B-Op and A1-Oa-A3, A1-Op-A2′, Oa-B-Oa bond angle with 

composition. (3c) Plot of A1-Op-A2, A1′-Op-A2′, B-Oa-A, B-Op-A bond angles 

with composition. (3d) Plot of displacement of B ion and avg. A ion with 

composition.  

  

 The B and the Oa atoms shift along the c axis, towards a 

centrosymmetric position, which involves changes in the B-O bond lengths 

along the c axis. This shift is confirmed by the increase of A1-Oa-A3 from 

~173° in BTO to 176.8° in BLFT3. This implies that Oa ion is yet to reach 

the centrosymmetric point and is above the A-A plane. Similarly, the Op-B- 

Op bond angle changes from ~166.9° in BTO to 179.4° in BLFT3 [Figure 

5.5(1)], meaning that the B-ion is somewhat away from the 

centrosymmetric point. On the other hand, the A1-Op-A2՛ bond angle 

increases from 176.2° in BTO to 179.84° in BLFT3, which is very close to 

the centrosymmetric point. This implies that the off-centrosymmetric was 

more pronounced for the Oa ion than the B ion and further than the Op ion, 

even in BLFT3, which provides the remnant polarisation in the highly 

doped samples too. The symptoms of an asymmetric nature to a symmetric 

nature were also evident for other angles too, e.g., A1-Op-A2 bond angles 

increase from 85.78° for BTO to 89.69° for BLFT3, whereas decrease in 
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the case of A1՛-Op-A2՛ bond angle from 93.35° in BTO to 90.02° in BLFT3 

in ac/bc plane [Figure 5.5 (3b)]. The difference between these two angles 

decreases and gradually shifts towards 90°, which is a centrosymmetric 

position. 

 The changes in the octahedral distortion angles are analysed by 

changes in A1-Op-B, A1-Oa-B angles towards 90°. A1- Op-B angle 

increases from 85.19° to 89.8°, and A1-Oa-B angle decreases from 93.51° 

to 91.6°. The variation of each bond angle is plotted along with the 

composition, and the schematic representation of the bond angles is also 

shown in Figure 5.5. 

 The changes in the structure modify the BO6 octahedra. The 

octahedra consists of six B-O bonds. There are four B-Op bonds along with 

one B-Oa (smaller) and one B-Oa՛ (larger) bond. The above changes in 

structure reduce the four B-Op bonds nominally from 2.012 Å in BTO to 

1.998 Å in BLFT3. This change is nominal as compared to the changes of 

B-Oa and B-Oa՛, whereas stronger B-Oa increases from 1.747 Å in BTO to 

1.919 Å in BLFT3, the weaker B-Oa՛ decreases from 2.288 Å in BTO to 

2.087 Å in BLFT3 [Figure 5.4(c)]. Hence, the B-Op bond seems to be less 

affected by substitution, while both B-Oa bonds are highly affected. On the 

other hand, at the A-site, twelve A-O bonds are available, out of which there 

are four A-Op, four A՛-Op bonds, and four A-Oa bonds. The structural 

changes increase the stronger A՛-Op bonds from 2.747 Å in BTO to 2.827 

Å in BLFT3 and decrease the weaker A՛-Op bonds from 2.936 Å in BTO to 

2.825 Å in BLFT3. These changes are considerable to the changes in A-Oa 

bonds, which can be observed to be nominal as 2.8312 Å in BTO to 2.825 

Å in BLFT1 and thereafter to 2.833 Å in BLFT3 [Figure 5.4(d)]. 
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Table 5.1: Variation of unit cell parameters, phase fraction and unit cell volume with doping. 

Compo

sition 

Lattice Parameters 

 Tetragonal Cubic 

 Phase 

fraction 

a=b c c/a volume Phase 

fraction 

a=b=c volume 

BTO 100 3.99615(4) 4.03564(7) 1.0099 64.446 0   

BLFT1 100 3.99410(4) 4.02079(6) 1.0067 64.143 0   

BLFT2 89.39 3.99658(4) 4.00990(8) 1.0033 64.0487 10.61 3.99658(4) 63.836 

BLFT3 72.80 3.99578(3) 4.00587(16) 1.0023 63.9588 27.20 3.99578(3) 63.7977 

 

  Hence, the off-centrosymmetric location of different cations and 

anions in the structure is dependent on the different bond strengths between 

the different A-O and B-O bonds and ultimately offers a competing 

structural change, which technically reduces the structural distortion but lets 

the distortion be present even for the BLFT3 sample.  

 The displacement of B and Oa, Op, and Oavg from the centrosymmetric 

position is plotted in Figure 5.5(3d). With substitution, this displacement 

decreases gradually and comes towards a centrosymmetric cubic structure. 

This shift of B, Op, Oa towards the centrosymmetric cubic arrangement with 

La and Fe substitution has resulted in the reduction in tetragonality and the 

incorporation of the cubic phase for x = 0.03 and x = 0.06. The variation of 

lattice parameters, unit cell volume, and c/a ratio, and the tetragonal and 

cubic phase fraction are mentioned in Table 5.1. In BTO, BLFT1, the Ti ion 

is in an off-center position. This preserves the tetragonality. However, the 

reduction of distortion in the BO6 octahedra reduces the tetragonality. For 

BLFT2 and BLFT3, Ti off-centering reduces and moves towards the 

centrosymmetric position, thereby creating a mixture of a cubic phase and 

an existing tetragonal phase. Note that the lattice parameters a and b in the 

tetragonal phase increase suddenly for BLFT2 and BLFT3 due to the 

presence of this mixed phase. 
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5.2.2 Raman spectroscopy analysis 

 In the tetragonal phase of the BTO, the factor group theoretical 

calculations result in Γ = 3A1 + 4E+B1 zone-center Γ-point optical phonon 

modes, which further show a splitting of polar modes in LO and TO 

branches in the ferroelectric tetragonal phase [260]. To get more insight into 

the local symmetry, Raman spectroscopy, which is sensitive to the same, 

has been carried out. The obtained spectra are consistent with the earlier 

reports [261]. 

 

Figure 5.6: (a) Raman spectrum of all samples, (b) Zoomed image of the 

characteristic tetragonal phonon mode at 305 cm-1, (c) Zoomed image of the disorder 

phonon mode at 770 cm-1, (d) Correlation of c/a ratio with intensity variation of 

305 cm-1 with composition, (e) Correlation of the variation of B-O bond length and 

Raman shift of 305 cm-1 with composition. 

 

 The Raman spectra of the ferroelectric tetragonal phase of BaTiO3 

can be observed to comprise the following modes: 

  (a) E(TO) mode ~40cm-1 

  (b) A1(TO), E(LO), E(TO), and A1(LO) around ~180 cm-1 

(c) Broad A1(TO) mode at ~280 cm-1 
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(d) Sharp B1, E(TO+ LO) mode at ~305 cm-1 

(e) Asymmetric A1, E(TO) broad bands at ~520 cm-1 and 

(f) Highest frequency A1(LO), E(LO) mode at ~720 cm-1 

  

 The Raman spectra of all the samples reveal [Figure 5.7 (a)] four 

distinct vibrational modes of BTO around ~180 cm-1. These are the A1(TO), 

E(LO), E(TO), and A1(LO) modes [262]. These modes are generally due to 

A-O vibrations and are difficult to identify separately. Especially in the case 

of powder samples, the modes appear to be clubbed into a pair of two 

modes: [A1(TO), E(LO)] and [E(TO), A1(LO)]. These modes can only be 

resolved in the case of a single crystal by using polarised Raman 

spectroscopy [263]. These modes are extremely weak in these materials, 

and the spectra reveal a change in intensity of the peaks with composition. 

However, these changes are nominal enough to make a strong comment on 

these modes. Room temperature tetragonal phase is characterised by sharp 

bands corresponding to different phonons, E(TO +LO)+B1 at 305 cm-1 and 

an asymmetric broader A1(TO) mode at 280 cm-1 and 520 cm-1, and an 

A1(LO) mode at 720 cm-1 [264]. These three modes at 280 cm-1, 520 cm-1, 

720 cm-1 can also be traced in the cubic paraelectric phase. However, the 

modes are much broader and more symmetrical than the ferroelectric phase. 

They are often attributed to second-order effects. However, it is better to 

correlate to the Ti displacements in the BO6 octahedra [265], [266]. The 

A1(TO) phonons at 520 cm-1 correspond to the O–B–O symmetric 

stretching vibration of the BO6 octahedral cluster, whereas the A1(LO) 

mode at 720 cm-1 is associated with the distortion of BO6 octahedra [260]. 

Both of these peaks show red shifting with the La and Fe substitution.  

 A strong E(TO +LO)+B1 mode ~305 cm-1 is observed for all the 

BLFT samples. This originates from the asymmetry of the TiO6 octahedra 

and is a signature of the tetragonal phase [260]. Hence, this mode strongly 

depends on the B-O bond vibrations. As this mode prevails even in the 

highest-doped BLFT3 sample, one may claim a tetragonal phase even when 
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the c/a ratio is 1.002. Hence, tetragonality at room temperature is confirmed 

in all the samples. However, with increasing La and Fe content, it weakens, 

redshifts, and broadens. The reduction in the peak intensity is due to the 

reduction in tetragonality of the BLFT samples as La and Fe substitution 

increases. This agrees with the decreasing c/a ratio [Figure 5.7(d)]. A 

redshift [Figure 5.7(e)] of this mode can be explained based on the larger 

atomic mass of Fe (55.845 a.m.u.) as compared to that of Ti (47.867 a.m.u.), 

as f 2π√(k/m), where ՝k′ is related to bond strength and m is reduced mass. 

The Fe is mostly in a Fe3+ or a Fe2+ state and is replacing a Ti4+ion. Note 

that the electrostatic attraction between lesser charges will be less, thereby 

reducing the bond strength. Thereby, the bond strength of a Fe2+/Fe3+-O2- 

bond is likely to be weaker than a Ti4+-O2- bond. From both aspects, there 

is a possibility of a red shift. Hence, the redshift is yet another proof of a 

replacement of the Ti atoms by Fe atoms. 

 The gradual decrease of intensity and wavenumber of tetragonal 

characteristic features at 280 cm-1, 305 cm-1, 520 cm-1, and 720 cm-1, and 

the variation of structural parameters towards centrosymmetric position is 

an excellent proof of a partial but incomplete tetragonal to cubic 

transformation from a structure-correlated phonon study. 

 Near substitutional defects with a chemical substitution with heavier 

atoms, some localised vibrational modes (LVM) may be observed near 770 

cm-1 in BaTiO3 [267]. These are modes that can appear due to relaxation of 

Raman selection rules from defect-induced disorder. In these samples, 

lattice distortions happen due to the La and Fe ions' substitution for the BTO 

lattice. These distortions will disturb the phonon vibrations and lead to some 

disorder phonon modes [Figure 5.7 (b)]. The intensity of these phonon 

modes is observed weakly in BLTF1 and becomes most prominent in the 

BLTF3 sample. However, in the BLTF1 and BLTF2, the effect is mostly 

not visible. However, when the data was fitted with Pseudo-Voigt peaks, 

the hidden mode in these samples was exposed. The intensity variation of 

these disorder phonon modes can be correlated with the changes in the 
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structural parameters with doping [268]. 

 

5.2.3 FE-SEM Analysis 

 FESEM images of optimally sintered BLFT pellets show [Figure 

5.8] dense micrograins for all samples. The average grain size is calculated 

using by Image J software. The sintering of all the samples at 13500 °C 

for 4 h forms a crystalline nature with dense matter formation. The relative 

density of all the samples is calculated using the formula; 

 

Relative density =  
Calculated density fo the pellets

Theoretical density
 

where the calculated density of the pellets with radius r and thickness t is 

measured by the formula: mass of the pellet / πr2t. The theoretical density 

is obtained from the CIF files. 

 

 

Figure 5.7: Surface morphology of sintered pellets for (a)BTO, (b)BLFT1, 

(c)BLFT2, (d)BLFT3, (e) BLFT4 compositions, and the inset shows the grain size 

distribution curves for the respective compositions. (f) Variation of grain size with 

composition. 

 All the sintered pellets have having relative density of more than 

90%. During the sintering process, crystalline dense grains are formed by 

the site-to-site diffusion of ions. Vacancies in the lattice play a major role 

in materialising such an ion diffusion process. The OV available in the 

lattice i s  an important factor in the grain-growth mechanism. The average 
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grain size of the pellets is found to decrease with an increase in x. The 

increase in the OV can lead to the inhibition of ion diffusion and result in 

the reduction in the grain growth and decrease in the grain size. 

