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ABSTRACT 

Composition dependent structural phase transitions and microwave dielectric properties in 

the system [(Ca, Sr)x (La, Nd)2/3-2x/3]TiO3 (0 ≤ x ≤ 1) were investigated in the present study. 

The sample with x = 0 crystallizes in to two phases namely (La, Nd)0.667TiO3 as a major 

phase and  (La, Nd)4Ti9O24 as a secondary phase. Superlattice reflections were observed 

for this sample demonstrating the ordering of A-site cations / vacancies. The increase in 

sintering temperature caused an increase in the observed density of this sample. Calcining 

the sample in nitrogen atmosphere caused an increase in the quality factor (Q × f) nearly 

by 17% with a negligible effect on the dielectric constant (εr) and temperature coefficient 

of resonant frequency (τf).  

For the samples with 0.1 ≤ x ≤ 0.9, structural phase transition was observed from tetragonal 

(I4mcm) to orthorhombic (Pbnm) for x ≥ 0.7 as a result of a decrease in the A-site ordering. 

Secondary phase (La, Nd)4Ti9O24 was observed for the compositions with x = 0.1 and 0.2. 

Superlattice reflections were observed which disappeared with an increase in x reflecting 

a decrease in the A-site ordering. εr and Q × 𝑓 varied randomly whereas τf was observed to 

increase with increasing x.  

Synchrotron XRD and Raman spectroscopy reveal a structural phase transition from 

orthorhombic (Pbnm) to tetragonal (I4/mcm) at x = 0.75 in the system Ca(1-x)SrxTiO3. 

Grains of irregular shape were observed in the SEIs with size ranging from 3 to10 μm. εr 

increased from 148 to 260 with an increase in x from 0.1 to 0.5 and then decreased to 241 

upon further increase in x to 0.9. Q × 𝑓 decreased from 7427 GHz to 1487GHz whereas τf 

increased from +392 to +430 ppm / ºC with an increase in x from 0.1 to 0.9. 

For (Ca, Sr)1-xNd2x/3TiO3, a structural phase transition was demonstrated both by 

synchrotron XRD and Raman spectroscopy results, from orthorhombic (Pbnm) for x = 0.1 

and 0.25 to tetragonal (I4/mcm) for x = 0.5 and 0.75, respectively. Increasing Nd content 

caused an increase in the grain size and a decrease in εr, Q × f and τf. 

 

 



vi 
 

LIST OF FIGURES 

Figure1.1 Different types of polarization and its frequency dependence .............................4 

Figure1.2 Microwave spectrum and its applications............................................................6 

Figure 1.3 Schematic of a capacitor in DC circuit................................................................7 

Figure 1.4 Schematic showing the resonant peak and bandwidth.........................................8 

Figure 2.1 Perovskite structure of SrTiO3 at room temperature……………………………..13 

Figure 2.2 Schematic of octahedral tilts for CaTiO3………………………...........................17 

Figure 3.1 Debye rings obtained from the synchrotron XRD for CSNLT-3rd sample……...41 

Figure 3.2 Instrument file used for one of the synchrotron XRD experiment ………...........41 

Figure 3.3 Dielectric resonator placed in between two metallic plates with two probes on 

both sides of the resonator ………………………………......................................................46 

Figure 3.4 Vector network analyzer along with Hakki and Coleman apparatus ................46 

Figure 4.1 TG/DTA graph of LNT mixed-milled batch showing various stages of phase 

transformation of the sample…………………………………………………………................50 

Figure 4.2 XRD of the LNT sample sintered at 1350 oC showing the presence of (La, 

Nd)0.663TiO3 as the major phase (indexed), peaks marked as ‘*’ representing the secondary 

phase (La,Nd)4Ti9O24 and super lattice reflections marked as ‘o’……..…………………….51 

Figure 4.3 Plot of observed density (ρobs) vs. sintering temperature for (La, Nd)2/3TiO3 

ceramics, showing an increase in ρobs with increase in sintering temperature from 1300ºC-

1350ºC for 4h ...……………………………………………………………………………………52 

Figure 4.4  SEIs images, a, c, e) polished and thermally etched bulk samples, b, d, f) 

unpolished and etched surface of LNT ceramics sintered at 1300ºC, 1325ºC and 1350ºC for 

4h, showing highly dense microstructure and variation in grain morphology on the surface 

and bulk…………………………………………………………………………………………….53 



vii 
 

Figure 4.5 Back scattered electron SEM image of LNT ceramics calcined in N2 atmosphere 

at 1100ºC and sintered in air atmosphere at 1350ºC showing the presence of two phases 

……………………………………………………………………………....................................54 

Figure 5.1 TG/DTA plots of CSLNT (x = 0.1) composition showing the weight loss and 

thermal behaviour with increasing temperature ………………………...….........................58 

Figure 5.2 Synchrotron XRD patterns of CSNLT samples(x = 0.1 - 0.9) sintered at 1350ºC, 

showing the transformation from tetragonal (I4/mcm) for x = 0.1 – 0.7 to orthorhombic 

(Pbnm) for x = 0.8 and 0.9 ………………………………......................................................59 

Figure 5.3 Fitted graphs of CSNLT system (a) x = 0.3 refined using Tetragonal (I4/mcm) 

symmetry (b) x = 0.9 refined using Orthorhombic (Pbnm) symmetry. Red Cross shows Iobs, 

green line shows Ical, pink line shows Iobs - Ical and vertical bars show space bars ..............60 

Figure 5.4 Variation of lattice parameters and space group with dopants concentration (x) 

…………………………………………………………………………………….…………………62 

Figure 5.5 Room temperature Raman spectra of CSNLT-samples sintered at 1350 oC, 

showing the emergence of new peaks for the x = 0.8 and 0.9 compositions, reflecting the 

structural phase transition from tetragonal to orthorhombic symmetry.……………...……63 

Figure 5.6.1 Back scattered electron SEM micrographs of CSNLT samples sintered at 1350 

oC a) x = 0.1, b) x = 0.2, c) x = 0.3, d) x = 0.4, e) x = 0.5, f) x = 0.6….................................64 

Figure 5.6.2 Back scattered electron SEM micrographs of CSNLT samples sintered at 

1350ºC g) x = 0.7, h) x = 0.8, and i) x = 0.9 …………………….……..……………………….65 

Figure 5.7 Semi-quantitative EDS spectra for the grains marked as ‘A’ and ‘B’ showing 

elemental concentration of these grains..……………………………....................................66 

Figure 5.8 Graph showing variation in relative density and dielectric constant with 

increasing Ca and Sr contents.……………………………………………….………………….67 

Figure 5.9 Variation of Q× 𝑓 and τf with increasing Ca and Sr contents ...........................68 



viii 
 

Figure 6.1 Synchrotron XRD patterns of Ca(1-x)SrxTiO3 showing orthorhombic 

symmetry(Pbnm) for x = 0.1- 0.5 and tetragonal symmetry (I4/mcm) for x =0.75 and 0.9 

………………………………………………………………......................................................73 

Figure 6.2 Variation in lattice parameters with increasing Sr content and the consequent 

structural phase transition with an increase in dopants concentration..............................74 

Figure 6.3 Variation in the unit cell volume with increasing Sr content ….........................74 

Figure 6.4 Room temperature Raman spectra of Ca(1-x)SrxTiO3 with x = 0.1,0.25, 0.5, 0.75 

and 0.9, sintered at 1350 ºC, showing structural transition from orthorhombic (Pbnm) for 

x = 0.1-0.5 to tetragonal (I4/mcm) for x = 0.75 and 0.9……………………………..………..75 

Figure 6.5 Back scattered electron SEM images of Ca(1-x)SrxTiO3 with x = 0.1, 0.25, 0.5, 

0.75 and 0.9 sintered at 1350ºC showing  pores in the microstructure of compositions with 

x = 0.1 and 0.25 whereas no pores were observed for the rest of the compositions………78 

Figure 6.6 EDS spectra of different grains in the system Ca(1-x)SrxTiO3 ( x = 0.1, 0.25, 0.5, 

0.75 and 0.9) sintered at 1350ºC …...……………………….…………………………………..79 

Figure 6.7 Variation in relative densities and dielectric permittivity of Ca(1-x)SrxTiO3 (x = 

0.1, 0.25, 0.5, 0.75 and 0.9) sintered at 1350ºC, with increasing Sr content....……….........81 

Figure 6.8 Variation in Q×f and τf of the compositions in the Ca(1-x)SrxTiO3 (x = 0.1, 0.25, 

0.5, 0.75 and 0.9) series, sintered at 1350 oC with Sr content ...……...................................81 

Figure 7.1 (a) Synchrotron XRD plots of CSNT system showing structural transition from 

orthorhombic (Pbnm) at x = 0 and 0.25 to tetragonal (I4/mcm) at x = 0.5 and 0.75 and (b) 

showing the shifting of XRD peak positions to higher 2θ values due to Nd-substitution 

……………………………………………………………………….………………………………86 

Figure 7.2 Refined XRD plots for the CSNT compositions with x = 0.1 and 0.3 showing the 

observed intensity (red), back ground (green), difference (pink) and space bars for Bragg’s 

reflections ……………………………………………………………..........……………………..87 

Figure 7.3 The observed variation in lattice parameters with increasing Nd+3 content…88 

Figure 7.4 The observed decrease in unit cell volume with increasing Nd+3 content…......89 



ix 
 

Figure 7.5 Raman spectra of CSNT compositions (x = 0.1, 0.25, 0.5 and 0.75), showing 

structural phase transition from orthorhombic (Pbnm) to tetragonal (I4/mcm) with 

increasing Nd-content ……………………………………………………………………………90 

Figure 7.6 Back scattered SEM images of CSNT (x = 0.1- 0.75), showing an increase in 

grain size and decrease in density with an increase in x …….………………..……..............91 

Figure 7.7 The observed variation in relative density and dielectric constant with 

increasing Nd+3content…………………………………………………………………………...93 

Figure 7.8 The observed variation in quality factor and TCF with increasing x (Nd 

content)……………………………………………………………………………………………..93 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



x 
 

LIST OF TABLES 

Table 1.1 Classification of different point groups into symmetric and non-centro-symmetric 

groups..................................................................................................................................2 

Table 2.1 The 23 possible tilt systems ………………………………………………................16 

Table 3.1 Details of the raw materials used in the present study ………….…………..........35 

Table 3.2 Weights in grams of the required raw materials for 7g of each batch..…...……..37 

Table 4.1The weight% loss of LNT ceramics at different temperatures ……......................50 

Table 4.2 Comparative densities of the La & Nd containing compounds …………………..52 

Table 4.3 EDS data of different grains observed in the microstructure of (La, Nd)2/3TiO3 

ceramics ……………………………………………………………………………………………55 

Table 5.1 XRD data for [(Ca, Sr)x (La, Nd)2/3-2x/3]TiO3 (x = 0.1)……… …………...……….60 

Table 5.2 XRD data for [(Ca, Sr)x (La, Nd)2/3-2x/3]TiO3 (x = 0.8)………….…………………61 

Table 5.3 Crystallographic data of [(Ca, Sr)x (La, Nd)2/3-2x/3]TiO3 (x = 0.1 - 0.9) ...………61 

Table 5.4 Weight% elemental concentration in different grains showing an increase in 

Ca+2 and Sr+2 and a decrease in La+3 and Nd+3 with increasing x……………….………….66 

Table 5.5 Observed density, theoretical density, relative density and microwave dielectric 

properties of [(Ca, Sr)x (La, Nd)2/3-2x/3]TiO3 (x = 0.1 - 0.9) .………………………………….69 

Table 6.1 Crystallographic data of Ca(1-x)SrxTiO3 (x = 0.1 - 0.9) ……………………………75 

Table 6.2 A comparison of Raman shifts observed for Ca(1-x)SrxTiO3 (x = 0.1) with those 

reported for CaTiO3 ……..……………………………………………...………………………..76 

Table 6.3 Compositional variations of the grain sizes with increasing Sr content…………77  

Table 6.4 Weight% elemental concentration of different grains in Ca(1-x)SrxTiO3 (x = 0.1 – 

0.9) with increasing Sr content ………………………………………….....……………………80 



xi 
 

Table 6.5 Observed density, theoretical density, relative density and microwave dielectric 

properties of Ca(1-x)SrxTiO3 (x = 0.1- 0.9) ………………………………...……………………82  

Table 7.1 Crystallographic data of [(Ca, Sr)1-x Nd2x/3]TiO3 (x = 0.1, 0.25, 0.5, 0.75) 

ceramics…………………………………………………………………………………………….88 

Table 7.2 Compositional variations of the grain sizes with increasing Nd content……...91 

Table 7.3 The observed density, theoretical density, relative density and microwave 

dielectric properties of [(Ca, Sr)1-x Nd2x/3]TiO3 (x = 0.1, 0.25, 0.5, 0.75) …..………...........94 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xii 
 

LIST OF PUBLICATIONS 

1. Muhammad Saleem, Yaseen Iqbal, Shan Qin, Xiang Wu and Feng Zhu, 

“Phase, microstructure and microwave dielectric properties of A-site deficient 

(La, Nd)2/3TiO3 perovskite ceramics” Mat. Scie. Pol, 33(1), 2015, 126-130 

2. Muhammad Saleem, Yaseen Iqbal, Shan Qin, Xiang Wu, Shahid Ali and Feng 

Zhu, “Processing and characterization of A-site deficient [(Ca, Sr)x (La, 

Nd)2/3−2x/3]TiO3 dielectric ceramics” J Mater Sci: Mater Electron 25, 2014, 

5282-5287 

3. Muhammad Saleem, Yaseen Iqbal, Shan Qin, Xiang Wu, Raz Muhammad and 

Feng Zhu, “Structural phase transition and microwave dielectric properties of 

Ca1−x SrxTiO3 (x = 0.1–0.9) ceramics” J Mater Sci: Mater Electron 26, 2015, 

1507-1511 

4. Muhammad Saleem, Yaseen Iqbal, Shan Qin, Zhenxing Yue, Xing Wu,  Jie 

Zhang and Feng Zhu, “Structure, microstructure and microwave dielectric 

properties of [(Ca, Sr)1-xNd2x/3] TiO3 ceramics with x =  0.1, 0.25, 0.5 and 0.75”  

submitted 

 

 

 

 

 

 

 

 

 

 

 



1 
 

CHAPTER I 

INTRODUCTION 

Ceramics are polycrystalline, inorganic, non-metallic and non-water-soluble materials. 

In the early ages, ceramics were used to be made of clays and fired at elevated 

temperatures to make the product hard and impermeable. Their common uses included 

pottery ware and grain/water storage. Nowadays, clay based ceramics are used in the 

production of white-ware and electrical insulators [1, 2]. The history of traditional 

ceramics is very old; however, the development and use of modern sophisticated 

processing and characterization techniques have been instrumental in the current 

development of ceramic science and technology. Ceramics are made of different types 

of atoms/ions with different electro-negativities, giving rise to different types of bonds, 

such as ionic and covalent. The ionic bonds are predominant in ceramics, making these 

brittle as well as mechanically stronger than metals [3].  

Unlike traditional or vitreous ceramics, the history of electroceramics is not very old 

and this important field emerged in the late 1930s. Technical ceramics with the potential 

to be used in electrical and telecommunication systems are known as electroceramics. 

Electroceramics are used as capacitors, filters, resonators and transducers in electronic 

devices due to their unique electrical properties [4]. The first use of electroceramics as 

underwater transducer was single crystal quartz during the First World War. Single 

crystal quartz was also used as an oscillator to produce electrical signals with precise 

frequency in the same period [5]. The use of compact electronic devices has played a 

vital role in the rapid growth of the recent wireless telecommunication systems. 

Consequently, researchers are struggling hard to design and process new compositions, 

employing new processing routes and thus engineer new materials with tailored 

properties for specific applications.  

1.1 Types of Electroceramics 

On the basis of their functionalities and applications, electroceramics are divided into 

piezoelectrics, ferroelectrics, pyroelectrics and electro-optics [6], briefly introduced in 

the following sections:   

1.1.1 Piezoelectric Ceramics  

Electroceramics that undergo electrical polarization when subjected to stress are known 

as piezoelectric ceramics, for example PbZrTiO3, PbTiO3, and PbNb2O3. Conversely, 
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strain can also be produced in these materials as a result of an applied electric field. 

Such materials are used in transducers for converting sound energy into electrical pulses 

in microphones. These materials are also used in the generation of high voltages, 

frequency control, generation and detection of sound and ultrasonic energy [1, 7].  

There are 32 point groups of seven crystal systems out of which 11 have a centre of 

symmetry showing no piezoelectricity. The remaining 21 are not centro-symmetric, out 

of which 20 reveal piezoelectricity. The remaining one is cubic which does not exhibit 

piezoelectricity. These 32 point groups are given in Table 1.1. 

Table 1.1 Classification of different point groups into symmetric and non-centro-

symmetric groups. 

Crystal class Centrosymmetric 

Point groups 

Noncentrosymmetric Point groups 

Polar Non-polar 

Cubic m3 m3m none 432 3̅m 23 

Tetragonal 4 or m 4 or mmm 4 4mm 4̅ 4̅2m 22 

Orthorhombic Mmm mm2 222 

Hexagonal 6 or m 6 or mmm 6 6mm 6̅ 6̅2m 622 

Trigonal 3̅ 3̅m 3 3m 32 

Monoclinic 2 or m 2 m none 

Triclinic 1̅ 1 none 

Total Number 11 groups 10 groups 11 groups 

 

1.1.2 Pyroelectric Ceramics 

Pyroelectric ceramics are those materials which undergo polarization with an increase 

in temperature. Pyroelectric materials respond to changes in the intensity of incident 

radiation and can be used as infrared radiation detectors [7]. These materials can be 

also used as pollutant detectors and for thermal imaging. As, an increase in temperature 
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can cause increase in the volume of a pyroelectric material leading to strain, so they 

can also behave like piezoelectrics. However; this piezoelectricity seldom increases 

10% of the original pyroelectric behaviour and is thus negligible [1].  

1.1.3 Ferroelectric Ceramics 

Ferroelectricity was first discovered by Joseph Valasek in Rochelle salt in 1921 [8]. In 

ferroelectric ceramics, spontaneous polarization occurs and the randomly oriented 

dipoles in such materials can be aligned parallel to the applied electric field. Such 

materials are used in high dielectric constant capacitors, nonvolatile memory, 

thermistors, switches known as transchargers or transpolarizors, oscillators, 

modulators, piezoelectric sonar, ultrasonic transducers, filters, medical diagnostic 

transducers, stereo tweeters, buzzers and displays [9]. Common examples of 

ferroelectric ceramics are BaTiO3, LiNbO3, Pb(Ti, Zr)O3, PbTiO3 and PbNb2O3. 

1.1.4 Electro-optic Ceramics 

Refractive indices of some electroceramics change when subjected to electric fields. 

These ceramics are called electro-optic ceramics and are used in optical applications, 

for example, communication and processing of information. In anisotropic materials, 

the refractive index depends on the direction of propagation and polarization of light. 

Electro-optics deals with the generation, amplification, detection, guidance, modulation 

or modification of optical signals. These materials are used in opto-electronics, lasers, 

optical fibres, nonlinear optics, acousto-optics, visual data storage and electro-optic 

applications. Common examples of electro-optic ceramics, used as electro-optic 

switches, are LiNbO3 and LiTaO3 [10].      

1.2 Dielectric Materials 

A dielectric is an insulator having the capability of getting polarized when subjected to 

an electric field. This means that a dielectric material is susceptible to polarization. In 

capacitors, a dielectric material is basically used to increase its capacitance and hence 

the energy storage capability.  

1.3 Polarization in Dielectrics 

When a dielectric material is placed in an electric field, rearrangement of charge occurs 

inside it. This rearrangement of charge in dielectrics is known as polarization. In 

practice, polarization is the response of a dielectric material to an applied electric field. 



4 
 

Polarization causes dipole moment inside the dielectric materials. There are different 

types of polarization. 

 

 

Figure 1.1 Different types of polarization and its frequency dependence [1] 

In a dielectric material subjected to an electric field, the electrons are relatively 

displaced against the electric field whereas the positive nuclei are displaced parallel to 

the applied electric field. This type of polarization is called electronic or atomic 

polarization. This type of response is very rapid in response to the frequency of the 

applied voltage. In ionic polarization, the cations and anions are displaced relative to 

one another in the presence of an applied electric field. The frequency required for ionic 

polarization is equal to the frequency of vibration of the ionic sub-lattices. Orientational 

or dipolar polarization occurs due to the rearrangement of the dipoles such as H2O 

molecules in polar dielectric materials. This type of polarization is temperature 

dependent because an increase in temperature opposes the alignment of the dipoles in 

the direction of the applied field. Space-charge polarization is the small moment of 

charge carriers unless they are stopped at the grains or phase boundaries. This type of 
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polarization occurs at relatively lower frequencies. Different types of polarizations are 

shown in Figure 1.1. The total polarization is the sum of all these polarizations.  