 

5.2.4 XPS Analysis  

 

Dopant La 3d core level spectrum 

 The La XPS spectra were extremely weak for the BLFT1 samples 

due to the extremely low percentage of La present in the sample. However, 

for BLTF3 and BLTF4, formidable signals were observed. La3+ XPS core 

level peaks are observed at ~836 eV and 853 eV with an energy separation 

of ~17 eV [269]. The La spectra of BLFT samples revealed 3d5/2 and 3d3/2 

features with an energy separation of ~17 eV, confirming La3+ ions. Both 

the features were deconvoluted into two main peaks [Figure 5.9] due to the 

core contribution and due to the ‘shakeup satellites’ [270]. The formidable 

signals in the BLFT4 sample exhibit peaks of La-3d5/2 at ~ 834.39 eV (core 

level), 838.28 eV (shakeup satellites), while the La-3d3/2 was fitted with 

peaks at ~851.27 eV (core level), 855.07 eV (shakeup satellites).  

 When passing through the valence band, the photoelectron and 

valence band electrons will interact and transfer a particular amount of 

energy from the kinetic energy of the photoelectron to the valence band 

electron. The transition of valence state electrons from the valence band to 

the 4f state will happen by using this absorbed energy [271]. The energy 

difference due to this interaction is observed as satellite peaks in XPS. The 

binding energy peaks of La-3d5/2 and La-3d3/2 indicate a core hole with the 

vacant 4f orbital. Another broad feature is observed between the La-3d5/2 

and La-3d3/2 features. A plasmon loss peak has been reported at ~841.57 eV  

[272]. Plasmon peaks are formed due to the collective oscillation of 

electrons by absorbing a specific amount of energy through the interaction 

with the photoelectron [273]. 
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Figure 5.8: La 3d core level XPS spectra of all samples. 

 

 Dopant Fe 2p spectra 

 The Fe XPS spectra were formidable for all the samples, but were 

noisy. The Fe spectra revealed 2p3/2 and 2p1/2 broad features. Each feature 

comprises contributions from Fe3+ and Fe2+ ions with a spin-orbit coupling 

energy of ~13 eV [269] [Figure 5.10]. Hence, each feature was 

deconvoluted into three peaks, one belonging to the Fe3+ main peak, while 

another belonged to the Fe2+ main peak. The third peak corresponds to the 

satellite peak [274]. In LaFeO3, the Fe2+ 2p3/2 XPS peaks are centered at 

708.133 eV and 721.28 eV, and, Fe3+ -2p3/2 and 2p1/2 peaks are centered at 

710.216 eV and 723.243 eV, respectively [275]. The area fraction of Fe2+ 

to Fe3+ does not have a significant change. The fraction of Fe2+ content can 

be calculated from the ratio fFe2+= [Fe2+]/([Fe3+]+[Fe2+]), where [Fe2+] and 

[Fe3+] are the concentrations of Fe2+ and Fe3+. These values are estimated 
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relatively from the area under the curve of the corresponding peak. The fFe2+ 

was found to increase with increasing substitution, from 0.495 (BLFT1), to 

0.501 (BLFT2), 0.523 (BLFT3), and 0.555 (BLFT4). The satellite peak 

contribution in each sample decreases from BLFT1 to BLFT3. 

 

Figure 5.9: Fe 2p core level XPS spectra of all samples  

 

Host Ti 2p core level spectra 

 For pure BaTiO3, the Ti XPS spectra [Figure 5.11]is a strong feature 

and reveals a doublet Ti2p3/2 (binding energy 458.06 eV) and Ti-2p1/2 

(binding energy 463.83 eV) arising from spin splitting energy separation of 

5.7 eV [276]. These peaks are consistent with the Ti4+ oxidation state [276]. 

There is a shoulder peak at binding energy 459.67 eV belonging to the Ti-

2p1/2 feature that corresponds to the Ti3+ oxidation state [277].  The area 

ratio of this shoulder peak can be calculated from fTi-shoulder= [Ti-
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shoulder]/([Ti-shoulder] +[Ti4+]), where [Ti-shoulder] and [Ti4+] are the 

areas of the corresponding features estimated relatively from the area under 

the curve of the corresponding peak. The fTi-shoulder was found to increase 

with increasing substitution, from 0.065 (BTO), 0.128 (BLFT1) and 0.169 

(BLFT2), and 0.219 (BLFT3). Since this feature is correlated with the Ti3+ 

oxidation state, the valence state of the average B site reduces from a 4+ 

state to a lesser state with substitution.  

 

Figure 5.10: Ti 2p core level XPS spectra of all samples. 

A comparison of the B.E. of the Ti4+-2p position shows a decrease in B.E. 

with substitution. The reduction is more pronounced from BTO to BLFT1, 

but thereafter decreases gradually in BLFT2 and further in BLFT3. This 

indicates changes in the Ti-O bond strength with increasing Fe substitution. 

Note that with the advent of Fe into the lattice, the Ti B.E. weakens 

considerably. This has serious implications, hinting at the chemical 

environment of the ion. A reduction in the B.E. can imply a weakened bond 

between Ti and neighboring atoms, i.e., O anions. Hence, this implies a 

weakened Ti-O bond. The interaction between the Ti and Fe atoms and an 
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overlapping of their 3d orbitals is indicated by the shift in the peak. 

 

 Host Ba 3d core level spectra 

 For pure BaTiO3, the Ba XPS spectra are a strong feature and reveal 

a doublet Ba-3d5/2 (binding energy 778.36 eV) and Ba-3d3/2 (binding energy 

793.67 eV) arising from spin splitting [272] [Figure 5.12]. The spin-orbit 

coupling energy of 3d5/2 and 3d3/2 is around 15.31 eV. Each spin-orbit 

splitting peak is deconvoluted into two peaks, one main peak and one 

shoulder peak. The presence of these two peaks indicates the presence of 

two chemical states for the Ba atom [278]. The main peak corresponds to 

the Ba2+ state in the perovskite BTO [279]. 

 

Figure 5.11: Ba 3d core level XPS spectra of all samples  

 The pair of shoulder peaks observed at higher energies of the main 

peak is frequently reported for the BTO samples. Some possible reasons for 

the occurrence of these peaks, as reported in many reports, can be attributed 

to the Ba vacancy [279], [280], surface BaCO3 contamination [153], [281] 
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near-surface phase related to a relaxation of residual strain[154]. Surface 

grinding produces a preferred orientation of their domains with their c axis 

perpendicular to the surface in polycrystalline BTO. S. Kumar et al. [154] 

claimed the main peak contribution at lower B.E. is related to the domains 

with their ՝a′ axes aligned along the surface normal, and the shoulder peak 

at higher B.E. is related to the domains with their ՝c′ axis aligned along the 

surface normal. In our Ca/Mn modified BaTiO3, after etching, this shoulder 

peak is completely removed, indicating merely a surface contribution of this 

peak.  

 Extra hump-like features are observed around ~791 eV, which are 

not mentioned clearly in the literature. One report claims the possibility of 

the Ba loss attributed to this feature [282]. Baniecki et al. [283] studied the 

angle-resolved X-ray photoelectron spectroscopy in which this loss feature 

is highest at 90° and lowest at 0° take-off angle. The weak presence of this 

peak at 0° takeoff angle indicates that these features do not correspond to 

surface impurities, and it is related to the lattice features. Miot et al. [152] 

have studied the ageing of BTO ceramics with XPS studies. In their work, 

they have shown a reduction of this feature with ageing (from immediately 

after sintering, one month, and six months). In the same work, they have 

done etching studies, and they have found that with etching, the presence of 

this broad feature increases. These studies prove that these features are not 

related to surface carbonates or impurities but are most probably related to 

bulk perovskite BTO. Possible reasons for the occurrence of this peak in all 

these samples are probably attributed to loss features in the BTO lattice: 

mostly Ba loss. Since with etching, the prominence observed for this loss 

feature in the previous reports supports the possibility of Ba loss in all these 

samples. Further studies are needed to get a clear picture of the origin of 

this broad feature observed in all these samples. 

  

O1s core level spectra 

 The literature is rich with defining different types of oxygen species 
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related to the different structure correlated properties that are exhibited by 

oxide materials. In BTO, the O1s XPS spectra can be deconvoluted to three 

peaks corresponding to the B.E. of lattice oxygen (OI) at ~529.5 eV, second 

feature (OII) claimed as Ov and OH- at ~ 531 eV, and adsorbed oxygen (OIII) 

at ~ 532.4 eV, respectively [276]. In BTO, these peaks are observed at 

529.25 eV, 530.80 eV, and 532.28 eV. OIII corresponds to the adsorbed 

chemical species present on the BTO surface [276], which is present only 

on the surface, and depending on the external parameters, its dynamical 

entity varies. Hence, only OI and OII will contribute to the lattice dynamics. 

From our etching studies of Ca/Mn modified BaTiO3, we have confirmed a 

lattice origin of the OII peak, which can be correlated with Ov.  

 

Figure 5.12: O 1s core level XPS spectra of all samples  

 A numerical estimation of the amount of OI and OII was performed 

by deconvoluting the O1s XPS spectrum [Figure 5.13]. The fraction of OII 

content can be calculated from the ratio fOII= [OII]/([OI]+[OII]). Hence, [OII] 

and [OI] can be considered as the concentrations of OV and OL. The fraction 

fOv value for BTO was ~0.29, which gradually increased with increasing 
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substitution, to 0.493 (BLFT1), 0.513 (BLFT2), 0.525 (BLFT3). 

 In search of the reasons for OV, one can observe two potent sources 

of generation. The existence of Ti3+, i.e., a lower valence state ion as 

compared to the majority expected Ti4+ ions in the lattice, demands anionic 

loss. Also, the presence of Baloss broad peaks can be correlated with anionic 

loss, i.e., OV. Hence, the finite values of the fraction fTi3+ in BTO may be 

the prime reason for OV in the sample. However, it is not so certain whether 

it is due to the loss of Ba and the conversion of the Ti4+ to a Ti3+ that one 

expects OV, or it is the generation of OV due to the annealing process at high 

temperatures that leads to Ba loss and simultaneous production of Ti4+ to 

Ti3+ conversion. However, one important observation is the fact that these 

three parameters, along with the Fe3+ to Fe2+ conversion, are all coexistent. 

Hence, the XPS studies lay the foundation for the structural studies and 

enable us to understand the underlying parameters that control structure and 

thereby the functionalities of the material. 

 

Figure 5.12: Variation of area fraction of fTi- shoulder, fFe2+, fOII with substitution. 

 

5.2.5 Electron Spin Resonance spectroscopy 

ESR is particularly useful for detecting the unpaired electrons.  Ov 

represents donor-type defects that can bind one or two electrons, giving rise 

to singly charged,⁠ F+ centers (vacancy traps 1 electron → EPR active) or to 

neutral Ovs, F0 centers (vacancy traps 2 electrons → EPR silent). Previous 
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studies of such defects in BTO have shown that, in the case of the F+ center, 

a trapped electron is located at Ti3+eg 𝑑3𝑧2−𝑟2 orbital forming a Ti3+-Ov 

paramagnetic complex. In undoped BTO, there is no aliovalent dopant to 

demand charge compensation, so that Ovs  may remain in the F+ or F⁰ [284]. 

Lande g factor can be calculated from the formula; 𝑔 =
ℎ𝜈

𝜈𝐵𝐵
 , where,  𝜈 is 

the frequency of the EM signal, 𝜈𝐵 Bohr magneton, B is the magnetic field, 

h is Planck's constant. The value of the g factor allows for the prediction of 

the Zeeman splitting and aids in characterising the electron configurations 

and local environments in materials. 

Figure 5.15: EPR signals of (a) BTO, (b)BLFT1, the derivative of the EPR signal (c) BTO, 

(d) BLFT1.  