1.4 Microwaves 

Microwaves are the second largest wavelength waves of the electromagnetic spectrum 

having a wavelength of 1mm to 1m. Microwave frequencies range in between 300 MHz 

to 300 GHz. These types of waves are produced by the transitions between molecular 

rotational energy levels [11]. Microwaves can be divided into three major types, 

namely, Ultra High Frequency waves (UHF) (300 MHz – 3 GHz), Super High 

Frequency (SHF) (3 – 30 GHz) and Extremely High Frequency (EHF) (30 - 300 GHz) 

[12]. 

1.5 Microwave Telecommunications 

Microwaves are mostly used for telecommunication purposes ranging from radio-

detection and ranging (Radar) to satellite communication. Radar for long range search 

operates at 450 MHz, UHF TV broadcasting takes place at frequencies ranging from 

470 to 870 MHz and mobile phones transmit microwaves of frequency close to 900 

MHz. Air traffic control transponders are adjusted slightly above 1 GHz. Space 

telemetry systems operate at up to 2 GHz. Troposcatter communication systems for 

long range communication operates just above 2 GHz. Microwave ovens operate at 

2.45 GHz and airport radars operate at frequencies above 3 GHz. Point-to-point 

microwave relay operates just below 4 GHz. For communication satellites, downlinks 

occur at 4 GHz where as uplinks occur at 6 GHz. Studio transmitter link operates just 

above 7 GHz. Airborne fire control radars work at 10 GHz. There is one more satellite 

downlink near 20 GHz and just above 30 GHz is the corresponding uplink for this 

satellite. Police radars operate at 24 GHz and 10.25 GHz. Most of the frequencies in 

the range of 30 GHz to 300 GHz are absorbed in atmosphere making radar and long 

range communication impractical; however, transmission windows exist among these 

absorption bands. For missile search radars such a window is used at 94 GHz. Figure 

1.2 shows the microwave spectrum and its applications for different purposes. 
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Figure 1.2. Microwave spectrum and its applications [13] 

1.6 Microwave Dielectric Resonators 

A resonator is an electrical circuit used to resonate at a particular frequency and is used 

to separate that particular frequency from the rest of the unwanted frequencies. In 1939, 

Richtmyer [14] proposed for the first time that an unmetallized dielectric material can 

be used as a dielectric resonator. Resonators are non-metallic components made of 

ceramics with specific shapes and dimensions. The frequency at which a dielectric 

resonator resonates is known as its resonant frequency. The advantages of microwave 

dielectric resonators over the conventional copper and invar cavity resonators are their 

low-cost, size control, high-quality and their ability to be put in different shapes and 

circuits [15]. 

1.7 Microwave Dielectric Properties 

The three important properties of interest of microwave dielectric resonators are their 

high dielectric constant (εr), high quality factor (Q×f) and near zero temperature 

coefficient of resonant frequency (τf). These properties are briefly described as follows:     
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1.7.1 Dielectric Constant (ɛr) 

Dielectric constant or relative permittivity is the material’s response to the applied 

electric field. It is the ratio of capacitance of a capacitor with a dielectric material placed 

between the plates to its capacitance without a dielectric material, i.e. 

    ɛr =  
Cmed

Cvac
  ................................................................. (1.1) 

where εr is the dielectric constant of the material used as a dielectric, Cmed is the 

capacitance of the capacitor with dielectric material in between its plates and Cvac is its 

capacitance when there is no medium in between its plates.  Inserting a dielectric 

material in between capacitor’s plates, causes an increase in the capacitance of a 

capacitor because the polarization decreases the relative electric field intensity and 

hence the applied voltage. That is 

 V = Ed ..................................................................... (1.2) 

      V ∝ E  .................................................................... (1.3)  

where V is the applied voltage, E is the electric field intensity and d is the distance 

between the plates of the capacitor. From Eq. 1.3, it is clear that a decrease in electric 

field intensity results in a decrease in voltage. As  

                        Q = CV.................................................................. (1.4) 

   C = Q/V................................................................. (1.5) 

where Q is the charge on the capacitor and C is its capacitance. It is obvious from eq. 

1.5 that the decrease in voltage causes an increase in the capacitance of the capacitor. 

The greater dielectric constant of a material shows its ability to store more energy. The 

value of εr for a given dielectric, is subjected to the external parameters like 

temperature, pressure, frequency, crystal structure of the material and secondary phase 

formation [3]. 

 

Figure 1.3 Schematic of a capacitor in a DC circuit [16] 
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The increase in εr leads to the miniaturization of the dielectric resonators [17, 18], i.e, 

                                                𝜆 =
𝜆ₒ

√ 𝑟
 ..................................................................... (1.6) 

where λ is the wavelength of the microwave in a dielectric material, λₒ is the wavelength 

of a microwave in free space and ɛr is the dielectric constant of the material. For a 

resonator, its size must be the integral multiple of λ/2. The decrease in wavelength 

causes a decrease in the physical dimensions of the resonator. The resonant frequency, 

the diameter and the dielectric constant of a resonator are related to one another by the 

relation, 

                                                 𝑓𝑜 =
𝑐

𝐷√ 𝑟
 ................................................................ (1.7) 

where fo is the resonant frequency, c is the speed of light in vacuum, D is the diameter 

of the resonator [19, 20]. 

1.7.2 Quality Factor 

Quality factor is a measure of the selectivity of a resonator to pick up a particular 

frequency. It determines the energy losses per cycle inside the dielectric material [18]. 

It is the inverse of the loss tangent, i.e.,   

                        𝑄 =  
1

𝑡𝑎𝑛𝛿
 ............................................................... (1.8)    

In eq. 1.8, tanδ is the loss tangent which is the ratio of the imaginary part of the 

dielectric constant to its real part and has no unit. However, Q×f is determined in the 

units of GHz. For microwaves, the quality factor is the ratio of fo to ∆fo, which is 

measured at 3 dB less than the peak at resonance frequency, as shown in Figure 1.4. 

 

Figure 1.4 Schematic showing the resonant peak and bandwidth [20] 
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Quality factor is the ability of a dielectric resonator to store microwave energy without 

a signal loss. In practice, some of the power is lost in a dielectric material. So, for greater 

performance of a dielectric resonator (DR), these losses should be small. In dielectric 

resonators, the losses are of four types, namely; dielectric, conduction, radiation and 

external. Mathematically these losses are given as  

                     𝑄𝑑 =
2𝜔𝑊𝑒

𝑃𝑑
 .............................................................. (1.9) 

                𝑄𝑐 =
2𝜔𝑊𝑒

𝑃𝑐
  ............................................................ (1.10) 

                𝑄𝑟 =  
2𝜔𝑊𝑒

𝑃𝑟
 ........................................................... (1.11) 

where We is the total energy stored, Pd, Pc and Pr are the powers dissipated through 

dielectric, conduction and radiation [11, 21]. The sum of the reciprocals of these powers 

gives the reciprocal of the unloaded quality factor i.e. 

                
1

𝑄𝑂
 =  

1

𝑄𝑑
+

1

𝑄𝑐
+

1

𝑄𝑟
 ............................................... (1.12) 

In practice, resonant cavities are shielded from inner sides and thus radiation losses are 

minimized. Thus, the third term in the above formula is negligible. Also for an ideal 

dielectric material, there are no conduction losses. However, for practical dielectric 

materials, there are conduction losses. The total loaded quality factor is given as 

                                                 
1

𝑄𝐿
=  

1

𝑄𝑜
+  

1

𝑄𝑒𝑥𝑡
 ..................................................... (1.13) 

In the above equation, Qext represents the external losses. The external losses are mainly 

due to coupling. Microwave conducting probes are introduced in the resonant cavity to 

produce an electromagnetic field in the resonator. The magnetic field around the probe 

induces a partial magnetic field in the dielectric resonator, i.e. the probe and the 

resonator are magnetically coupled, which also cause loss of some energy [11]. 

According to Schlomann’s theory, the dielectric loss tangent in non-conducting ionic 

crystals increases when the ions are distributed randomly such that they break the 

charges periodicity in the crystal [22]. In dielectric ceramics, the losses are of two types 

i.e. intrinsic and extrinsic. Intrinsic losses are mainly linked with the crystal structure 

and can be described by the phonons interaction with the applied electric field. The 

applied electric field alters the equilibrium of the phonon and as a result energy loss 

occurs during the relaxation. Such type of losses occurs in a single crystal system 
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having no defects. On the other hand, extrinsic losses are because of the defects present 

in the crystal structure. Such types of losses are due to porosity, grain boundaries, 

microstructural defects, crystallite orientation and micro-cracks [23].  

1.7.3 Temperature Coefficient of Resonant Frequency  

Temperature coefficient of resonant frequency (TCF) of a dielectric resonator 

determines its stability with temperature variation. 𝜏𝑓 is the fractional change in 

frequency per unit change in temperature i.e.  

         𝜏𝑓 =  
𝑓2−𝑓1

𝑓1∆𝑇
 ............................................................. (1.14) 

where f1 is the original resonant frequency at T1, f2 is the frequency at T2 and ∆T is the 

change in temperature [24]. For practical dielectric resonators, 𝜏𝑓 should be near zero. 

It can be tuned to zero by using different dopants in dielectric materials and is related 

to the dielectric constant by equation (1.15) 

  𝜏𝑓 =  −(
1

2
𝜏 + 𝛼𝐿)…………………………........(1.15) 

In this equation, 𝜏  is the temperature coefficient of dielectric constant and 𝛼𝐿 

represents the coefficient of linear thermal expansion. It is evident from eq. 1.15 that 

for 𝜏𝑓 to be zero, 𝜏  should be the double of 𝛼𝐿 [12]. For microwave dielectric ceramics, 

𝜏𝑓 is determined by the ionic polarizability. 𝜏𝑓 can also be affected by the tolerance 

factor which is governed by cations radii and thus affect the temperature of the onset of 

octahedral tilt transitions [20]. In the case of A-site deficient perovskites, 𝜏𝑓 can be 

controlled by controlling the A-site vacancy concentration [25]. Tolerance factor (t) for 

a perovskite structure is given as; 

  𝑡 =
𝑅𝐴+𝑅𝑂

√2(𝑅𝐵+𝑅𝑂)
  ...................................................... (1.16) 

where RO is the radius of oxygen anion, RA is the radius of A-site cation and RB is the 

radius of B-site cation. The tilting results in a steady thermal expansion with a slight 

alteration of the octahedral volume. This affects temperature coefficient of dielectric 

constant ( 𝜏  ) which according to eq. 1.16 affects 𝜏𝑓 [26, 27]. The coefficient of linear 

thermal expansion for ceramics almost remains constant for a wide range of 

temperatures; therefore, 𝜏  directly affects 𝜏𝑓 [28]. 
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CHAPTER II 

LITERATURE REVIEW 

Compounds with perovskite and perovskite-related structures have interesting 

dielectric properties and are being investigated for the last several decades for their 

potential applications as resonators, filters, oscillators and antenna components in 

wireless telecommunication devices. The mineral CaTiO3, the first known material with 

perovskite structure, was discovered by G. Rose in the 1839 and was named perovskite 

after the Russian mineralogist A. von Perovskii [1]. The general formula of the 

perovskite structure is ABO3 in which 25% of the octahedral sites are filled by the B 

cations in the close-packed cubic AO3 array [2]. In cubic structure, twelve O anions are 

coordinated with each A cation (Ca, Sr, Ba, K, Na, Bi) whereas, six O anions are 

coordinated with each B cation (Nb, Ta, Ti) [3]. SrTiO3 has a cubic perovskite structure 

with Pm3̅m symmetry, as shown in Figure 2.1. 

 

Figure 2.1 Perovskite structure of SrTiO3 at room temperature [4] 

The crystal structure of perovskite may be ABO3 type or A(B′B″)O3-type [5-6]. The A-

site is normally occupied by divalent cations; while, in some cases trivalent rare-earth 

cations (La, Nd, Sm and Cr) may also occupy the A-site with charge compensation by 

trivalent B cations. In some cases, charge compensation may occur by vacancy 

formation on the A-site.  

2.1 Defects and Electroceramics 

 The major factors influencing the microwave dielectric properties of dielectric 

ceramics include; porosity, grain boundaries, polarizability, crystal structure, tilting of 

octahedra, ionic rattling and point defects. In ABO3-type compounds, the point defects 

are in the form of oxygen vacancies and A-site cation vacancies [7]. The ionization of 
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oxygen vacancies causes the production of electrons which change the electrical 

behaviour of perovskite from dielectric to semiconducting, conducting or 

superconducting [8]. These vacancies distort the oxygen octahedra and produce more 

than one off-centre positions for the B-site (Ti+4) cations [9]. For example, when Ce2O3 

is doped into SrTiO3, charge compensation occurs via vacancy formation on the A-site, 

given by eq. 2.1.  

                          x

osrsr

SrTiO
OVCeOCe 32 ''

32
3      …………...……….…. (2.1) 

where “ ● ” represents a single positive charge and V ꞌꞌ represents two negative charges 

on a vacancy. In the same fashion, if CaTiO3 is doped with Nd2O3, vacancies are formed 

on the A-site, given by Eq (2.2). 

                         x

oCaCa

CaTiO
OVNdONd 32 ''

32
3     …………..……..….. (2.2)  

Similarly, when CaTiO3 and SrTiO3 are doped with La2O3, vacancies are formed on the 

A-site for charge compensation. These vacancies affect εr, tanσ (i.e. Q×f ) and τf. 

Dielectric ceramics with low dielectric constants are used as substrates for integrated 

circuits whereas those with high dielectric constants are used in capacitors [10]. For 

commercial applications at microwave frequencies, these ceramics require εr > 45, Q ×

 f ~ 10000 GHZ depending on εr, and τf close to zero. As the size of a dielectric resonator 

is inversely proportional to (εr)
1/2, it is always desired to design dielectric materials with 

high εr for size reduction of the relevant circuit but generally at the cost of Q × f [11-

12]. 

2.2 Structural Distortion  

In perovskites, structural variations are caused by tilting of oxygen octahedra. This may 

be done with temperature variations or by doping different elements on the A-site or B-

site in different ratios. The structural variations also affect the dielectric properties. To 

achieve the desired properties, different cations are doped either on A-site or B-site or 

both. The doping of different cations on the A and B sites is possible if the substituents 

have matching size (i.e. ionic radii within 15% of the host cations) and charge neutrality 

is maintained [3]. Such substitutions result in the distortion of the symmetry of the 

structure. Common distortions (such as tilting of octahedra) and cation displacements 

within the octahedra are linked to the size of the A and B site dopants. Factors that 

influence structural distortions include; ionic radius, deviations from the ideal 
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composition and the Jahn-Teller effect (reduction in symmetry and energy as a 

consequence of geometric distortion of a non-linear molecular system) [13]. 

Goldschmidt observed distortions in a number of perovskites due to octahedral tilting 

for the first time in 1926 [13-15]. The degree of distortion ‘t’ in ABO3-type perovskites 

is given by equation 1.16. ‘t’ gives the structural distortion, constant of binding force 

(because variation in size affects the bond length, bond angle and hence the bond 

strength), tilting and rotation of oxygen octahedra which influence the dielectric 

properties [14]. When an octahedron is rotated along one of the cubic <001> axis, the 

adjacent octahedra in the plane normal to rotation axis are compelled to tilt in opposite 

directions; however, the octahedra directly below and above it are not so constrained 

and can tilt in one of the following ways: 

a) if these octahedra tilt in the same direction as the central octahedron, the tilt is 

referred to as ‘in-phase’.  

b) if these octahedra tilt in the opposite direction with respect to the central 

octahedron, the tilt is referred to as an ‘anti-phase’ [14]. 

Cubic perovskites with 0.985 < t < 1.06, have a stable structure [16]. Perovskites with 

0.964 < t <0.985 undergo anti-phase tilting of the constituent octahedra, and perovskites 

with t < 0.964 may undergo both anti-phase and in-phase tilting. As the value of ‘t’ 

drops, the firmness of the perovskite phase is lost, and will not form [15]. In some 

compounds, the octahedral tilting may be different than that predicted by ionic radii 

considerations due to Jahn-Teller distortion [11]. The complete list of 23 tilt systems is 

given in Table 2.1. 

According to Glazer [18], all tilt systems are combinations of component tilts about the 

three tetrad axes. Letters a, b and c are used to represent the value of tilt. When 

octahedra are tilted equally about more than one axes, this is represented by repeating 

the relevant letter; i.e. ‘aaa’ represents equal tilts along the three axes and ‘abc’ 

represents unequal tilts along each of the three axes. In-phase tilt is represented by a 

superscript ‘+’ after its relevant letter and an anti-phase tilt is represented by a 

superscript ‘-’ after its relevant letter. When there is no tilt about any axis, a superscript 

‘ ’ is used. Hence 
caa 

 refers to a perovskite with anti-phase tilting about one 

pseudocubic axis only [15]. The distortion caused by octahedral tilting for CaTiO3 is 

shown in Figure 2.2. 
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Table 2.1 The 23 possible tilt systems [17]. 

 

For some perovskites, the structural distortion may be due to Jahn–Teller active ions at 

B sites. For example, in LaMnO3, the 3d4 electrons in Mn3+ split into 3 tg electrons and 

1 eg electron. Elongation of [MnO6] octahedra may be due to the odd number of 

electrons in eg orbital [13]. The Jahn-Teller distortion theorem states that “a nonlinear 

molecule in a degenerate electronic state cannot be stable”. To gain stability, the 

nonlinear molecule must undergo a distortion to break down the degeneracy [20]. This 

Glazer’s tilt 

system number 

Glazer notation Relative pseudo-cubic sub-

cell parameters 

Shape of the 

BX6 octahedra 

Space 

groups 

Three-tilt 

systems 

    

1 a+ b+ c+ ap  ≠  bp  ≠  Cp Not distorted Immm 

2 a+ b+ b+ ap ≠  bp  = Cp Not distorted Immm 

3 a+ a+ a+ ap =  bp  = Cp Not distorted Im3̅m 

4 a+ b+ c- ap ≠  bp  ≠ Cp Distorted Pmmn 

5 a+ a+ c- ap =  bp  ≠ Cp Distorted P42/nmc 

6 a+ b+ b- ap  ≠  bp  =  Cp Distorted Pmmn 

7 a+ a+ a- ap ≠ bp ≠ Cp Distorted P42/nmc 

8 a+ b- c- ap  ≠  bp ≠   Cp, α ≠ 90
o Not distorted P21/m 

9 a+ a- c- ap = bp ≠ Cp,   α ≠ 90
o Not distorted P21/m 

10 a+  b-  b- ap ≠  bp =  Cp,  α ≠ 90
o Not distorted Pnma 

11 a+ a- a- ap =  bp =  Cp , α ≠ 90
o Not distorted Pnma 

12 a- b- c- ap ≠ bp ≠ Cp,  α ≠ β ≠ γ ≠ 90o Not distorted F1̅ 

13 a- b- b- ap =  bp ≠ Cp,  α ≠ β ≠ γ ≠ 90o Not distorted I2/a 

14 a- a- a- ap = bp = Cp,  α = β = γ ≠90o Not distorted R3̅c 

Two-tilt systems     

15 ao b+ c+ ap < bp ≠ cp Not distorted Immm 

16 ao b+ b+ ap < bp = cp Not distorted I4/mmm 

17 ao b+ c- ap < bp ≠ cp Not distorted Cmcm 

18 ao b+ b- ap < bp = cp Not distorted Cmcm 

19 ao b- c- ap < bp ≠ cp, α ≠ 90o Not distorted I2/m 

20 ao b- b- ap < bp = cp,  α ≠ 90o Not distorted Imma 

One-tilt systems     

21 ao ao c+ ap= bp < cp Not distorted P4/mbm 

22 ao ao c- ap= bp < cp Not distorted I4/mcm 

Zero-tilt system     

23 ao ao ao ap= bp = cp Not distorted Pm3̅m 



17 
 

type of distortion in perovskites usually involves two of the octahedral bonds expanding 

and four of the octahedral bonds contracting, causing elongation of octahedra. 

 

 

Figure 2.2 Schematic of octahedral tilts for CaTiO3 [19] 

The dielectric properties of perovskites can be tailored by introducing structural 

distortions as a result of cation substitution at A- or B-site of the unit cell. If there are 

more than two cations on both the A- and B-site of the unit cell, an ordering of A- and 

/ or B-cations occurs which distorts the structure. Thus, in perovskite type materials, 

structural distortion may be due to octahedra tilting, B-site cations displacement and 

distortion of the octahedra [17].   

In wireless microwave telecommunication systems, dielectric resonators are key 

components. For such applications, the materials must meet the requirements i.e., a high 

εr to control the size of the resonator, high Q-value for high tunability and near zero τf 

to ensure temperature stability of the dielectric resonator [14].  

Lee et al. [14] doped low-loss Ba(Zn1/3 Nb2/3)O3 microwave dielectrics with La ions 

and reported structural phase changes due to ordering of B-site cations and oxygen 

octahedral tilting. La-doping changed the structure from 1:2 to 1:1 ordered perovskite 

and thus caused a huge decrease in the Q-value from 112286 GHz to 46530 GHz by 5 
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wt% La substitution. Octahedral tilting in complex perovskites has a great deal with τf. 