Figure 5.15 shows the EPR scan of BTO and BLFT1 at RT.  A sharp 

and steep signal at g = 1.997 is obtained for the pure BTO as evidence for 

the F+ center, corresponding to Ti3+ −Ov complex formed due to an electron 

trapped in Ov [285]. The shape and symmetry of the line are more consistent 

with an electron trapped in an Ov, rather than a Ti³⁺ signal, which often 

exhibits more anisotropy and a g value of around 1.94-1.98.  A single peak 

like this usually corresponds to a system with one unpaired electron and no 

hyperfine coupling. Several EPR measurements assigned their signals to a 

paramagnetic center, Ti3+ −Ov
2+, composed of Ov

2+ with the nearest Ti4+ ion 

trapping one electron. Considering its total charge, this paramagnetic center 

corresponds to Ov
+ [286].   
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In BLFT, ESR spectra contain a broad signal with multiple 

splittings. Characteristic spectra of Fe3+ in octahedral environment, Fe3+-Ov, 

Ti3+-Ov, and Ti3+-La3+ were observed with g factors g=2.05 (Fe3+), g=1.997 

(Ti3+-Ov), and 1.9629 (Ti3+-La3+) [287]. There are a lot of additional peaks 

(shown as green asterisks in Figure 5.15) that can be correlated to the 

distortions and vacancy interactions, suggesting interaction with nearby 

magnetic nuclei. The signal at ~g=2.04 can correspond to Fe3+ in the 

distorted octahedral environment. Fe doping introduces new paramagnetic 

centres and can influence conductivity. The peak intensity relates to the 

concentration of paramagnetic Fe³⁺ centres. Strong intensity means more Fe 

ions contributing to the EPR signal, or a higher concentration of Ovs that 

stabilise Fe³⁺ centres [288]. Absence of resolved hyperfine splitting suggests 

strong broadening or weak nuclear interactions. The Ovs modulate the local 

environment and are responsible for the broadening and peak 

characteristics. EPR reveals Fe³⁺– Ov complexes. This indicates that Ovs act 

as charge compensators and are stabilised by Fe doping. The EPR signal 

near g ≈ 1.963 was assigned to the complex center Ti3+–La3+, where La3+ is 

substituted for Ba2+. The appearance of Ti3+–La3+ centers would be a 

necessity of charge compensation for the rare-earth ion. BTO shows 

negligible EPR activity, indicating low intrinsic Ov concentration. BLFT1 

exhibits strong EPR signals, confirming the presence of Fe³⁺ ions and Ov, 

which likely form Fe–Ov defect complexes. Thus, La and Fe doping 

increase Ov concentration, which is directly evidenced by the appearance of 

paramagnetic signals in the EPR spectrum [289]. 

5.2.6  Ferroelectric properties 

 The RT electric field-dependent polarisation was measured and 

shown as the P-E hysteresis loop [Figure 5.14 (a)-(e)]. The test frequency 

of the P-E loop will depend on the polarisation and coercive field. Two 

factors are limiting the measurement frequency for the hysteresis loop. The 

first is the existence of a finite relaxation time for the domain switching 

process. If the electric field changes too fast, the domain switching process 
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cannot be completed, which leads to partial polarisation reversal, and the 

hysteresis loop becomes distorted. The second is the heat generation during 

the hysteresis measurement at high frequencies, which will cause a change 

of polarisation and the coercive field. In our case, the measurement was 

done with a frequency of 20 Hz, which gives proper FE P-E hysteresis 

loops [290]. 

  

Figure 5.14: P-E loop of the samples at 30 kV and Variation of Pr and Ps with 

composition and correlation of variation of Pr and Ps with c/a ratio. 

  

 A conventional nonlinear P-E hysteresis non-lossy loop was 

observed for BTO, BLFT1, suggesting the presence of FE in these samples. 

This was also confirmed from dielectric studies, where the FE→PE 

transition was observed above room temperature for BTO and BLFT1. The 

saturation polarisation is observed to slightly decrease from BTO to 

BLFT1. This is likely to be correlated with the decrease in the tetragonality 

with La and Fe incorporation. The tetragonality factor, c/a ratio, Ps, and Pr 

seem to follow a similar trend of decrement with substitution [Figure 5.14 

(f)]. Hence, Ps and Pr seem to be correlated with the changes in structure 

that modify the tetragonality of the phase. The loss increases with further 

substitution. Hence, extremely lossy loops, due to conduction losses, were 

obtained for the BLFT2 and BLFT3 samples, suggesting lossy improper 

FE-type behaviour in these materials. With higher substitution, the OV has 

increased, and so has the loss of materials. Conduction loss is an extremely 
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important component in the case of FE polarisation. One of the important 

observations is that along with the reduction of tetragonality, the amount 

of loss component increases, a combination of which may be the reason 

behind the decrease of Pr and Ps with the increase of substitution.   

 In FE materials, Ov are prominent structural defects that assemble 

near the domain walls. Ov arrests the motion of domain walls, a 

phenomenon widely known as pinning of the domain wall. The amount of 

Ov is critical to understanding the motion of domain walls. From these 

observations, it seems that degradation of FE is associated with the pinning 

of domain wall motion by Ov. Excessive presence of Ov restricts the motion 

of domain walls, a phenomenon widely known as pinning of the domain 

wall, thereby immobilising the FE domains. Apart from that, capacitive 

charging effects, ionic migration, space charges, or charge trapping at 

interfaces can also produce a round or loop-like lossy behaviour, 

particularly when measured at low frequencies.  Grain size of the samples 

also has a dependence on the FE properties exhibited by these ceramics, 

where the point defects contribution is not dominant, the maximum and 

remnant polarisation decrease with decreasing grain size [173]. From the 

SEM data, the grain size is found to decrease from BTO to BLFT3; hence, 

in the FE loop, Pr and Ps decrease with the decrease in grain size. The high 

number of defects and the lossy P-E loops hint at a high conduction loss in 

the BLFT2 and BLFT3 samples. Due to the high loss of the BLFT3 sample, 

the electric field can provide up to 10 kV. 

 

5.2.7 Magnetic studies 

 The field-dependent magnetic studies were performed in the range -

60 kOe to + 60 kOe at room temperature for all the samples [Figure 5.16 

(a)]. The BTO sample exhibits a dominant diamagnetic nature, whereas the 

introduction of La and Fe results in samples with a dominant paramagnetic 

behaviour. However, upon detailed inspection, there is evidence of a very 

weak FM when zoomed in at the zero field conditions [Figure 5 . 16(a) 
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inset]. This is consistent with other reports on BTO with surface oxygen 

or OV or other defects in the lattice [291]. 

 

 

Figure 5.16: (a) M-H loop of the samples at 60 kOe [Inset: Zoomed M-H loop at 6 

kOe shows small opening] (b)Diamagnetic and paramagnetic subtracted M-H loop. 

 

 Various correlated parameters influence the magnetism in these 

materials, including the grain size effect [292], the different valence states 

of Fe and Ti ions [293], and lattice disorder [294]. The overall magnetism 

has contributions from all these effects. The permeability of the material 

has been influenced by the grain size, distribution of grain size, the amount 

of pore, domain wall contribution, etc. However, detailed studies are 

required to understand the different contributions of these parameters to 

magnetic properties. For analysing the magnetic ordering of these samples, 

the paramagnetic or diamagnetic background was subtracted from the data, 

and the weak ferromagnetic saturated M-H loop was evident for all samples 

[Figure 5.16(b)].  

 Diamagnetism in BTO arises due to the Ti4+ cations, which have 

empty orbitals. FM can originate in such samples from conventional 

superexchange or double exchange interactions that can produce long-range 

magnetic order of magnetic cations. However, at lower concentrations of 

magnetic cations, such interactions are not possible [295]. Hence, ideally, 

Ti4+ being nonmagnetic, FM in BTO cannot be expected.  In search of the 

or ig in  of FM in BTO, one can relate to the presence of Ti3+ ions in these 
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materials. The origin of room temperature ferromagnetism in undoped 

BTO can be correlated to OV. There can be several types of OV, such as 

singly ionised (O•), doubly ionised (O••), and neutral (Ov). When 

interacting with Ti3+ ions, O• and O•• can produce magnetism. Ov on the 

surface of BTO can trap the electrons locally and create an F center. The 

magnetism due to the F-center exchange mechanism arises in the O•- Ti3+ 

networks. An electron in either the Ti3+ (3d1) ion or O• effectively behaves 

like a localised electron. The spin polarisation of the 3d electron happens 

when an electron at the O• sites bind with the localised 3d electron. The 

electrons in the O• and Ti3+ ions exhibiting parallel spins lead to 

ferromagnetic exchange interaction and result in the formation of bound 

magnetic polarons (BMP) [Figure 5.17]. Similarly, when O•• is in the two 

nearest neighbouring Ti3+ ions, BMP is formed due to the exchange 

interaction of two electrons. Hence, the RTFM in BTO is the result of 

exchange interaction in BMPs. A schematic of the formation of BMPs is 

shown in Figure 5.17. These charged defect complexes can lead to weak 

FM in the pure BTO. With La and Fe addition, the BLFT samples show a 

dominant paramagnetism. The diamagnetism to Para magnetism conversion 

may be only justified due to the presence of Fe ions. As the Fe3+ ion 

concentration is extremely low, these are isolated and cannot interact with 

each other. Hence, they contribute to Pauli Paramagnetism. In addition to 

the paramagnetism, there is a very weak ferromagnetism. The small value 

of MS in the BLFT samples can be correlated to two reasons: The La and 

Fe substitution in BTO increases fOv, which acts as an electron trap center, 

and increases the BMP [296]. Here, Ti3+- O•, Fe3+-O•, Ti3+-O•• -Ti3+ charge 

defect complexes are created. The increase of Fe2+/Fe3+ magnetic ions in the 

BTO lattice, which will also lead to an increase in BMP. 
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Figure 5.17: (a)Schematic of the BMP in BTO (b) Schematic of BMP in BLFT. 

 The saturation magnetization, Ms, and the remnant 

magnetization, Mr, increase from BTO to BLFT1. Thereafter, these 

values decrease for BLFT2 and further for BLFT3 [Figure 5.18]. 

 

Figure 5.18: (a) Comparison of M-H curve of all the samples together (b)Variation 

in the Ms and MR value with composition, (c) Variation of Ti-O-Ti bond angle with 

composition. 

 The increase in the values of Ms and Mr can be correlated to the 

increase in BMP due to a n  increase in Ov and, thereby, the charge defect 

complexes. However, for BLFT2 and BLFT3, the structural 

modifications reduce the amount of these charge defect complexes and 

which leads to the deterioration of BMP; thereby, ferromagnetism will 

reduce. For lower-doped samples, the defect concentrations are below the 

critical values that allow double exchange t o  b e  mitigated through Ov. 

This will result in a magnetic ordering as discussed in dilute Fe-doped 

BaTiO3 [297]. But such conditions are violated for higher substitutions, 

thereby losing the ferromagnetism. 

 



 

199 
 

 5.2.8 Multiferroicity and magnetodielectric studies 

 

 The BTO, BLFT1 samples exhibit simultaneous existence of FM 

and FE and hence possess multiferroicity at RT. However, the existence of 

multiferroicity in a single phase does not confirm the coupling of these two 

ferroic orders. A direct MEC measurement of these samples did not give a 

proper P-H loop due to the high level of noise in the measurement data. This 

indicates the very low value of the MEC coefficient that cannot be extracted 

from the noise level, or may be the absence of MEC in the material.   

 A magneto-dielectric (MD) measurement [298] is performed for 

analysing the capacitance variation with the application of a magnetic field. 

Magnetic modification of the dielectric permittivity can be an indirect 

indication of a possible MEC. Since the magnetic field affects magnetic 

ordering, the field indirectly alters the dielectric constant of magnetoelectric 

multiferroics. This is the so-called magnetodielectric effect (MDE) or 

magnetocapacitance effect (MCE). However, MEC is not the only way to 

produce MC: magneto-resistive artifacts can also give rise to MDE. Thus, 

while multiferroicity may imply MC, the converse is not true [299]. Hence, 

MDE is an indirect way to study the MEC. 

 Room temperature MDE in the La/Fe modified BTO compositions 

has been investigated with a frequency-dependent dielectric measurement 

at various magnetic fields. The dielectric spectra were observed to vary with 

an increase in the applied magnetic field for all the compositions. The MC 

between electric and magnetic dipoles was evaluated by measuring the 

change of the dielectric constant (Δεr) with the applied magnetic field (H) 

at room temperature. The magneto-capacitance can be expressed as: 

𝑀𝐶 =  
𝜀(𝐻) − 𝜀(0)

𝜀(0)
 

where ε(H), ε(0) denote the dielectric constants in the presence and absence 

of magnetic field H, respectively.  
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 Figure 5.19 shows the variation of permittivity with frequency for 

different magnetic fields from 0 T to 1 T. The Inset of each figure shows 

the variation with magnetic field for a small range of frequency 1kHz–

10kHz. The results show that there is significant variation in the dielectric 

properties of the samples with magnetic fields. MC has been reported in 

literature to be both positive and negative. In these samples, εr decreases 

with the increase of the applied magnetic field, which signifies a negative 

coupling coefficient [300]. The sign of the MDE depends on the product of 

the spin pair correlation of the neighbouring spins and the coupling constant 

[301], [302]. 

 

Figure 5.19: Variation of εr with frequency for all the samples under different 

magnetic field from 0 T to 1 T. 

 Figure 5.20 [a-d] shows the variation of MC with magnetic field for 

different frequencies, 1 kHz, 10 kHz, 100 kHz, for the increase in magnetic 

field from 0 to 1 T. The absolute value of MC increases with an increase in 

La/Fe content up to BLFT1; after that, the value decreases for BLFT2 and 

BLFT3. Dielectric constant decreases with the increase in the applied 

magnetic field in the investigated frequency range. The applied magnetic 
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field induces strain in the multiferroic material. The strain induces stress on 

the piezoelectric, since all ferroelectrics are piezoelectric, which generates 

the electric field. The orientation of the ferroelectric domains due to this 

generated electric field leads to a change in polarization value. Eventually, 

a change in dielectric permittivity occurs with the application of a magnetic 

field [303], [304]. The MC decreases with an increase in frequency.  

 

Figure 5.20: Variation of MC% of all samples with magnetic field at (a)-(e) 

1kHZ,10kHZ, 100 kHz, (f) Comparison of MC% for all the samples at 1 kHz. 

  

 Figure 5.20 [e,f] shows the MC% of different samples at 1kHz and 

10kHz for a magnetic field of 1T.  At lower frequencies, the contribution of 

space charges also comes into the picture, and that also contributes to the 

MC, while at higher frequencies, the relaxation of the space charges and the 

contribution to the space charge polarization will be less and lead to a 

decrease in the MC%. This plot reveals that the MC% is highest for the 

BLFT1 sample compared to all other samples. The existence of magnetic 

and ferroelectric ordering in these samples leads to the electric dipoles 

aligning in a certain orientation and induces polarization with the 

application of a magnetic field.  
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Figure 5 . 21: Variation of Mr, Ms, and MC% at a  magnetic field of 1 T and 

a n  electric field of 10 kHz for all compositions. 

 Figure 5.21 shows the variation of MC% for 10 kHz and Ms and Mr 

values with composition. The MC% increases from BTO to BLFT1, then 

decreases afterwards. The decrease of Ms and Mr with composition in the 

M-H loop and the increase in the lossy nature of the P-E loop can be 

correlated to the decrease in the MD effect after BLFT1. The highest MC% 

value of BLFT1 indirectly indicates the MEC shown by these materials. 

 

Table 5.2: Maximum magnetocapacitance (%) values were collected from literature data 

and compared with the present system. 

No System MC% Frequency Magnetic 

field 

Ref. 

1 (0.7) BiFeO3– (0.3) BaTiO3 -0.23 1 0.9 [305] 

2 0.6(0.3CoFe2O4–0.7BiFeO3)– (0.4) 

BaTiO3 

-3.2 1 0.9 [306] 

3 (0.5) MgFe2O4– (0.5) BaTiO3 -0.4 10 0.7 [307] 

4 BaT 0.95Fe0.05O3-δ -3.7 10 1 [308] 

5 BaTiO3- CoFe2O4 -4.5 1 2.1 [309] 

6 (0.94) BaTiO3-(0.6) CoFe2O4 -9 1 0.26 [310] 

7 (0.94) BaTiO3-(0.6) ZnFe2O3 -7 1 0.26 [310] 

8 (0.99) BaTiO3-(0.01) LaFeO3 -2.7 10 1 Present 

work 

 

 Hence, the coexistence of FE and magnetic ordering in BLFT1 leads 

to enhanced MD effect. In some of the composites of BaTiO3 with magnetic 

materials with different phases, the reported MC% value is greater than the 
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MC% value obtained for the BLFT1 sample [310], [311]. Whereas this 

MC% value ~ - 7.8 at 1 kHz and ~ - 2.7 at 10 kHz obtained for BLFT1 is 

the highest value reported in a solid solution with single-phase material 

[312] [Table 5.2]. 

 

5.3 Conclusions 

 Sol-gel prepared Ba(1-x)La(x)Ti(1-y)Fe(y)O3 revealed a pure 

tetragonal P4mm phase for x = 0 and 0.01, while a mixed tetragonal and 

cubic Pm-3 m phase for 0.03 and 0.06. The modifications were confirmed 

by XRD and Raman studies. From XPS a n d  E S R  m e a s u r e m e n t  

shows the presence of OV, Ti3+, and Fe2+ with substitution. The presence 

of these ions and vacancies can form defect complexes suitable to 

exchange interaction of of spins.  

The grain size was observed to decrease from 2.89 µm to 1.38 µm from 

FESEM studies. Ferroelectricity was observed in the single-phase 

samples up to x = 0.01. For x >0.01, the samples become improper 

ferroelectrics due to the high conduction losses, and the multiferroicity 

is lost. Along with the ferroelectric ordering, a ferromagnetic component 

was also observed in the single-phase samples. The ferromagnetism arises 

from the F center exchange mediated by Bound Magnetic Polarons. 

However, for the higher substitution (x>0.01), both orderings are 

compromised and lose the multiferroicity. The coupling of the 

ferroelectric and ferromagnetic orders was revealed from 

magnetodielectric property measurements.  The magnetocapacitance 

percentage value 2.7 at 10 kHz is highest for x = 0.01 at 1 T. This is an 

indication of MEC, and can be correlated with the structural variations 

and associated ferroelectric and magnetic properties. 
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CHAPTER 6 
 

Defects induced band gap modification,  

polaron formation, and 

dielectric properties of La and Fe-doped BaTiO3 

Ba(1-x)La(x)Ti(1-y)Fe(y)O3 (x=y=0, 0.01, 0.03, 0.06) 

 

This chapter details the optical band gap modification of La/Fe- 

modified BaTiO3. Theoretical DOS and ELF calculations predict 

the defect state formation and lattice distortions. Dielectric 

properties and ac conductivity studies explore the polaron formation 

and changes in the conduction mechanisms. 
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6.1 Introduction 

Transition metal-based oxide perovskites are widely used in 

optoelectronic devices due to their electronic structure, charge transport 

mechanisms, and defect states [313], [314]. The optical properties and 

electrical conduction mechanisms are correlated in optoelectronic materials 

[315], [316]. Optical memories, electro-optic devices, actuators, sensors, 

photovoltaics, photocatalysis, etc., are applications where bandgap tuning 

and associated changes in electrical and optical properties are essential to 

be explored in materials where there is the flexibility of modifications using 

various probes, including chemical modifications [317], [318].  

BaTiO3 (BTO) is a wide bandgap semiconductor and a well-known 

dielectric material with an optical bandgap of ∼3.2 eV [319]. The bandgap 

can be tuned depending on the crystal structure and defects. The tetragonal 

structure of BTO has a higher bandgap than the cubic structure [320]. This 

variation of hybridisation of orbitals in the crystal structure is an important 

factor [321]. Experimentally and theoretically, Fe-doped BTO [322] and La-

doped BTO [323] were found to have a reduced bandgap. However, there 

needs to be more explanation of band structures. While some describe Fe-

doped BTO as leading to the modification of the Ti orbitals [324], others 

refer to the formation of Fe defect bands near the valence band [325], [326]. 

In the previous chapter, we studied the structure-correlated 

multiferroic and magnetodielectric applications of La and Fe-doped BTO. 

A mixed valence state of TM ions was observed in these samples. Ov 

increased with doping. For x> 0.01, an increase in the lossy nature of the 

samples was observed, hinting at a better transport property of these 

materials [150]. Hence, a study of the electronic, dielectric properties of the 

doped materials becomes important. In this chapter, we have taken four 

samples of La and Fe doped series named as BTO (x=0), BLFT1 (x=0.01), 

BLFT2(x=0.03), and BLFT3(x=0.06). Knowing that these properties are 

correlated to the modifications in the electronic density of states (DOS), 

orbital shapes, etc., an attempt to correlate the theoretical and experimental 
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results is of prime interest. The introduction of lattice disorder/ distortions 

by introducing foreign elements and Ov may lead to such modifications in 

the DOS and orbital shapes and formation of polarons, thereby making this 

solid solution interesting. The structural changes leading to changes in the 

electronic properties of these materials provide an ideal opportunity to 

investigate such possibilities [327]. In this work, an attempt has been made 

to justify the theoretical and experimental observations of defects, 

correlated band gap, and dielectric properties.  

 

6.2 RESULTS AND DISCUSSION  

 

6.2.1 Optical band gap studies UV-DRS absorption  

spectroscopy 

The optical bandgap energy, Eg, was measured using the UV-visible 

DRS absorption spectrum. The optical bandgap was estimated by fitting the 

absorption coefficient in Tauc’s relation given by (αhν)n =C(hν–Eg) [328], 

where C is the proportionality constant, h is the Planck constant, Eg is the 

optical bandgap, and n is 2 for the direct bandgap [329]. Tauc’s plot of all 

the samples is given in Figure 6.1. The extrapolation of the straight portion 

of the curve to the energy axis will give the bandgap. The structural disorder 

and the defects in the lattice are associated with the EU [330]. The spectral 

dependence of the absorption coefficient α in the spectral region 

corresponding to transitions involving the tails of the electronic density of 

states is described by the Urbach equation, 

𝛼 = 𝛼0𝑒𝑥𝑝 (
ℎ𝜐−𝐸𝑔

𝐸𝑈
),  

where α0 is a constant, EU is the energy that reflects structural disorder and 

defects of a semiconductor.  
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Figure 6.1: (a) UV-visible tauc plot of the samples, (b) enlarged view of the pre absorption 

edge (c) Variation of Eg and EU with composition. 

Eg, constantly decreased from the UV region ∼3.25 eV (BTO) to the 

visible region ∼2.6 eV (BLFT3) (Figure 6.1). The band structure of BTO is 

formed mainly due to the Ti3d (CB) and O2p (VB) orbitals [331]. Changes 

in the overlapping pattern of the Ti and O orbitals can also lead to 

modifications in the energy gap. Modifications of electronic hybridisation 

ultimately redefine the energy gap. The shift of Ti4+ ions with doping leads 

to distortion of the TiO6 octahedra, which results in changes in the strength 

of hybridisation in the Ti–O bond through crystal field splitting [332]. 

Panchal et al. [333], with the help of X-ray absorption, studied the 

difference in the strength of Ti–O hybridisation in tetragonal and cubic 

phases. The enhanced extent of hybridisation of eg and t2g orbitals and a 

smaller crystal field due to the reduction in tetragonal distortion and lifting 

of the TiO6 octahedral symmetry led to a reduction in the effective bandgap. 

EU increases from 126 meV for pure BTO to 917 meV for BLFT3 as shown 

in Figure 6.1. This increase confirms the structural disorder in BTO with La 

and Fe substitution.  

In BTO, doping causes structural asymmetry due to the 

displacement of Ba and Ti atoms. This introduces atomic orbital 

destabilisation and causes pseudo-Jahn–Teller (PJT) effect [334]. In pure 

BTO, Ti is supposed to be in the Ti4+ state. This Ti4+ ion does not have a d-

electron and hence cannot participate in a PJT. On the other hand, Ti3+ has 

one 3d-electron, which can participate in PJT. In the BLFT samples, Ti3+ 

and Fe2+ ions can induce PJT. Displacements in Ti–O/Fe–O and Ba–O/La–
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O bonds for the BLFT samples [150] ensure the PJT effect. These 

distortions modify the energy and the splitting. Hence, a lowering of the 

bandgap is observed along with the reduction of the energies of the band 

edges. There can also be an increase in intermediate states in the bandgap 

[335]. It has been observed that Fe generates defect states near EF [336] and 

inside the CB. It was observed through XPS and EPR studies that dopant 

cations and Ov can form defect clusters in doped lattices. These defect 

clusters can influence the ac conductivity through charge transfer [337]. 

This inhomogeneous charge distribution allows the trapping of electrons. 

Hence, an increase in carrier concentration can be expected. For the states 

near EF, one can also expect an increase in conduction mediated through 

these defect states. Such defects can also contribute to localised electronic 

states inside the gap. Electrons can be trapped in these states, thereby 

increasing the carrier concentration.  

For the BTO, the absorption edge is sharp [Figure 6.1(a)], which 

shows the negligible presence of defect states in the lattice and a very low 

value of EU. In the case of doped samples, there is a gradual reduction in the 

sharpness of the absorption edge from BLFT1 to BLFT3. Such a reduction 

in the sharpness indicates the presence of band tails due to strain from 

structural deformation, increasing in EU. However, one should not rule out 

the presence of dopant-initiated states very close to the conduction band 

maximum (CBM) and valence band minimum (VBM). A theoretical 

assessment has been performed using DOS analysis in the next section to 

verify such effects. 

A hump-like broad pre-absorption peak is observed for BLFT 

samples [Figure 6.1(b)]. These absorption edges correspond to the 

absorption due to intermediate states or d-d transitions. As the defect states 

increase, doping leads to an increase in the intensity of this pre-absorption 

edge at a lower energy than the bandgap energy. DOS analysis is essential 

to understand such states responsible for the pre-edge absorption. 
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6.2.2 Density of states analysis  

To investigate experimentally obtained reduction in bandgap and 

additional absorption pre-edge, electronic total density of states (TDOS) 

and partial density of states (PDOS) in BTO and BLFT3 have been 

performed using the fully relaxed crystal structure, as shown in Figure 6.2. 

For simplicity, EF is shifted in both compounds to 0 eV. The electronic 

density of states shown is mainly dominated by Ba 5p, Ti 3d, O 2p, Fe 3d, 

and La 5d states. The partial density of states of Ba 5p orbitals near the 

Fermi level indicates Ba has a small electronic contribution to the 

conduction band; it acts as a charge balancer to balance the system charge 

[338]. The contribution from La is not significant in BLFT3 compared to 

Ba in the electronic DOS. 