Lee et al. [21] reported the microwave dielectric properties of Ba5Nb4O15 doped with 

Sr. High εr and τf were reported in Ba-rich compounds which decreased with increasing 

Sr content. The change in symmetry influenced the variation of εr and τf. The reported 

variation was related to the symmetric stretching vibration of NbO6 octahedra and the 

ratio of lattice parameters (c/a) in unit cell. Fujii et al. [22] doped Ba+2 and Ca+2 at the 

A-site of Sr(Ni0.5W0.5)O3 and investigated their effect on the crystal structure, phase 

transition behaviour and dielectric properties of the sintered ceramics. The room 

temperature structure of the resulting solid solution was reported to be orthorhombic 

(Pnma) for x = 0 and cubic (Fm3̅m) for 0.2 < x < 1. The shift from the orthorhombic to 

the cubic symmetry in Sr(Ni0.5W0.5)O3 occurred at 300oC. On the other side, the crystal 

structure of the solid solution doped with Ca+2 shifted from rhombohedral ( mR3 ) for 

0.2 < y < 0.6 to monoclinic (P2/m) at 0.8 < y < 1. Phase transformation for Ca+2 doped 

solid solution as a result of heating were reported from rhombohedral to cubic for 0.2 

< y < 0.6 and monoclinic to rhombohedral at y = 0.8. At room temperature, εr was in 

the range of 27-33 and TCεr was 20-80 ppm/K, and was independent of A-site cation 

species. 

2.3 Vacancies Ordering 

The ordering of cation vacancies and the structure of A-site deficient perovskites make 

these materials technologically important due to their interesting dielectric and 

magnetic properties and ionic conductivity. Yoshii [23] for the first time reported the 

structure of A-site deficient perovskite Nd2/3TiO3 as orthorhombic (Pmmm). Zhang et 

al. [24] investigated the structure of A-site cation deficient Nd0.7Ti0.9Al0.1O3 using 

neutron powder diffraction in parallel with group theoretical analysis. Room 

temperature structure was reported as monoclinic (C2/m) with a = 7.6764, b = 7.6430, 

c = 7.7114Å and β = 90.042(2). This structure was because of the layered ordering of 

A-site cation vacancies. This was basically representing the structure of Nd2/3TiO3.      

CaTiO3 is one of the important dielectric materials with perovskite structure, 

particularly, due to its capability to accommodate a number of cations from the periodic 

table both on the A- and B-site of its unit cell [8]. Doping trivalent Sm, La, Mg or Nd 

ions on the A-site of CaTiO3, results in Ca+2 vacancies affecting the dielectric properties 

of the resulting compounds. Lu et al. [25] co-substituted Nd and Mg for Ca in CaTiO3 
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and reported that their low concentration caused no phase change. The sintering 

temperature was lowered and density of the material increased due to the fluxing 

behavior of Mg. Kim et al. [26] doped La+3 into CaTiO3 and reported the formation of 

single-phase Ca1-xLa2x/3TiO3 solid solution with structural changes from pseudo-cubic 

to tetragonal double layered perovskite at x = 0.7 and to double perovskite orthorhombic 

at x = 0.9. Measurements of dielectric properties at microwave frequencies showed a 

decrease in εr and f  whereas Q× f was reported to increase on increasing x. The 

optimum microwave dielectric properties (εr = 90, Q× f = 2700 GHz, and f = 190 

ppm/K) were reported for the sample with x = 0.96. Balachandran and Eror [27] studied 

the effect of La doping in CaTiO3 and observed two types of charge compensation i.e. 

ionic and electronic, depending upon the oxygen partial pressure. At low partial 

pressure, the conductivity depended upon the La concentration; whereas for high partial 

pressure the extra charge of La was compensated by the doubly ionized vacancy 

formation on the Ca site. Li et al. [28] investigated structural variations in (Ca1-

2xNaxLax)TiO3 with 0 ≤ x ≤ 0.5 and reported that the structure of solid solution was 

orthorhombic (Pbnm), similar to that of CaTiO3 for 0 ≤ x ≤ 0.34 and tetragonal (I4/mcm) 

for 0.39 ≤ x ≤ 0.5. This structural phase transition was ascribed to the change of the 

ionic size on the A-site of the perovskite unit cell.  

A-site defects play a vital role in affecting the dielectric properties of Perovskites. Some 

common A-site deficient perovskites are La2/3TiO3, Nd2/3TiO3, Nd1/3NbO3 and 

La1/3NbO3. In the case of the first two, one-third of the A-sites are vacant while two-

third sites are vacant in the last two systems [29]. In the case of La2/3TiO3, A(1) site is 

completely filled by La cations, whereas in the A(2) site, both the vacancies and La 

cations are accommodated [30]. Due to their good dielectric properties, these types of 

ceramics provide a basis for a number of ceramic families to be used in 

telecommunication devices [31].  

Kong et al. [30] reported the structure and microwave dielectric properties of xLnAlO3-

(1-x) Ln1/3NbO3 (x = 0.0 - 0.9) (Ln = Nd or La). Different phases of La1/3NbO3, AlNbO4 

and LaNbO4 for different values of x were reported. εr and f  were reported to decrease 

whereas Q × f was reported to boost up with increasing x up to 0.4. The possible reason 

for this observation was the presence of LaNbO4, NdNbO4 and AlNbO4. Kim et al. [32] 

substituted Sm+3 for Ca+2 in CaTiO3 which resulted in vacancies formation. Initially, Q 
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× f was reported for x = 0.6 and then decreased due to the formation of Sm2Ti2O7 as a 

secondary phase. εr was reported to decrease with increasing Sm concentration. The 

observed decrease in εr was related to the vibration between TiO6 octahedron and A-

site cations. Jung [29] synthesized A-site deficient Nd2/3TiO2.988 and reported its 

structure as orthorhombic (Pmmm) using XRD. Bian et al. [33] reported the phase, 

structural stability and microwave dielectric properties of (1-x)Ln1/3NbO3-xLn2/3Tio3 

with Ln = La or Nd and x = 0 - 0.8, which formed single phase La0.4667Nb0.6Ti0.4O3 and 

La(Nd)TiNbO6 compounds for x = 0.4 and 0.5. εr was reported to decrease for x = 0 to 

0.5 and then increased upon further increase in x for the La containing compound. This 

decrease in εr for x ≤ 0.5 was attributed to the formation of low εr phases of LaTiNbO6 

and La0.4667Nb0.6Ti0.4O3. Q × f was reported to increase for x = 0 to 0.5 and then 

decreased upon further increase in x beyond 0.5. This might be due to the large number 

of vacancies in the end members. τf was reported to decrease up to x = 0.6 and then 

increased upon further increase in x. The change in τf value with x for the multiphase 

compositions was apparently due to the mixing behavior of τf value of the end members. 

Guo et al. [34] investigated the structure and microwave dielectric properties of La(1-

x)/3AgxNbO3 for 0 < x < 0.25 and reported single phase formation with a dense 

microstructure for all the compositions. These materials crystallized into orthorhombic 

La(1-x)/3AgxNbO3 at 0 ≤ x ≤ 0.16, tetragonal La(1-x)/3AgxNbO3 at x = 0.2 and pseducubic 

La(1-x)/3AgxNbO3 at x = 0.25. These structural variations were attributed to the increase 

in Ag content due to a consequent reduction in the A-site cation ordering. εr and τf were 

reported to increase with increasing x which may be attributed to the reduction in the 

tilting angle of NbO6 octahedra. The reported decrease in Q × f may be also credited to 

the decrease in A-site ordering. The dielectric loss studies at low frequencies have 

reported that an increase in loss may be due to the ionic conduction of Ag in the La(1-

x)/3AgxNbO3, while at higher frequencies, this increase in loss was not observed [34]. 

Jin et. al. [35] investigated the structure and microwave dielectric properties of Nd (1-

x)/3MxNbO3 (M = Li, Ag) ceramics. Single phase formation was reported for all the Ag-

doped compositions whereas the formation of a pyrochlore type LiNdNb2O7 was 

reported as secondary phase for Li-doped compositions at x ≥ 0.16. At room 

temperature, orthorhombic structure was reported for the x < 0.16 compositions. This 

symmetry changed to tetragonal when the dopant concentration was increased from 

0.16 to 0.2. The observed change in symmetry was ascribed to the distortion and tilting 
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of octahedra. Dielectric losses at low frequencies were observed for the compositions 

with 0 ≤ x ≤ 0.2. The reason for these losses was the increasing values of ionic 

conductivities caused by silver or lithium ions with increasing temperatures. However; 

these losses were not reported at microwave frequencies for these compositions. It was 

reported that an increase in Ag content caused an increase in εr whereas an increase in 

Li content decreased it. This was because of the different polarizabilities of the dopants. 

A high τf was reported for silver containing samples whereas for lithium containing 

samples, it was near zero. The variation in τf depended on εr. Q × f for Ag-doped 

samples was increased from 437 GHz to 765 GHz and for lithium doped samples, it 

increased from 437 GHz to 1110 GHz, with an increase in x from 0 to 0.12. This was 

due to the suppression of Ag- and Li- ions conductivity at microwave frequencies which 

decreased the dielectric losses. Further increase in x caused a decrease in Q × f of the 

samples.  

Howard and Zhang [36] reported that at room temperature, the structure of A-site 

deficient La0.6Sr0.1TiO3 was orthorhombic (Cmmm) which transformed to tetragonal 

phase at 360ºC. As the lattice parameters were temperature dependent, it was concluded 

that the transition was classical second-order where the strain was proportional to the 

square of the ordered lattice parameters.  

Huang et al. [37] synthesized A-site deficient Ca(1-x)La2x/3TiO3 for 0.1≤ x ≤ 0.9 and 

reported single phase formation at x = 0.5. For x > 0.5, superlattice reflection were 

reported due to the different oxygen deficiency degree which affect the crystal structure 

of the resulting compound. They reported that an increase in x caused an increase in 

density because of the incorporation of heavy La ions for the lighter Ca ions. The 

observed decrease in εr was attributed to the increase in A-site vacancies which further 

resulted in a decrease in polarization. Q × f was reported to increase up to x = 0.4 and 

then decreased. The behaviour of Q × f was due to the poor grain growth of the resulting 

compounds.  

Ubic et al. [5], synthesized Sr1-3x/2CexTiO3 with x = 0.1333, 0.1667, 0.1818, 0.25 and 

0.4, and investigated their structure using transmission electron microscopy. Non-cubic 

superlattice reflections were reported for all the compositions. These reflections were 

due to the anti-phase tilting of oxygen octahedra. This tilting was found to increase with 

increasing dopants which was contrary to the reported data for A-site size reduction 

with increase in the concentration of dopants. All the compositions were reported to 
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exhibit rhombohedral (R3̅c) symmetry. It was reported that A-site vacancies had 

effective size larger than zero which may be due to the reciprocated repulsion of 

adjacent oxygen ions to the vacancies. Ubic et al. [38] investigated the structure and 

phase transition behaviour of Sr1-3x/2CexTiO3 (x = 0.4) using XRD, neutron diffraction 

and transmission electron microscopy. The formation of single phase Sr0.4Ce0.4TiO3 

was confirmed by XRD. Both the neutron and electron diffraction revealed noncubic 

supercell caused by anti-phase tilting of oxygen octahedra. This superstructure has 

lesser symmetry than the other composition in the system with x < 0.4. The structure of 

Sr0.4Ce0.4TiO3 was assigned the C2/c symmetry related to a- b- b- tilt system. The 

octahedra were tilted by ̴ 4.7º about the pseudo-cubic a-axis and  ̴ 1.8º about the pseudo-

cubic b- and c-axes.  

Howard et al. [39] investigated the distribution of A-site cation ordering in LaxSr1-

3x/2TiO3 system and reported that this distribution was dependent upon the concentration 

of vacancies and La3+ ions. For x ≤ 0.2, the substitution was random. For x = 0.5, the 

cations were ordered in large and small concentration layers which resulted in 

tetragonal distortion. The structure of Sr1-3x/2LaxTiO3 was tetragonal (14/mcm) for 0.2 ≤ 

x < 0.5, which was caused by anti-phase octahedral tilting. Vashook et al. [40] 

synthesized La1-xCaxTiO3 with 0.2 ≤ x ≤ 1 and La2(1-x)/3CaxTiO3 with x = 0, 0.1, 0.4 and 

0.8, and reported the crystal structure, electrical conductivities, thermal expansion, 

oxygen stoichiometries and catalytic behavior as function of Ca content, temperature 

and oxygen partial pressure. It was reported that single phase ceramics could be 

processed in air at 1350oC. The crystal structure of La1-xCaTiO3 determined via powder 

X-ray diffraction was reported to be orthorhombic (Pbnm) at x ≥ 0.7 and rhombohedral 

(R3̅c) at x = 0.6. The crystal structure of A-site deficient La2(1-x)/3CaxTiO3was reported 

to be orthorhombic (Cm2m) or monoclinic (P2/m) at x = 0.1, orthorhombic (Imma) at x 

= 0.4 and orthorhombic (Pbnm) at x = 0.8. These structural variations were caused by 

the production of A-site vacancies resulting in the A-site ordering. The utmost electrical 

conductivity of 50 S/cm at 1000 oC and PO2 = 5 ×10-15 Pa was reported for 

La0.1Ca0.9TiO3. 

Mao et al. [41] reported the effect of A-site cation radii on the structure and microwave 

dielectric properties of Sr1+xSm1-xAl1-xTixO4 ceramics. The structural variations with 

increasing x (i.e. x = 0, 0.05, 0.10, and 0.15) were determined using XRD and high 

resolution transmission electron microscopy. It was reported that all the compositions 
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formed single phase ceramics with K2NiF4-type structure with peaks shifted towards 

smaller 2θ values with increasing x. Co-substitution of Sr and Ti caused an increase in 

εr from 18.4 to 20.4 and τf was increased from -1.8 to +7.4 ppm/oC. The increase in εr 

was related to the increase in ionic polarizability per unit cell. The increase in τf was 

related to the increase in εr. With increasing x, the Q × f, however; was decreased from 

74500 GHz at x = 0 to 53000 GHz at x = 0.15. The reason for the observed decrease in 

Q × f was the larger size difference between Sr+2 (1.44Å) and Sm+3 (1.24Å) ions and 

internal stresses produced by the decreased value of ‘t’. Mao et al. [42] synthesized 

single phase Sr1+xLa1-xAl1-xTixO4 ceramics and determined its structure by refining 

XRD data and transmission electron microscopy. The structure of the resulting 

compound was K2NiF4-type tetragonal. The microstructural study of the resulting 

compound revealed an average grain size of 3μm for 0 ≤ x ≤ 0.6. An increase in the 

porosity with increasing x i.e. for x = 0.8 and 1.0, was reported which caused a decrease 

in density and dielectric constant. The optimum microwave dielectric properties i.e. εr 

= 18.5, Q × f = 95000 GHz and τf = -8.9 ppm/oC were reported for the x = 0.4 

composition. 

Chakhmouradian et al. [43] synthesized A-site deficient Th0.250.75NbO3 (where  

represents vacancy) by melt quench method and by solid state method and reported its 

structure determined by single crystal XRD using a Charge-Coupled Device (CCD) 

area detector and powder XRD refinement. It was reported that both the compounds 

had the same tetragonal symmetry (P4/mmm). This symmetry was resulting from cubic 

perovskite aristotype by the long range order of Th+4 ions along c-axis into the 1b sites. 

As a result of this ordering, Nb ions were displaced 0.08Å along the c-axis towards the 

layers with vacant (1a) sites. These results were similar to those obtained by 

transmission electron microscopy. 

Bian and Li [44] processed A-site deficient perovskite ceramics in the system La(1-

x)/3NaxNbO3 with 0 < x ≤ 0.4 via a solid state sintering route and reported results 

regarding their structural evolution using XRD and microwave dielectric properties for 

the 0 < x ≤ 0.20 compositions. All these compositions were reported to form single 

phase ceramics with a dense microstructure. It was reported that an increase in x caused 

a decrease in A-site ordering due to which superlattice reflections disappeared when x 

was increased beyond 0.25. The symmetry varied with increasing x from orthorhombic 

for x ≤ 0.2 to tetragonal at x = 0.25 and then cubic for 0.25 ≤ x ≤ 0.4. Increasing x caused 
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an increase in εr and τf whereas a decrease in Q × f. The observed increase in εr was 

related to the polarization of B-site cation as a result of octahedron tilting. The observed 

increase in τf and decrease in Q × f were related to the drop off of tilting angle of 

octahedron and a decrease in the tilting angle of NbO6 octahedra, respectively, and also 

a decrease in A-site ordering. Bian et al. [45] reported the structure and microwave 

properties of La based Pb(Mg1/2W1/2)O3. Single phase perovskite structured Pb1-

3x/2Lax(Mg1/2W1/2)O3 (0 ≤ x ≤ 2/3) with A-site vacancies was reported to form in this 

system. XRD and Raman spectroscopy revealed that the compositions adopted cubic 

structure for 0 < x < 0.5, whereas, orthorhombic or tetragonal at 0.5 ≤ x ≤ 0.66. The 

increase in La content caused an increase in εr up to x = 0.05 which decreased upon 

further increase in x. The initial increase in εr was attributed to the reduction of unit cell 

volume whereas the decrease in εr was due to the decrease in net ionic polarizability 

with increasing x. An increase in La concentration caused an increase in the bond 

valance of B-sit cations, which increased Q× f. Also, an increase in La content 

increased the vacancy concentration and thus greatly increased Q × f. An increase in x 

caused an increase in A-site vacancies ordering which further decreased the loss tangent 

and thus the net effect was an increase in Q × f. The optimum microwave dielectric 

properties (εr = 28.7, Q × f = 18098, and τf = -5.8 ppm/oC) in this system were reported 

for the x = 0.56 composition. 

Suvorov et al. [46] reported the stabilization of La2/3TiO3 perovskite ceramics as a result 

of LaAlO3 molar variations. It was reported that La2/3TiO3 could be obtained in its stable 

form by the addition of 4 mol% of LaAlO3 and the presence of secondary phases 

(La2Ti2O7 and La4Ti9O24) were detected via XRD in samples with 2 mol% LaAlO3. For 

4 mol% of LaAlO3-La2/3TiO3 solid solution, εr = 72 and τf = +123 ppm/K were reported. 

The increase in LaAlO3 molar percentage caused a decrease in εr and τf. For 50 mol% 

of LaAlO3, εr decreased to 34 and τf to -23 ppm/K and Q × f increased. The sintering 

atmosphere variations caused no change in εr and τf, however; Q × f was affected 

positively and 20% increase was observed in Q × f by using oxygen atmosphere. 30 

mol% LaAlO3 containing solid solution sintered at 1400 oC which exhibited εr = 45, Q 

× f > 33000 at 6 GHz and τf = +7 ppm/K.  

Subodh et al. [47] synthesized Sr2+nCe2Ti5+nO16+3n using solid state mixed-oxide route. 

It was reported that Ce+4 was reduced to Ce+3 ions at 1300 oC and as a result Perovskite 

type structure formed analogous to that of SrTiO3. The resulting composition can be 
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written as Sr1-3x/2CexTiO3, for x ≤ 0.40. For all the samples, the unit cell parameters 

were the same as that of the SrTiO3. This demonstrated that Ce+3 ions and the resulting 

vacancies did not have long range order and randomly shared A-site with Sr+2 ions 

resulting in a cubic structure with aristotype space group Pm3̅m. A decrease was 

reported in εr which was due to the production of vacancies due to the incorporation of 

Ce for Sr ions. Q × f was reported to increase with increasing x = 0.25 and then 

decreased for further increase in x. The observed increase in Q × f was ascribed to the 

hardening of the soft phonon mode. The consequent decrease in Q × f was due to the 

increase in disorder in the system with increasing x. Decrease in τf was reported with 

increasing x which was due to the decrease in tolerance factor.  

Ubic et al. [48] synthesized (Ba0.5Ca0.5)3.75Nd9.5Ti18O54 and (Ba0.5Sr0.5)3.75Nd9.5Ti18O54 

and analyzed by SEM for microstructure, and TEM and EDS for phase analysis. SEM 

revealed that the matrix comprised the major BNT phase along with the dopants. A 

secondary phase (Nd4Ti9O24) was detected by electron diffraction. TEM results 

revealed the formation of NdTiO3 without Ba, and stabilized with Ca and Sr with a 

tilted perovskite structure. Ubic et al. [49] synthesized Ba6-3xNd8+2xTi18O54 by solid state 

route with x = 0.25, 0.5 and 0.75. Some compositions were made with Ca+2, Sr+2 and 

Pb+2as dopants. For all compositions below 0.75 single phase BNT formed whereas for 

x = 0.75, the major secondary phase of Nd4Ti9O24 was reported below 1400ºC. Above 

1400ºC, the secondary phase also transformed into the single BNT phase. The increase 

in x caused a decrease in τf and εr; however, Q×f increased. It was observed that doping 

Pb+2 into BNT resulted in a decrease in τf, a slight decrease in εr and suppression of 

Q×f. On the other hand, using Ca+2 or Sr+2 as dopants increased τf and εr while Q×f 

decreased. The increase in τf was because of the formation of NdTiO3 as a secondary 

phase. 