 

Figure 6.2: DOS of Ba 5p states, La 5d states, Ti 3d states, Fe 3d states, O 2p states. (a) 

BTO and (b) BLFT3. 

In the case of BTO, the VBM and CBM near EF show a large density 

of states and sharp edges compared to BLFT3. This correlates with the sharp 

absorption edge experimentally obtained in the UV–visible absorption 

spectra of BTO, revealing lower EU, but a tailing absorption edge for doped 

BLFT samples, revealing higher EU. The bandgap of both samples was 

found to be of the order of ∼1.6 eV. The VBM of BTO was observed at 

0.031 eV lower than EF, while that of the BLFT3 was observed at 0.799 eV 
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lower than EF, a shift to a lower energy by 0.768 eV. On the other hand, the 

CBM of BTO was observed at 1.507 eV above EF, while that of the BLFT3 

was observed at 0.803 eV above EF, a shift to a lower energy by 0.704 eV. 

Hence, both VBM and CBM display a shift toward lower energies for the 

BLFT3 sample as compared to BTO. This change in the shift of CBM and 

VBM leads to moving EF closer to the CBM. A point to observe is that in 

the BTO, EF is close to the VBM while it moves toward the middle of the 

gap with doping. The closeness of EF to the VBM in the case of BTO is 

indicative of a p-type nature of the sample. On the other hand, the Fermi 

level rises with doping for BLFT3, indicating an increase in the negative 

carriers and a decrease in the positive carriers. 

In the case of BTO, the CBM is contributed mainly by the Ti states, 

while the VBM is contributed by the O states. Hence, the bandgap is mainly 

associated with the hybridisation of Ti–O bonds. In the BLFT3 sample, 

apart from the O states, the Fe states also contribute to VBM. On the other 

hand, the CBM is a contribution of not only the Ti-states but also the Fe-

states. Hence, Fe seems to affect both the VBM and CBM. Hence, the 

presence of Fe in the lattice modifies the electronic charge distribution in 

such a manner that shifts the Fermi level to a higher position in the bandgap. 

It is notable that in BTO, there are no defect states inside the 

bandgap. However, with the advent of La and Fe in the lattice, a 

considerable amount of defect states is observed near EF of the BLFT3 

sample. These states are contributed mainly by Fe, followed by O and 

nominally by Ti. In a p-type semiconductor, EF is generally shifted toward 

the VBM due to the acceptor level near the VBM, while in an n-type 

semiconductor, EF is generally shifted toward the CBM due to the donor 

level being near the CBM. Hence, the shift of EF toward the middle of the 

gap may be a consequence of the presence of these defect states at the 

middle of the band in the BLTF3. OV was also found to increase, which 

changes the density of states. Such changes in the cationic valence state and 
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oxygen content are expected to generate changes in the DOS. Such changes 

are hereby observed in terms of the new states inside the bandgap. Thus, the 

lowering of the CBM and VBM concerning EF is correlated with the 

changes in the cationic valence states. 

The pre-edge absorption found experimentally from absorption 

spectroscopy [Figure 6.1(b)] is a consequence of the mid-band defect states. 

Photo-excited electrons from the O-states in the VB to Ti-states in the CB 

will be significantly affected by the changes in the effective charge of the 

Ti atoms and the absence or presence of the O atoms. Such changes, along 

with the introduction of the Fe-states at both the VBM and CBM, are also 

partially contributors to the shifting of the EF. Such effects may also be 

responsible for the loss of sharpness of the VBM and CBM edges. The 

observed defect states within the bandgap can trap the electrons and act as 

localised distortions or polarons in the lattice [339]. These polaron 

formations and how the electron charge distribution between Ti and O varies 

with doping can be analysed with the electron localisation function 

calculation detailed in the section on “Electron localisation function.” 

6.2.3 Electron localisation function calculation 

 It is necessary to understand how the doping of La and Fe affects 

the BTO lattice in terms of electronic charge distribution, in other words, 

the hybridisation of the atoms. A theoretical estimation can be obtained by 

comparing the electron localisation plots of a pure and doped sample. In this 

study, such a comparison is made between the pure BTO and the maximum 

doped BLFT3 samples. We have shown electron density distribution in ab-

planes, separately for the Ba–O planes [Figure 6.3(a) and 6.3(b)] and the 

Ti–O planes [Figure 6.3(c) and 6.3(d)]. The warmer red colour depicts the 

high electronic charge density, and the colder blue colour represents the 

absence of electrons. The covalent nature of the bonds is revealed from the 

contours of charge density. For the Ti–O planes, as expected, the charge 

distribution around each Ti and O atom in BTO is identical. However, with 
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doping, a distortion in charge density distribution appears in the vicinity of 

the dopant atom and modifies the surrounding lattice to some extent. As a 

result of doping, the continuity of the redness between two oxygen atoms is 

reduced in the doped lattice. This hints at the localisation of electrons or the 

formation of polarons in the lattice due to La and Fe doping. Similarly, in 

the Ba–O planes, variations are observed around the La sites. A lattice 

contraction is observed with La and Fe substitution surrounding the 

dopants.  

From the localisation of electrons, it seems that a stronger 

hybridisation between the Ti and O atoms is present in the BTO lattice than 

in the BLFT3 lattice. Similarly, the same can be inferred for the 

hybridisation between the Ba and O atoms. This means that the bond 

strength of both the Ti–O and Ba–O bonds weakens with doping.  

 

Figure 6.3: Schematic of the electron density plots of the (a) Ba-O layer in the a–b plane 

of BTO. (b) Ba-O layer in the a–b plane for La atoms doped in the Ba site. (c) Ti-O layer 

in the a–b plane of BTO. (d) Ti-O layer in the a–b plane of Fe atoms doped in the Ti site. 

 

The band gap in BaTiO3 is formed by Ti 3d (conduction band) and 

O 2p (valence band) orbitals. DFT calculations on BLFT3 reveal that the 

band gap is due to the separation of the same Ti 3d and O 2p orbitals. 
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However, the relative position of the Fermi energy concerning the valence 

band and the conduction band was found to be modified. To add to these 

changes the E-k diagram reveals modifications in the Ti 3d and O 2p 

orbitals. Such changes are due to the presence of La and Fe in the lattice. A 

more visible effect is observed from the ELF studies. It was observed that 

the electron density is modified around the Ti and O sites. Further, a 

structural disorder in the lattice can also be observed from the modification 

of electron density near Ba and Ti ions. Hence, the lattice gets disordered 

due to the incorporation of La and Fe.  

 

 6.2.4 Dielectric properties 

 Room temperature frequency-dependent dielectric constant (εr) 

[Figure 6.4 (a)] and loss factor (tanδ) [Figure 6.4 (b)] was studied in detail. 

At lower frequencies, εr is high and drops significantly with the increase of 

frequency. At very high frequencies, ~1 kHz, εr becomes almost 

invariant for BTO. This frequency increases with increasing substitution. 

On the other hand, the change in εr is larger in higher-doped samples than 

the lower-doped samples. Space charge polarisation can be responsible for 

such a fast variation at lower frequencies [173]. The higher value of 

dielectric constant at lower frequencies is explained by the Maxwell–

Wagner interfacial polarisation model. According to this model, the 

dielectric constant has contributions from interfacial, hopping, dipolar, 

ionic, and electronic polarisations, leading to its higher value. As the 

frequency increases, the εr decreases due to space charge relaxation [340], 

[341]. In addition, in the Maxwell-Wagner model, the high dielectric 

constant value at the lower frequency region has more contribution from 

the conducting grain boundaries.  The characteristic relaxation 

frequencies of the dipolar, hopping, and interfacial polarisations are 

prominent in the ranges ~ 106 – 1010 Hz, 102 -105 Hz, and 1 – 103 Hz, 

respectively [291]. 
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 In this sample, the sharp drop of εr is mostly within 1 kHz. Hence, 

it is likely that interfacial polarisation plays an active role in these materials. 

Interfacial polarisation arises from the separation of charge carriers 

accumulated at the grain boundary. From FESEM studies, the grain size 

was observed to be reduced with increasing substitution. A reduction of 

grain size implies an increase in the volume of grain boundaries. This, in 

turn, provides more charge carriers to be accumulated in these grain 

boundaries. On the other hand, the increasing presence of multivalent 

cations, as in Fe2+/Fe3+ and Ti3+/Ti4+, enables more charge carriers to be 

freely available. Hence, the increase of multiple oxidation states in place 

of Ti4+ and Ov are strong source of argument towards increasing carrier 

concentration at the grain boundaries. Such a bi-fold source of enhancement 

of probable contributors to interfacial polarisations is indeed a strong proof 

of such a drastic increase of εr with increasing substitution. 

 
Figure 6.4: Room temperature (a) dielectric permittivity and (b) loss tangent with 

frequency. 

 

 For higher substitutions, the reduction happens in the range 1–105 

Hz, which may also involve the participation of hopping polarisation. 

Hopping polarisation happens due to the hopping of electrons between 

Ti4+/Ti3+, Fe2+/Fe3+ ions in the lattice. This leads to changes in the charge 

separation and related polarisation. With doping, the Fe2+, Ti3+, and Ov 

increase. Such changes in the grain offer higher hopping polarisation 

contributions. Hence, for the higher substituted samples, one can observe 

a delay reduction with frequency. The value of tanδ is high for lower 
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frequencies and low for higher frequencies. At very high frequencies, 

~1 MHz, the value of tanδ reduces to negligible values. Hence, at such 

high frequencies, all samples are less lossy. However, at lower 

frequencies, the loss of the doped samples is extremely high compared 

to the BTO sample. The loss increases with doping, with increasing 

substitution for all frequencies. The increment in the value of tanδ is 

related to the increase in the conductivity or energy loss of the materials. 

In oxide materials, an increase in conductivity can be related to OV, 

cationic vacancies, or polaron hopping. Note that there are no volatile 

elements in the samples. Also, the sintering temperature, heating 

process, and environment were unaltered. Hence, the chance for the 

cationic vacancy is negligible [292]. The fOV was found to increase from 

BTO to BLFT3 from XPS studies. Also, the increase of multiple 

oxidation states in the BLFT samples can lead to an increased polaron 

hopping mechanism. A broad hump-like feature is observed in the tanδ 

value of BLFT3 near 10 kHz. This could be attributed to non-Debye type 

relaxations, which might arise due to space charge conduction [293]. 

The hopping motion of doubly ionised OV could also play a role in causing 

such a type of relaxation [294]. A minor hump-like feature is present in 

BLFT2, too. The ferroelectric loops of these samples also appear lossy. 

 Temperature-dependent dielectric property analysis is an effective 

method to understand the behaviour of phase transitions. A dielectric 

constant anomaly at a temperature, Tc, is indicated by a phase transition at 

which ε is the maximum (εm). At this temperature, a phase transition from 

the noncentrosymmetric strained P4mm tetragonal ferroelectric to a 

noncentrosymmetric Pm-3 m cubic paraelectric phase happens [295]. The 

temperature-dependent dielectric spectra show a ferroelectric to 

paraelectric phase transition at Tc. For the BLFT samples, Tc was observed 

in the 50–140 ºC temperature range [Figure 6.5]. For the BTO sample, Tc 

~137 °C, but Tc reduces to 90 °C for BLFT1. With increasing substitution, 

the tetragonal strain decreases, which reduces Tc. Such a reduction of 



 

216 
 

tetragonality was also observed from XRD analysis. From dielectric 

properties measurement, which was limited to 50 ◦C, the phase transition 

was evident even for BLFT2, for which Tc is at ~room temperature. From 

structural studies, for BLFT2, c/a→1, but it was not equal to 1. This agrees 

with the dielectric property observations. However, for BLFT3, the 

transition shifted to lower temperatures and was not visible within the scope 

of the experiment. The shift of Tc towards room temperature with doping 

results in an increase in the εr value for doped samples at RT. 

 
 

 Figure 6.5: Variation of dielectric permittivity with temperature and tanδ in the 

temperature range 50 0C to 200 0C. [Solid circles represent permittivity and a hollow 

star indicates tanδ]. 

 The BO6 octahedral distortion decreases continuously from BTO to 

BLFT3. The average Ba-O bond and average Ti-O bond length decrease. 

Also, the c/a ratio decreases. On the other hand, the phase transition 

temperature reduces accordingly. Hence, a direct correlation between 

these two can be justified. For the BLFT2 and BLFT3 samples, the non-

existence of the Tc can be justified from the presence of mixed P4mm 
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and Pm-3 m from the XRD analysis. The incorporation of La and Fe in 

the BTO sample reduces the tetragonality, enabling the ferroelectric to 

paraelectric transition at a lower temperature. In the case of BLFT3, the 

phase transition is not observed in the temperature-dependent dielectric 

since the cubic phase was more prominent in the XRD studies. 