Wang et al. [50] used conventional solid state mixed oxide route to synthesize the solid 

solution of BaTiO3 and SrTiO3 and studied the effect of La doping up to 28%. It was 

reported that for Sr1-xBaxTiO3 with x = 0.25 the vacancy type i.e A-site or B-site 

vacancies did not affect the system and both types of vacancies coexisted. Rietveld 

refinement of XRD data and analysis of TEM data revealed that there existed a tie line 

connecting the perovskite Sr1-3y/2LayTiO3 solid solution with SrLa4Ti4O15 ternary phase. 

It was suggested that the difference in the vacancy compensation mechanisms in 

BaTiO3 and SrTiO3 played a key role. It was proposed that the off-center displacement 
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of Ti ion and hybridization of O 2p and Ti 3d electronic states compensated for the 

large charge on 𝑉𝑇𝑖
′′′′ defect in BiTiO3. For SrTiO3, this was limited to the highly 

symmetric position of Ti at the centre of Oxygen octahedra. Wang et al. [51] 

synthesized A-site deficient Perovskite ceramics in (1–x)BaTiO3-xLa2/3TiO3 with 0 ≤ x 

≤ 1 using hydrothermal synthesis under hydrothermal conditions of 240 to 260 ºC. The 

powders were characterized by XRD, ICP thermal analysis and infrared spectroscopy. 

It was reported that the structure of the samples with x ≤ 0.7 was cubic like that of 

BaTiO3. The samples with x ≥ 0.7 adopted orthorhombic symmetry with lattice 

parameters a ≈ ao, a ≈ ao, c ≈ 2ao, where ao was the unit cell parameter of the cubic 

BaTiO3. The solid solution was in the form of Ba(1-x)La2x/31/3TiO3 with ‘’ as A-site 

vacancy. An increase in x caused an increase in the number of vacancies which further 

resulted in A-site ordering. The crystallite size was calculated from the peak broadening 

of XRD pattern. For the samples with x = 0.3 and 0.7, the crystal size was 500 Å and 

350 Å respectively. It was reported that the unit cell parameters decreased with 

increasing x due to the incorporation of smaller La ions (1.36 Å) for larger Ba ions (1.61 

Å).  

Feteira et al. [52] reported orthorhombic (Pnma) structure along with the traces of 

Y4Al2O9 and Y3Al5O12 as secondary phases for all the compositions in the Ca1-xYxTi1-

xAlxO3 series due to incomplete reaction for compositions with x ≥ 0.9. TEM revealed 

superlattice reflections for the x = 0.3 composition due to anti-parallel A-site 

displacements (1⁄2 {00l}), anti-phase (1⁄2 {hkl}) and in-phase (1⁄2{hk0}) octahedral 

tilting. TEM results were in the best agreement for pure CaTiO3 with space group 

Pnma. This showed that doping CaTiO3 with YAlO3 caused no structural variations and 

tuned τf to zero. The composition with x = 0.3 exhibited εr ≈ 38, Q × f ≈ 14,212 GHz 

and τf ≈ −14 ppm/°C. It was reported that doping ZnO or Nb2O5 to these ceramics 

enhanced their density but affected their Q × f negatively. 

Lee et al. [53] using solid state sintering route to prepare Ba5Nb4O15, and studied the 

effect of Sr doping on its structure and microwave dielectric properties. XRD results 

showed that the structure of single phase (Ba1-xSrx)5Nb4O15 was similar to that of 

Ba5Nb4O15 showing complete replacement of Sr for Ba. It was reported that the 

symmetry of Ba-rich compound was P3̅m1 and that of Sr-rich compound was P3̅c1. Sr 

substitution for Ba caused an increase in εr from 38.6 to 47.5 for the composition with 

x = 2 which also increased τf. The increase in εr and τf was due to an increase in lattice 
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parameters ratio i.e. c/a and also due to the shifting of frequency for symmetry 

stretching vibration of NBO6 octahedra in Ba-rich compounds. Further increase in x 

(i.e. for Sr rich compounds); however, the c/a ratio decreased resulting in a decrease in 

ionic polarizability and thus decreased εr. This decrease in c/a ratio also caused tilting 

of oxygen octahedra which decreased τf. 

2.4 Effect of Different Dopants  

Structural phase transitions are brought about by doping ions of different types of 

elements on the A- or B-site of perovskite ceramics. Ca or Sr can be doped onto the A-

site to enhance dielectric properties and may result in structural phase transitions. 

Chandra and Pandey [54] doped Ca into PbTiO3 and their rietveld refinement of XRD 

data reported phase transitions in the resulting compound. CaTiO3 possesses tilted 

perovskite orthorhombic (Pbnm) structure at room temperature whereas PbTiO3 has a 

tetragonal (P4mm) symmetry. For (Pb1-xCax)TiO3 (PCT) with x ≤ 0.416, tetragonal 

(P4mm) structure was reported similar to that of un-doped PbTiO3. Increasing x caused 

structural distortion from the tetragonal to orthorhombic. Superlattice reflections were 

reported for x ≥ 0.421, which were produced from the orthorhombic structure (Pbnm) 

and a-a-c+ tilt system. The 1:1 ordering of Ca+2 and Pb+2 ions was responsible for 

superlattice reflections in PCT. An increase in Ca content caused an increase in in-

phase and anti-phase tilt angles.  

Levin et al. [55] synthesized (1- x)LaMg0.5Ti0.5O3-xLa2/3TiO3 solid solutions. A series 

of octahedral-tilting and Ti/Mg order-disorder phase transitions were reported with 

increasing dopants. TEM results revealed short-range ordering of A-site vacancies for 

compositions with x > 0.4. Structural variations from orthorhombic (a+ b- b- and a0 b- c-

) to rhombohedral (a- a- a-) were reported for x = 0.5. In Raman spectra, the broadening 

of peaks was reported which were attributed to B-site ordering. The broadening was 

also ascribed to the reduced correlation length of ordering related phonons as ordered 

regions become increasingly isolated with increasing x. Dielectric properties were also 

correlated with A-site vacancies ordering, B-site ordering and octahedral tilting as a 

result of increasing x. 

Kirk and West [56] used solid state sintering route to synthesize LaLi1/3Ti2/3O3 and 

investigated its structure using XRD rietveld refinement and neutron powder 

diffraction. It was reported that the phase of the composition LaLi1/3Ti2/3O3 had a 



28 
 

distorted perovskite structure with La occupying 9 A-sites whereas the B-site either 

contained Ti alone or a mixture of Ti and Li in 2:1 ratio. The structure was refined into 

monoclinic (P21/n) (14). The lattice parameters for this structure were a = 5.5639 Å, b 

= 5.5688 Å, c = 7.8490 Å, and β = 89.834(3). Borisevich and Davies [57] used mixed 

oxide route to synthesize LaLi1/3Ti2/3O3 and determined its structure using XRD and 

electron diffraction techniques. For the samples sintered at temperatures higher than 

1185 ºC, a tilted (b-b-c+) orthorhombic structure (Pbnm) with lattice parameters a= 

5.545 Å, b = 5.561 Å and c = 7.835 Å was reported. For the samples heat treated at 

temperatures below 1175 ºC, the structure was monoclinic (P21/c) with lattice 

parameters as a = 9.604 Å, b = 5.552 Å and C = 16.661 Å with β = 125.12º. This was 

reported to be the first possessed compound with 1:2 ordering of B-site cations in 

titanate family. Vashook et al. [58] synthesized La(2+y−2x)/3CaxCryTi1−yO3 (x, y = 0.0 – 

1.0) and reported different structural symmetries i.e. Pbnm, Imma, I4/mcm, Cmmm and 

P2/m, for this system. For Ca and Sr stabilized La2/3TiO3, the phase transition from 

monoclinic (P2/m) or orthorhombic (Cmmm) to tetragonal (I4/mmm), orthorhombic 

(Immm) and orthorhombic (Pbnm) were reported. High stability was reported for these 

compounds at high temperatures and both in reducing and oxidizing conditions. It was 

reported that A-site deficient perovskites have high sintering ability. 

Wei and Jean [59] reported that the addition of 3ZnO.2B2O3 glass to A-site deficient 

perovskites [Ca(1-x)Nd2x/3]TiO3 (CNT) effected their sintering temperature, density and 

microstructure. The sintering temperature of Ca(1-x)Nd2x/3TiO3 was reported to be 500 

ºC lower glass-added system than the unaided ceramics (~ 1400 ºC). The reason for this 

was the formation of CaO-ZnO-B2O3 glass at 870 – 880 ºC which enhanced the 

densification mechanism of the 3Z2B-CNT3 ceramics. For 20 to 30 wt.% of 

3ZnO.2Ba2O3 addition to CNT, an increase were reported in εr from 30 to 60, Q× f from 

200 to 550 at 1-10 GHz and τf from 20 to 60 ppm/K in the temperature range of 20 to 

80 ºC. Zhang et al [60] synthesized Ca(1-x)La2x/3TiO3 (0.1 ≤ x ≤ 0.9) and performed 

structural analysis with XRD and high resolution neutron powder diffraction. XRD 

revealed A-site cation / vacancy ordering which were reflected by the peaks having d-

values of 1.85 and 2.15. This ordering was decreased by increasing x. Composition 

dependent structural variations derived from XRD and neutron diffraction data were 

orthorhombic (Pbnm) for 0 < x < 0.5, orthorhombic (Ibmm) for 0.5 < x < 0.7, tetragonal 

(I4/mcm) for 0.7 < x < 0.9 and orthorhombic (Cmmm) for x ≥ 0.9. It was reported that 
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the sub-cell volume increased whereas the anti-phase and in-phase tilt angles decreased 

with increasing x. The total volume of the two La+3 cations and a vacancy was greater 

than the sum of the three Ca+2 cations.  

Skapin et al. [61] reported the stabilization of La2/3TiO3 with LaFeO3 dependence on 

the compositional variations. It was reported that La2/3TiO3 cannot be produced in its 

pure form in air atmosphere and secondary phases of La2Ti2O7 and La4Ti9O24 formed 

at x = 0. Addition of a small amount of LaFeO3 resulted in the stabilization of La2/3TiO3 

for x = 0.4. Superlattice reflections were observed in XRD patterns, normally observed 

due to A-site cations (La) / vacancy ordering and cell doubling. A-site ordering 

decreased with increasing x and thus the superlattice reflections vanished. This was due 

to the incorporation of Fe ions onto Ti site resulting in the reduction of A-site vacancies. 

At x = 0.2, the crystal structure transformed from orthorhombic to tetragonal, then to 

cubic for 0.3 < x < 0.8 and finally to orthorhombic at x = 1. Greater ionic conductivity 

of (1.7×10−3 S cm−1) at room temperature was reported for the x = 0.25 composition. 