 

6.2.5 AC conductivity studies 

 AC conductivity (σac) can be obtained from the formula σac 

=2πfε0ε’’, where f is the frequency (Hz), ε0 is the permittivity of vacuum, 

and ε’’ is the imaginary part of dielectric permittivity. Frequency-dependent 

σac (10Hz–1MHz) was estimated in the temperature range of 323–563K 

[Figure 6.6] to understand the conduction mechanism of the BLFT samples. 

Three distinct regions appear in three different frequency ranges of the σac 

data: 

(6) a low frequency regime (f ~104 Hz). 

 (ii) an intermediate frequency regime (f ∼ 103–104 Hz) 

(iii) a higher frequency regime (f > 104 Hz). 

The low-frequency regime reveals a plateau region and generally 

corresponds to the total DC conductivity of the grain and grain boundary 

[342]. The intermediate frequency regime reveals the first dispersion region 

and is generally a characteristic of localised charges in the grains and 

trapped charges in the grain boundaries [343]. The higher frequency regime 

reveals a second dispersion region and is representative of the presence of 

an increased mobility of the charge carriers. This change in the conductivity 

with frequency is correlated to the jump relaxation model proposed by 

Funke [344]. It depicts a transition from long-range hopping to short-range 

motion due to the short time available for carrier movement at higher 

frequencies. The successful hopping of charged species to nearby available 

sites contribute to the frequency-independent plateau at low frequencies. At 
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high frequencies, conductivity is the result of two processes. (i) the 

correlated forward and backward motion of charge carriers, which results 

in unsuccessful hopping, and (ii) the motion of charge carriers to the new 

sites, leading to a relaxation process and thereby a successful hopping. The 

more dispersive nature at higher frequencies is due to the higher rate of 

successful to unsuccessful hopping [343]. Hence, conductivity at different 

frequencies is explained using the model Jonscher’s double power law: σac 

= σdc + Aωn + Bωm, where A, B are constants, n and m are frequency 

exponents. Long-range translational motion of charge carriers contributes 

to the dc conductivity σdc. Short-range translational motion contributes to 

the low-frequency dispersion region Aωn where 0<n< 1. Re-orientational 

motion at high frequencies contributes to the third term, Bωm, where 0 < 

m<2 [344], [345]. Figure 6.6 shows the fitting of the ac conductivity plot 

with Jonscher’s double power law. 

Depending on the variation of n with T, different conduction 

mechanisms can be explained. Four models can define the conduction 

mechanism in this material [346]. 

 (a) Quantum Mechanical Tunnelling (QMT),  

 (b) Correlated Barrier Hopping (CBH), 

 (c) Non-overlapping Small Polaron Hopping (NSPH), 

 (d) Overlapping Large Polaron Tunnelling (OLPT).  

A T-independent “n” corresponds to QMT. On the other hand, n 

increases with T for an NSPH model while it decreases with T for a CBH 

model. If n decreases with T, attains a minimum, and thereafter increases, 

then an OLPT model can be justified. Variation of the exponent n with T is 

plotted in Figure 6.7. 
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Fig 6.6:  Fitted AC conductivity plots with Johnscher’s double power law. 

 

For the CBH model, ac conductivity is represented by 

σac(ω) =  
𝜋3𝑛′𝜀𝑟𝜀0{𝑁(𝐸𝐹)}2𝜔𝑅𝜔

6

24
   and,  n = 1 – 

6𝑘𝐵𝑇

𝑊𝐻 +𝑘𝐵𝑇𝑙𝑛 (𝜔𝜏0)
. 

In the above equations, n is 2 for bipolaron and 1 for single polaron hopping 

mechanism, N is the density of the localised states, Rω is the hopping 

distance, τ0 is the characteristic relaxation time, and WH is the barrier height 

of the energy band needed to hop from one site to another.  

For the NSPH model, 

σac = 
𝜋4𝑒2𝑘𝐵𝑇{𝑁(𝐸𝐹)}2ω𝑅ω

4

24α
   and, n=1+ 

4𝑘𝐵𝑇 

𝑊𝐻−𝑘𝐵𝑇𝑙𝑛(𝜔𝜏0)
 

In the OLPT model, the polaron is expected to tunnel with an energy 

WH called the polaron tunnelling energy, given by 𝑊𝐻 = 𝑊𝐻𝑂 (1 −
𝑟𝑃

𝑅𝜔
) , 

where the activation energy, 𝑊𝐻𝑂 =
𝑒2

4𝜀𝑃𝑟𝑃
,  where rp is the polaron radius, 
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and εP is the effective dielectric constant. WHO is associated with charge 

transfer between the overlapping sites. The tunnelling process takes place 

when the polaron is incapable of hopping over the potential barrier, WH. The 

AC conductivity can be defined as  

𝜎𝑎𝑐(𝜔) = [
𝜋4𝑒2(𝑘𝐵𝑇)2{𝑁(𝐸𝐹)}2

12
] ×

𝜔𝑅𝜔
4

2𝛼𝑘𝐵𝑇+
𝑊𝐻𝑂𝑟𝑃

𝑅𝜔
2

   and 

𝑛 = 1 −
8𝛼𝑅𝜔+(

6𝑊𝐻𝑂𝑟𝑝

𝑅𝜔𝑘𝐵𝑇
)

{2𝛼𝑅𝜔+(
𝑊𝐻𝑂𝑟𝑃
𝑅𝜔𝑘𝐵𝑇

)}2
           (eq-1) 

where N(EF) is the density of states at the Fermi level, α is the decay 

parameter for the localised wave function. It is the spatial decay parameter 

for the s-like wave function assumed to describe the localised state at each 

site [346].  

To fit the OLPT model, equation 1 is redefined according to the relation:  

1

1−𝑛
=

{2𝛼𝑅𝜔+(
𝑊𝐻𝑂𝑟𝑃
𝑅𝜔𝑘𝐵𝑇

)}
2

8𝛼𝑅𝜔+(
6𝑊𝐻𝑂𝑟𝑝

𝑅𝜔𝑘𝐵𝑇
)

           (eq-2) 

 considering 2𝛼𝑅𝜔 = 𝑅𝜔
′ , 2𝛼𝑟𝑝 = 𝑟𝑝

′, and 
1

𝑘𝐵𝑇
= 𝛽 The eq-2 was further 

modified as: 

4

1−𝑛
=

𝑅𝜔′{1+(
𝛽𝑊𝐻𝑂𝑟𝑃′

(𝑅𝜔′)2
)}

2

1+(
3𝛽𝑊𝐻𝑂𝑟𝑃′

2(𝑅𝜔′)2
)

    (eq-3). 

By replacing 
𝛽𝑊𝐻𝑂𝑟𝑃′

(𝑅𝜔′)2
= 𝑧. The eq-3 can be simplified as: 

6

1−𝑛
=

𝑧𝑅𝜔′{1+(
1

𝑧
)}

2

1+(
2

3𝑧
)

; Assuming 
2

3𝑧
< 1 The equation can be approximated up to the 

first order of β and hence can be written as: 

6

1−𝑛
=

4

3
𝑅𝜔

′ +
𝛽𝑊𝐻𝑂𝑟𝑃′

𝑅𝜔′
+

(𝑅𝜔′)3

9𝛽𝑊𝐻𝑂𝑟𝑃′
 +C  (eq-4). 

 

CBH, NSPH, and OLPT models are considered to fit 
6

1−𝑛
 vs T for 

uniformity.  
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Figure 6.7:  n−T plots of all samples. 

In the OLPT model, at low temperatures, n decreases from unity as 

the temperature increases. However, at high temperatures, the variation of 

n with temperature depends on the polaron radius. For large values of rp, n 

continues to decrease with increasing temperature, eventually tending to the 

QMT model of non-polaron-forming carriers. On the other hand, for small 

values of rp it exhibits a minimum value at a certain temperature. 

Subsequently, it increases with increasing temperature in a similar fashion 

to the case of NSPH [347], [348].   

In BTO, the exponent n decreases with temperature [Figure 6.7] 

throughout the temperature range, revealing a CBH model. Moreover, the 

chances of polaron formation will be negligible in BTO, according to the 

above discussions related to defect formation and electron localisation 

studies. In BLFT samples, the exponent n decreases with T at low 
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temperature and attains a minimum, and afterwards increases with 

temperature. This trend is the case for the OLPT model with small values 

of rp [347], [349]. However, fitting the whole range with a single OLPT 

model was not possible, and hence we have fitted the whole range with an 

OLPT model in the low temperature region and an NSPH model in the 

higher temperature region separately [Figure 6.8] [350]. 

  

Figure 6.8: Fitting of the 6/(1-n) v/s T with different models 

Fitted values of 6/(1-n) v/s T plots with OLPT and CBH model for 

the low temperature region and with NSPH model for the high temperature 

region are tabulated in Table 6.1. There is a gradual evolution of the BTO 

lattice with La and Fe addition that modifies the bonding orbitals of Ba, Ti, 

and O. This indicates the deformation of the lattice wave functions such that 

the potential wells were highly modified, and polarons are formed. Such 

modifications not only modified the experimental and theoretical band gap 

but also influenced the transportation of the carriers. The defects thus 

formed will overlap the potential wells and lead to the tunnelling process to 

take part in the short-range conduction process in doped samples.  
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Table 6.1:  Fitted values with the different models of the 6/(1-n) v/s T plot 

 CBH OLPT NSPH 

 WH 

(eV) 

ωτ0 R’ω
 r’p WHO 

(eV) 

WH 

(eV) 

WH 

(eV) 

ωτ0 

BTO 0.1285 0.051 2.01 0.447 0.212 0.1648 - - 

BLFT1 0.1875 0.068 2.2669 0.7234 0.432 0.2941 0.0211 1.0432 

BLFT2 0.1277 0.032 3.1684 0.7284 0.366 0.2818 0.0220 1.0269 

BLFT3 0.1045 0.077 3.8274 1.3052 0.386 0.2543 0.0156 1.0272 

 

6.2.6 Impedance and modulus analysis 

The dielectric data can also be represented in the form of complex 

impedance Z* and complex modulus M*. Z* is related to complex 

permittivity ε* by the equation: ε* = 1/iωc0Z
* where C0 is the empty cell 

capacitance and ω is the angular frequency. The complex number Z* can be 

expressed as Z* =Z′+iZ″, where Z′ and Z″ are the real numbers belonging 

to the real and imaginary components of Z*. These are calculated from the 

capacitance (C) and resistance (R) of the material and can be defined by: 

Z′=R/[1+(ωRC)2] and Z′′= ωR2C/[1+(ωRC)2]. On the other hand, the 

electrical modulus, M*, is related to ε* as M* = 1/ε*. Like Z*, the complex 

quantity M* can be expressed as M*=M′+iM′′= iωC0Z
*. Hence, M′=ωC0Z′′ 

and M′′=ωC0Z′. Impedance formalism indicates the electric resistance of 

the sample and is used to evaluate the frequency of relaxation of the most 

resistive component of the sample [351]. Compared to impedance, the 

modulus formalism [352] helps to interpret the dielectric relaxation 

mechanism, since it neglects the contribution from the interfacial effects 

and capacitance due to the electrode interface [353]. Also, it highlights 

whether a process is a short-range charge displacement or can be attributed 

to long-range charge transport.   
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The imaginary component of impedance, Z′, plotted against 

frequency provides valuable insights into charge carrier dynamics. A 

pronounced decrease in the real part of impedance (Z′) at intermediate 

frequencies, accompanied by saturation at low and high frequencies, is 

indicative of localized charge carrier motion, with AC resistivity 

dominating the mid-frequency regime [Figure 6.9]. Conversely, at low 

frequencies, DC resistivity and long-range charge transport mechanisms 

prevail. A peak observed in the Z″ spectrum corresponds to a relaxation 

process, and the characteristics of these peaks can help elucidate the nature 

of charge carrier movement. For instance. The imaginary impedance is also 

closely related to the resistive component and consistently exhibits a 

relaxation peak across all temperatures. Notably, this peak broadens with 

increasing temperature, implying the involvement of multiple overlapping 

relaxation processes. 

Figure 6.9: Plots of Z′ and M′ with frequency 

Electric modulus is used to study charge transport processes related 

to the mobility of charge carriers. The modulus behaviour, specifically the 

imaginary part of the modulus (M″), indicates the presence of correlation 

between the motions of mobile charge carriers. When relaxation peaks are 

observed in the M″ versus frequency plots, a shift towards higher 

frequencies or a decrease in intensity and broadening with increasing 

temperature can suggest temperature-dependent relaxation processes and 

short-range mobility. Peaks in the high-frequency range generally signify 

short-term mobility of charge carriers, while those in the low-frequency 
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range indicate long-term mobility. A decline in the real part of the modulus, 

M′, with increasing temperature can also be explained by the short-range 

migration of charge carriers [Figure 6.9]. 

The comparison of the imaginary part of impedance and modulus is 

used to find out whether the conduction mechanism is long-range transport 

or short-range transport. The permittivity for a pure dielectric Debye 

response is described by the following equation [328]: 𝜀* = 1/(jωε0Z
*).d/a =

 𝜀∞  + (𝜀𝑆 − 𝜀∞)/(1 + 𝑗𝜔𝜏) = 𝜀∞[1+(r-1)/(1 + 𝑗𝜔𝜏) where the high 

frequency limit of permittivity is denoted by ε∞ , and the low frequency 

permittivity is denoted by 𝜀𝑆 and r = εs /ε∞.  

Figure 6.10 shows the imaginary part (Z″) of the impedance and 

modulus (M″) of the material in a temperature range of 323~563K. The 

frequency dependence of Z″ and M″ reveals a maximum at a particular 

frequency. This maximum corresponds to the most probable relaxation 

mechanism happening within the material and is generally found to spread 

over a region due to imperfections in the lattice. In BLFT samples, more 

than one relaxation peaks are observed for Z″ and M″, which becomes more 

evident at higher temperatures. Note that for the BTO sample, only a single 

relaxation peak can be observed for all temperatures. The multiple peaks in 

Z″ and M″ correspond to the different relaxation mechanisms associated 

with differences in capacitance and resistance values in the grain and grain 

boundary. It has already been discussed that the capacitance and resistance 

values from the grain and grain boundaries are different with composition 

and temperature, which can further lead to different relaxation mechanisms 

at different frequencies and hence result in multiple relaxation peaks in Z″ 

and M″ plots.  
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Figure 6.10: (a) Variation of Z″ with frequency (b) Variation of M″ with frequency 

 

Depending on r in the Debye response equation, the imaginary parts 

for the different physical quantities (ε′′, Z′′, M′′) may differ significantly. As 

the value of r increases, the separation between the maxima of Z′′ and M′′ 

peaks increases, indicating a non-Debye type relaxation. Whereas, for r =1, 

the curve converges and corresponds to a Debye-type relaxation. A non-

Debye type relaxation is generally associated with a short-range motion of 

charge carriers confined to nearby potential wells [354]. On the other hand, 

the Debye type relaxation corresponds to the long-range motion of charge 

carriers. Note that for the BTO sample [Figure 6.11], the low temperature 

data reveal a small disparity in the overlap of the Z″ and M’’ peaks, 

indicating the possibility of nominally non-Debye type relaxation.  

However, at higher temperatures, the overlap is more prominent, indicating 

a better Debye-type relaxation. This indicates a transition from a shorter 

long-range motion to a longer long-range motion. However, for the doped 

BLFT samples, the non-overlapping Z″ and M’’ peaks indicate short-range 

motion of the carriers.  

With an increase in temperature, the frequency of the Z″max, M″max 

shifts towards a higher frequency [Figure 6.11]. Hence, the relaxation 

process is thermally activated. A shift of the maxima towards higher 

frequencies at higher temperatures corresponds to lower time constants and, 

therefore, faster relaxation processes. Note that the separation between the 
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Z″ and M’’ peaks increase with doping. This indicates a shorter short-range 

motion of charge carriers with doping. Hence, a transition from the long-

range to short-range mobility has been observed with doping [352]. The 

above observations are exactly in line with the information on distortions, 

defects, and polaron formation obtained in the experimental and theoretical 

studies and the changes in the conduction phenomena.   

 

Figure 6.11: Combined plots of the imaginary part of impedance Z″ and the imaginary 

part of modulus M″ 

 

6.3 Conclusion 

Ba(1-x)La(x)Ti(1-y)Fe(y)O3 (x=y=0, 0.01, 0.03, 0.06) series of samples 

revealed band gap tuning from the UV region (3.25 eV in BTO) to the 

visible region (2.54 eV in BLFT3) with La/Fe doping, which can be 

correlated to an increase of lattice distortion and disorder from a previous 

study on these samples. Theoretical calculations reveal shifts in the valence 

band maxima and conduction band minima, along with the formation of 

defect states inside the bandgap with La/Fe doping. The electronic states are 

modified due to such defect states and correlated structural 

distortions/disorders, which increase the EU. Such electronic modifications 

were justified by transportation measurement using dielectric properties, 

AC conductivity, and impedance spectroscopy. A theoretical assessment of 

the modifications was estimated using electron localisation function 
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calculations, revealing a more distorted lattice for the doped samples, 

suggesting localisation of the electrons. An experimental verification of the 

localisation was estimated using different transportation models, which 

revealed the presence of large polaron tunnelling for La/Fe-modified BLFT 

samples. For the less distorted pure BTO lattice, a hopping of charge carriers 

was found to be a justified transportation method. With doping, the local 

structural deformations and the polaron formations lead to the 

transportation towards a polaron tunnelling process. The defects induce 

band gap tuning, and the associated polaron-induced conduction 

mechanism makes these samples suitable for optoelectronic applications. 
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CHAPTER 7 

 

Conclusions and Future Scopes 
 

     In this chapter, overall conclusions obtained from this thesis work are    

     highlighted. The future scope of this work to be carried out for further  

    development in this field is also detailed. 
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In this thesis, a comprehensive study of structural, electronic, 

magnetic, dielectric, and multiferroic properties of A-site and B-site 

modified BaTiO3 has been performed.  

Chapters 3 and 4 focused on investigating Ca/Mn-doped BaTiO3. 

Room temperature ME coupling obtained in the Ba0.97Ca0.03Ti0.97Mn0.03O3 

sample is correlated with the structural modifications and valence state of 

different ions in Chapter 3. Chapter 4 studies the hexagonal polymorphism 

and the modification of the electronic band gap through UV-DRS, PES, and 

theoretical calculations. A detailed dielectric study is also included in this 

chapter.  

Chapters 5 and 6 focused on investigating La and Fe-doped BaTiO3. 

The structural changes and oxidation state modifications are correlated with 

ferroelectric and magnetic properties in Chapter 5. Magneto dielectric 

measurements have also been performed in Chapter 5 as indirect evidence 

for MEC. Chapter 6 includes the optical band gap modification, dielectric 

properties, and ac conductivity studies of La/Fe-doped BaTiO3. A 

theoretical calculation of the density of states and the Electron localisation 

function calculation is also included in Chapter 6.  

The main observations, along with the key finding of the thesis, are 

summarised below. In the end, a brief outlook on the possible future scope 

of the work in this field is presented. 

 

1. Conclusions 

• Structural properties: 

o La/Fe-doped BTO revealed a pure tetragonal P4mm 

phase for x = 0 and 0.015, while a mixed tetragonal and 

cubic Pm-3 m phase for 0.032, and 0.0625. XRD and 

Raman studies show the transformation to a more 

centrosymmetric structure with doping. Doping of Fe 
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will induce a hexagonal structure in BTO; however, the 

simultaneous doping of La at the A site prevents the 

hexagonal formation and pulls the structure to a more 

centrosymmetric cubic phase.  

o Ca/Mn doped BTO revealed pure tetragonal phase for 

x=0 and have a mixed phase tetragonal P4mm and 

hexagonal P63/mmc structure of BaTiO3 for x=0.03, 0.06 

and 0.09. Mn doping at the B site triggers the hexagonal 

formation; however, the simultaneous doping of Ca at 

the A site slows down this phase transformation and 

retains tetragonality even for the x=0.09 sample.  

• Valence state  

o Fe is observed in Fe2+ and Fe3+ states, and Ti is in Ti4+ 

states with the presence of Ti3+ in La/Fe-doped BTO. The 

percentage of Fe2+ and Ti3+ increases with doping, 

indicating an increase of Ov in this material.  

o In Ca/Mn doped BTO, Mn3+ and Mn4+ state are present 

along with Ti3+ and Ti4+. Mn3+ area fraction is higher in 

the x=0.03 sample and then decreases with an increase 

in doping, while Ti3+ increases from pure to x=0.03, then 

remains the same with doping. Hence, the amount of Ov 

will be more in the x=0.03 sample compared to pure and 

other doped samples. EXAFS measurement also shows 

the mixed valence state of Mn and the modification of 

the local environment with doping.  

o Pure BaTiO3, depending on the sintering conditions, the 

valence state of Ti can be varied.  

• Electronic band gap 

o Both La/Fe doping and Ca/Mn doping decrease the 

optical band gap of the material decrease from the UV to 

the Visible region. There is defect states formed due to 
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Fe, Mn, Ti, and O within the band gap, which leads to a 

reduction of the band gap and an increase of Urbach tails. 

Theoretical calculation shows an insulator tetragonal 

BTO and metallic nature Hexagonal BTO, hence the 

presence of these two in the Ca/Mn doped sample makes 

it semiconducting and reduces of band gap. Substitution 

of Fe in Ti induces pre-absorption edges in the UV-

Visible DRS corresponding to d-d transitions.   

• Dielectric properties 

o Room temperature dielectric permittivity of La/Fe-

doped BTO increases with doping, due to the decrease of 

Tc towards the room temperature. No proper ferroelectric 

transition is observed above ~50°C for x=0.03 and 0.06. 

For Ca/Mn doped BTO, there slight decrease in the Tc 

value, but it is above room temperature (~99°C). Room 

temperature permittivity decreases with the increase of 

Ca and Mn doping, corresponding to the decrease of 

tetragonality and hexagonal phase formation. The phase 

transition has transformed into a diffuse behaviour with 

doping. AC conductivity studies of La/Fe-doped BTO 

indicate polaron tunnelling and localised relaxation 

processes in the material.    

o Not only can the doping of the sintering conditions affect 

the Curie temperature. 

• Ferroelectric properties 

o Ferroelectricity was observed in the single-phase La/Fe 

BTO samples up to x = 0.01. For x >0.01, the samples 

show lossy P-E loops corresponding to the high 

conduction losses. For Ca/Mn-doped BTO, all doped 

samples show an unsaturated P-E loop corresponding to 

the improper ferroelectric nature. PUND measurement 
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of BCTMO samples shows that there is still proper 

ferroelectric components persist in those materials. 

• Magnetic properties 

o Weak Magnetism observed in La/Fe-doped BTO 

materials can be explained merely in terms of Bound 

magnetic Polarons. However, in Ca/Mn-doped BTO, for 

x=0.03 enhanced magnetic moment observed 

corresponds to Bound magnetic polarons and the 

increase in magnetic exchange interactions.  

• Magnetoelectric properties 

o Though La/Fe-doped BTO shows magnetodielectric 

coupling, it fails to give ME voltage at room 

temperature. The magnetodielectric coupling shown by 

the material can correspond to the extrinsic effect due to 

magnetoresistance, not correlated to intrinsic MEC. 

However, Ca/Mn-doped BTO produces magnetoelectric 

voltage of 0.704 meVcm-1Oe-1 at room temperature, 

indicating a direct coupling of the ferroic orders.  

 

2. Contributions of the Thesis 

The notable contribution of the thesis in understanding the structure, 

local structure, electronic, dielectric, magnetic, and multiferroic 

properties of La/Fe-doped BaTiO3 and Ca/Mn-doped BaTiO3 samples 

is given below: 

• Room temperature ME coupling is obtained from bulk material 

through Ca and Mn modification of BaTiO3.  

• Optimization of the doping percentage is necessary to include 

both ferroelectric and ferromagnetic contributions. An increase 

or decrease of optimum doping can vanish the multiferroic 

nature. 
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• Substitution of Ca in the Ba site can stabilise the tetragonal 

structure of BTO and slow down the hexagonal transformation 

with TM doping at the B site.  

• Aliovalent La substitution at the Ba site prevents the 

transformation of BTO to a hexagonal structure by Fe doping at 

the B site and converts it to a cubic structure. La fails to stabilise 

the tetragonal structure of BTO  

• Magneto dielectric coupling does not guarantee the direct ME 

coupling in a material.  

• The band gap can be tuned by doping at the B site of BTO as per 

the requirement.  

• Decrease of Curie temperature by doping at the B site can be 

tuned by suitable A site substitution in BTO.  

 

3. Future Scope 

The present work focused on examining the structure-correlated 

multiferroic properties of modified BaTiO3. The research outcome of 

the thesis can be expanded to the next level. 

 

• Complex magnetic interactions in this series need to be further 

investigated with temperature-dependent X-ray and neutron 

diffraction studies.  

• There are a lot of scopes to investigate the magneto-transport 

and magnetocaloric properties of these materials. 

• Thin film preparation of this bulk material can be further 

investigated for better physical properties.  

• Thin film fabrication of FE and FM material can enhance the 

interface-induced MEC  

• Dielectric Resonator Antenna application of this 

magnetoelectric material can form a multifunctional device for 

fabrication.  
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Appendix A 

Magnetoelectric Ca/Mn modified BaTiO3 for 

Dielectric Resonator Antenna Application 

 

Introduction 

 Dielectric materials play a pivotal role in modern technology, 

enabling the efficient and reliable operation of a wide range of devices and 

systems. Their unique insulating properties, ability to store and manage 

energy, and influence on signal transmission make them indispensable in 

electronics, telecommunications, energy storage, and numerous other fields 

[355]. Oxide multiferroics are promising materials for a broad range of 

interesting applications in spintronics, information storage, and sensing 

devices [356], due to their unique properties resulting from the coupling 

between ferromagnetic and ferroelectric character in a specific temperature 

range. Due to the possibility of engineering both permittivity and 

permeability by microstructures and by electric and magnetic field inputs, 

an interesting and less-exploited potential application of magnetoelectric is 

for miniaturised antennas. 

 In this work, the magnetoelectric samples studied in the thesis 

work have been used to study the potential use in applications, as 

miniaturised dielectric resonator antennas were explored.  

Experimental methods 

The magnetoelectric Ba0.97Ca0.03Ti0.97Mn0.03O3 (BCTMO1) sample 

is used for the DRA fabrication. The radius and height of the pellets are 

determined from the empirical formula for the resonance frequency of the 

hybrid HEM11δ mode is given by [357]:  

      𝑓 =  
6.324𝑐

2Π𝑟√(𝜀𝑟+2)
[0.27 + 0.36 (

𝑟

2ℎ
) +0.002 (

𝑟

2ℎ
)2]                                   (1) 
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This formula is known to be accurate in the range 0.4 < a/h < 6. 

Here, r, h, εr, and c represent radius, height, εr of the DRA, and the velocity 

of the light in free space, respectively. The sintered pellets of required 

dimension are placed on a Microstrip line fed to a Sub-Miniature A-type 

(SMA) connector. An EM-wave in the frequency range 1GHz- 10GHz was 

fed to the SMA connector from a Vector Network Analyser (VNA) (Anritsu 

S820E). Then, by using the measured S11 parameter (which shows a 

distinguishing dip at some frequency where most of the source energy gets 

transmitted and ultimately radiated via the DR), the resonance frequency is 

recognised. As the resonating frequency is dependent on the εr of the 

material [equation 1], the selection of the frequency range will lead to the 

fixing of εr range for which the DRA will work. Here, the selected range is 

1GHz to 10 GHz, so the εr range will be ~15-80. The MSL design is made 

according to those specifications.  

The antenna design was simulated and verified using ANSYS High 

Frequency Structure Simulator (HFSS) software. HFSS uses the Finite 

Element Method (FEM) to solve electromagnetic equations for 3D 

structures working at high-frequency ranges (micrometre or millimetre 

wavelength). The signal was fed to the DR placed on a 50 Ω MSL fabricated 

on a Fibre glass-Reinforced epoxy-laminated sheet substrate (FR4, with 

εsubs=4.4) with dimensions of 60 mm (length) × 60 mm (breadth) × 1.6mm 

(thickness) [Table 1]. The input impedance of 50Ω of the MSL was achieved 

with a 35 mm (length) × 3 mm (width) MSL on the FR4 substrate. The MSL 

was experimentally fabricated with the help of a 3D printer (LPKF 

Protomat-S104) on one side of the FR4 substrate, while the opposite 

conducting side was retained as the ground plate with the same length × 

breadth as that of the substrate. Input impedance matching is crucial in 

determining the best energy coupling criteria [358]. Hence, the DR, MSL, 

and FR4 substrate dimensions were optimised using HFSS. One of the 

necessary conditions to achieve efficient coupling between the MSL and 

DR is εsubs<< εDRA  [359] is also taken care of while designing the DRA. In 
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the simulation, a radiation box of air with a size of 120mm × 120mm × 50 

mm is used to calculate the far-field parameters. The dimension considers 

that all the box surfaces are at least λo/4 away from the radiating body (λo is 

the wavelength corresponding to the resonance frequency) [360]. The values 

of radius and height of DR are initially optimised in HFSS to simulate the 

required design of the proposed DRA.  

Results and Discussion 

            The radius and height of the DRA calculated from the empirical 

formula (1) are 5.5 mm and 2.25 mm, height. MSL length, width, and 

substrate dimensions obtained from HFSS simulation software are tabulated 

in Table 1. 

Table 1: Optimised design parameters (in mm) 

DRA radius (r) 5.77 MSL width 3 

DRA height (h) 5.75 Substrate thickness 1.6 

MSL length 35 Substrate length × width 60 × 60  

 

 

Figure 1:(a) Simulated CDRA with radiation box, (b) Simulated DRA on microstrip line, 

(c) Fabricated DRA on microstrip line, (d) measurement of S11 with VNA. 

The S11 parameter of the fabricated MSL (without DR) was 

measured and simulated to verify the authenticity of the design. The 

simulated and experimental values of the S11 parameter show a similar 
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trend. This can be considered as a perfect verification of the fabricated 

design. Figure 1 (a) and (b) show the simulated DRA design, and (c) and (d) 

show the fabricated DRA design. 

A Cylindrical Dielectric Resonator (CDR) offers three fundamental 

modes, HEM11δ, TM01δ, and TE01δ [361]. Here, the first index denotes the 

number of full-period field variations in the azimuthal direction, the second 

one represents the no. of radial variations, and the third index represents the 

variation in the z-direction [361]. From the multipole analysis of the 

radiation pattern, it can be shown that the most prominent contribution 

comes from the lower order terms, e.g., electric dipole or magnetic dipole 

(oriented in different directions), along with less weightage from the other 

higher order terms (i.e., quadrupole, octupole). The HEM11δ mode is 

generated due to a magnetic dipole placed in the equatorial plane of the DR. 

The feeding mechanism using this MSL and εr of the DR, ranging between 

~15-80, yields a prominent HEM11δ mode in the frequency range 1GHz to 

10GHz.  

  A CDR, when positioned near the MSL, effectively couples the 

magnetic field lines associated with it. The key to successful coupling lies 

in the critical positioning of the CDR on the MSL. The length of the open 

end of the MSL under the DRA, known as the overlapping distance (lo). 

Optimal coupling is achieved when lo equals 2.5 mm. Figure 2 shows the 

simulated radiation pattern on MSL and DRA after proper placement of the 

DRA on MSL. However, along with the HEM11δ mode, some other higher-

order modes may also resonate in the given frequency interval. In other 

words, properly detecting the HEM11δ mode is essential in this technique. 

The HEM11δ mode is verified by simulating the E-field and H-field 

distribution within the DRA. The pattern of E-field and H-field confirms 

that the HEM11 δ mode has been excited. Confirmation of the mode using 

field distribution and the radiation pattern enables the correct detection of 

the resonant frequency of the HEM11δ mode. 
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Figure 2: (a) simulated radiation pattern on microstrip line, (b) H field pattern IN DRA 

along z   direction, (c)E field pattern in DRA along z direction, E-field pattern in DRA 

along y direction. 

 

 

 

 

 

 

Figure 3: Experimental and simulated S11 parameter and Gain plot 

Figure 3 shows the reflection coefficient S11 parameter measured 

experimentally and theoretically.  The HEM11δ is obtained at 6.62GHz 

experimentally and 6.72GHz theoretically.  The broadside radiation gain 

pattern is also proof of the same mode. The experimental and theoretical 

output parameters obtained are tabulated in Table 2. 
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Table 2: Obtained output parameters 

Design parts Experimental Simulated 

Resonant frequency 6.62 GHz 6.72 GHz 

Frequency band 6.12-7.12 GHz 6.78-6.87GHz 

Mode 𝐻𝐸𝑀11𝛿  𝐻𝐸𝑀11𝛿  

Impedance matching 48.3 Ω 49.7 Ω 

S11 (dB) -58 dB -52 dB 

 

Conclusions: 

A magnetoelectric BCTMO sample is fabricated as DRA, with resonant 

frequency 6.62GHz. The radiation pattern needs to be experimentally 

verified with an anechoic chamber for further conclusions and proceedings 

of the project.  
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Appendix B 

BaTiO3 and CaMnO3 epitaxial film by Pulsed Laser 

Deposition 

Introduction 

Heterostructure of epitaxial ferroelectric thin film and 

ferromagnetic/antiferromagnetic thin films can produce interface strain-

induced magnetoelectric coupling. BaTiO3 (BTO) thin films are an 

excellent choice for the ferroelectric part, and the CaMnO3 (CMO) film can 

be chosen as a magnetic film. The heterostructure formation of these two 

films may induce strain in the interface due to lattice mismatch, and that can 

be useful for the coupling of the electric and magnetic ordering in these 

materials. As a preliminary step for this project, BTO and CMO films are 

deposited through Pulsed Laser Deposition (PLD).  

Experimental methods 

The Pulsed Laser deposition technique is used to deposit the thin 

film samples [Figure 1].  

Figure 1: (a) PLD unit, (b) Plasma formed during the deposition of CMO film, (c) 

Schematic of the PLD unit. 

BaTiO3 and CaMnO3 target materials are prepared through sol sol-

gel method and made into 16mm pellets. Hard pellets were formed after 
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sintering at 1350 °C for BaTiO3 and 1300°C for CaMnO3. PLD unit is 

shown in Figure 1, and the Deposition conditions are tabulated in Table 1. 

Table 1: PLD deposition conditions 

Parameter Value 

Laser energy 310 mJ 

Target to substrate distance 4.5 cm 

Base pressure 10-4 Pa 

O2 Partial pressure 40 Pa 

Substrate temp. 720o C 

No. of laser shots 1050 (BTO), 2100 (CMO) 

Repetition Rate 4 Hz 

Annealing time 3 min. 

Annealing Pressure 1000 Pa (O2 gas) 

Results and Discussion 

XRD data of BTO thin films for 15nm and 30 nm indicate the peaks 

corresponding to the (100), (200), (300) (Figure 1(a)). All the peaks are at a 

lower 2θ angle than the corresponding STO peaks, indicating a compressive 

strain in the BTO lattice deposited on the STO substrate. A shift of this peak 

towards higher 2θ values with increasing thickness indicates a more strained 

film at 15nm compared to 30 nm [Figure 1(b), (c)].  

Figure 2: (a) XRD data of BaTiO3 thin films, (b)zoomed image of the (200) peak, (c) 

zoomed image of the (100) peak. 
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XRD data of CMO thin films for 15 nm and 30 nm indicate the 

peaks corresponding to (100) and (200) [Figure 2(a)]. Peaks of CMO are 

observed at a higher 2θ angle of the corresponding STO peaks, indicating 

a tensile strain in the film due to the lattice mismatch between STO and 

CMO [Figure 1(b),(c)].  

 

Figure 3: (a) XRD data of CaMnO3 thin films, (b)zoomed image of the (200) peak, (c) 

zoomed image of the (100) peak. 

AFM image of the BTO films [Figure 4] indicates epitaxial growth of the 

film on the STO substrate. The height obtained from the AFM image is 

nearly equal to the predicted 15nm and 30nm. Uniform grain size 

distribution is observed in both BTO films.  

AFM image of the CMO films [Figure 5] does not show epitaxial growth; 

instead, island kind of formation is observed for both thicknesses. The non-

uniform growth indicates the Vomer-Weber growth (Island growth) [362]. 

This is due to the strong adatom interaction rather than the adatom-substrate 

interactions. Since STO is an insulator and CMO is metallic, stable clusters 

nucleate initially and then grow in 3 dimensions to form islands. In such 

materials, there will be a critical thickness (Tc) below which the epitaxial 

growth can be possible above which the island formation. For growth 

situations with a very small Schwoebel–Ehrlich barrier (SE), the diminished 
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island size is no advantage; on the contrary, it enhances second-layer 

nucleation [363].  

 

Figure 4: (a) AFM image of the BTO 15nm film, (b) BTO 30nm film 

The  SE barrier refers to the case when an adatom diffuses down an island 

of multiple layers during thin-film deposition.  A high SE barrier means that 

atoms deposited on the islands can leave them with a higher probability 

before another atom nucleates on them. If the CMO S-E barrier is lower and 

the intensity of the laser beam is higher, it leads to the growth of islands 

instead of layer-by-layer growth. 

  

Figure 5: (a) AFM image of the CMO 15nm film, (b) CMO 30nm film 
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Magnetic measurement of the CMO 30 nm film shows a ferromagnetic M-

H loop at 5K after diamagnetic subtraction [Figure 6].  
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Figure 6: M-H loop of CMO 15 nm film at 5K 

 

Conclusions 

BaTiO3 epitaxial films are formed with uniform grain growth for the 

preferred growth conditions on SrTiO3 substrate. CaMnO3 growth on SrTiO3 

substrate leads to island growth formation under the given growth conditions. The 

PLD growth conditions need to be modified for the epitaxial growth of CaMnO3 

thin films on SrTiO3.  
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