Bian et al. [62] synthesized Nd(2-x)/3LixTiO3 with 0.0 ≤ x ≤ 0.5 and reported secondary 

phases of Nd2Ti2O7 and Nd4Ti9O24 for the x = 0.0 and 0.1 compositions whereas single 

phase formation was reported for the compositions with 0.2 < x < 0.4. For the 

composition with x = 0.5, the formation of an impurity phase (i.e. Nd2Ti2O7) was 

observed. Superlattice reflections were observed via XRD which were ascribed to A-

site ordering. A-site cation ordering decreased due to increasing x. εr increased from 38 

for x = 0 to 90 for x = 0.2 and 0.3 and then decreased to 80 for x = 0.5. The lower value 

of εr (~38) for the x = 0 composition was attributed to the presence of Nd2Ti2O7 phase 

which has εr ~ 36. The decrease in εr may be also due to the incorporation of less polar 

Li ion for the more polar Nd ion. τf decreased with increasing x i.e. from 256 ppm/ºC 

for x = 0.1 to 20 ppm/ºC for x = 0.5. The reported decrease in τf was attributed to the 

tilting of TiO6 octahedra. A decrease in the Q× f was reported with increasing dopant 

concentration which decreased A-site ordering. 

Ali et al. [63] synthesized A-site deficient La0.68(Ti0.95Al0.05)O3. From the rietveld 

refinement of neutron powder diffraction data, it was concluded that the low 

temperature phase had orthorhombic (Cmmm) structure with unit cell as 

(2ap×2ap×2ap). The structure observed at 388 ºC and 592 ºC could be indexed with 

tetragonal (P4/mmm) symmetry with unit cell (ap × ap × 2ap). This transition was 

caused by the tilting of TiAlO6 octahedra. An increase in temperature caused a decrease 
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in tilt angle. Superlattice reflections were also reported in neutron powder diffraction 

patterns which was not visible in XRD patterns.   

Wise et al. [64] synthesized (SrxCa(1-x))n+1TinO3n+1 and reported a phase transition 

(similar to CaTiO3 (0 ≤ x ≤ 0.4)), from orthorhombic (Bmmb/Pbnm) at x = 0.5 to 

tetragonal (I4/mcm) at x = 0.8 and cubic (Pm3̅m) at x = 1. It was reported that for SrxCa1-

xTiO3, increasing x from 0 to 1 first caused an increase in εr from 162 to 236 at x = 0 - 

0.5 and then a decrease to 190 at x = 1. An increase in x caused a decrease in Q× f from 

8700 to 2460. τf  increased from 859 ppm/K to 1647 ppm/K because of octahedra tilting 

due to Sr substitution for Ca.  

Bian et al. [65] synthesized A-site deficient Sm(2-x)/3LixTiO3 ceramics with 0 ≤  x ≤ 0.5. 

It was reported in XRD results that the compositions with x > 0.3 crystallized into single 

phase perovskite structure whereas for x < 0.3 impurity phases of TiO2 and Sm2Ti2O7 

also formed. TEM revealed ordering of A-site cations / vacancies for x = 0.5 whereas 

no such ordering was reported for the x = 0.3 composition. It was reported that εr 

decreased for x ≤ 0.4 and then increased for x > 0.4. The increase in εr was associated 

with the increasing amount of TiO2. The increase in x caused an increase in Q× f due to 

a decrease in the concentration of secondary phase (Sm2Ti2O7), defects and twining 

boundaries. An increase in the negative τf for increasing x was reported which was 

ascribed to the oxygen octahedral tilt and increasing amount of TiO2 with high τf  of 450 

ppm/ºC. 

2.5 Present Work 

Keeping in view the diverse applications of microwave dielectrics with perovskite type 

structures, the present study was aimed to investigate the effect of Ca+2 and Sr+2 doping 

on the A-site deficient perovskites (La, Nd)2/3TiO3 in the system [(Ca, Sr)x (La, Nd)2/3-

2x/3]TiO3 with 0 ≤ x ≤ 1. The microstructure, structure and microwave dielectric 

properties of the Ca(1-x)SrxTiO3 (x = 0.1, 0.25, 0.5, 0.75 and 0.9) and [(Ca, Sr)1-

xNd2x/3]TiO3 ( x = 0.1, 0.25, 0.5 and 0.75) system were investigated and reported here.  
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CHAPTER III 

MATERIALS AND METHODS 

This chapter begins with a brief description and specification of raw materials used in 

the present study. Details of the steps and equipments involved / used in the processing 

and characterization of various ceramics compositions prepared in the present study are 

given. 

3.1. Raw Materials  

Raw materials are the starting materials / initial ingredients required for the preparation 

of the desired compositions. The purity level and particle size of the raw materials affect 

the properties of the final product [1, 2]. In the case of electro-ceramics, raw materials 

are normally different oxides and carbonates of known purity depending upon the 

required quality of the product. In the present study, the raw materials used for the 

preparation of [(Ca, Sr)x (La, Nd)2/3-2x/3]TiO3 (0 ≤ x ≤ 1), were CaCO3, SrCO3, La2O3, 

Nd2O3 and TiO2. The purity of these raw materials and their suppliers are given in Table 

3.1.  

Table 3.1 Details of the raw materials used in the present study 

Raw materials Suppliers purity 

La2O3 Alfa Aesar (China) 99.99% 

Nd2O3 Alfa Aesar (China) 99% 

CaCO3 Alfa Aesar (China) 99.5% 

SrCO3 Alfa Aesar (China) 99.99% 

TiO2 Alfa Aesar (China) 99.9% 

 

3.2. Mixing and Milling  

Raw materials are weighed according to their stoichiometric ratios. The weighed 

powders are then mixed and milled in horizontal ball mill, attrition mill or any other 

available mill, in the presence of ethanol or propanol and Y-toughened zirconia balls. 
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Reason for this milling is that well-milled and ground powder requires less time to be 

converted in to new phases during calcination because the time taken is directly 

proportional to the square of the particle size [3]. In other words, the agglomerated 

powder will require relatively more time for calcination. To ensure proper grinding, the 

volume of the milling media should be nearly three times the volume of the ingredients 

and the volume of the lubricants should be 100 to 200% of the volume of the ingredients 

[1]. The powder can also be ground by using pestle and mortar for long time. Milling 

time depends on the desired particle size of the initial ingredients, density of the final 

product and the properties. In the present work, the oxides and carbonates given in 

Table 3.1 were weighed in stoichiometric ratios to prepare [(Ca, Sr)x (La, Nd)2/3-

2x/3]TiO3 (0 ≤ x ≤ 1) batch compositions, using a KERN, ALS 220-4 electronic 

analytical balance at Materials Research Laboratory (MRL), Department of Physics, 

University of Peshawar and Sartorius BS224S electronic analytical balance at Peking 

University (PKU), Beijing, China. The stoichiometric ratios of the powders were 

calculated for each composition using “MOLCALC” software. Calculated weights in 

grams for different compositions in present study are given in Table 3.2. The batches 

were mixed and milled in disposable polyethylene jars using ethanol as lubricant and 

Y-toughened ZrO2 balls as milling media. (La, Nd)2/3TiO3 and [(Ca, Sr)x (La, Nd)2/3-

2x/3 ]TiO3 (x = 0.1 - 0.2) batch compositions were wet milled in propanol and ZrO2 balls 

in polyethylene jars in a horizontal ball-mill for 24 h in MRL, Department of Physics, 

University of Peshawar. Rest of the compositions were ball-milled using bench top 

planetary ball-mill (QM-3SP2), installed at High Pressure High Temperature 

Laboratory, PKU, Beijing, China, for 24 h using Y-toughened ZrO2 balls and ethanol 

at a speed of 256 rpm. The wet slurries were dried overnight in a drying oven at 95 ºC.  

3.3. Sieving 

Sieving is the process of passing milled powders or calcined powder through meshes 

of different sizes. In case of electro-ceramics, meshes ranging from 100 μm to 500 μm 

in size are used. The purpose of sieving is to avoid agglomeration of powder samples. 

In the present study, a sieve with a mesh of 300 μm was used. 
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Table 3.2. Weights in grams of the required raw materials for 7g of each batch 

 

3.4. Thermal Analysis   

Thermal analysis is the study of thermal behavior of materials. During a dynamic heat 

treatment, the reactants may undergo chemical and physical changes. Thermo 

No x La2O3 TiO2 Nd2O3 CaCO3 SrCO3 Formula 

1 0 2.001395 2.947046 2.04831 0.0000 0.0000 La0.33 Nd0.33TiO3 

2 0.1 1.82739 2.986813 1.88723 0.187122 0.27601 [(Ca,Sr)0.1(La, Nd)0.6]TiO3 

3 0.2 1.64884 3.03945 1.702833 0.38084 0.56174 [(Ca,Sr)0.2(La,Nd)0.53]TiO3 

4 0.3 1.467894 3.089136 1.515962 0.580598 0.85635 (Ca,Sr)0.3(La, Nd)0.466TiO3 

5 0.4 1.280935 3.140474 1.32288 0.786995 1.16083 (Ca, Sr)0.4 (La, Nd)0.4TiO3 

6 0.5 1.078117 3.203909 1.113421 1.003615 1.48038 (Ca, Sr)0.5 (La, Nd)0.33TiO3 

7 0.6 0.882559 3.253796 0.911459 1.22309 1.80405 (Ca,Sr)0.6(La, Nd)0.266TiO3 

8 0.7 0.675204 3.310802 0.697314 1.451939 2.14168 (Ca, Sr)0.7 (La, Nd)0.2TiO3 

9 0.8 0.448239 3.381382 0.462917 1.694733 2.49971 (Ca, Sr)0.8 (La, Nd)0.13TiO3 

10 0.9 0.23131 3.436997 0.238885 1.937932 2.85842 (Ca,Sr)0.9(La, Nd)0.066TiO3 

11 1 0.0000 3.500666 0.0000 2.193147 3.23494 (Ca, Sr)1TiO3, CST-3 

Ca0.5Sr0.5TiO3 

12  0.0000 3.973776 0.0000 4.481185 0.73441 Ca0.9Sr0.1TiO3, CST-1 

13  0.0000 3.782097 0.0000 3.554192 1.74748 Ca0.75Sr0.25TiO3,CST-2 

14  0.0000 3.258218 0.0000 1.020627 4.51629 Ca0.25Sr0.75TiO3, CST-4 

15  0.0000 3.128226 0.0000 0.391963 5.20333 Ca0.1Sr0.9TiO3, CST-5 
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gravimetric Analysis (TGA) and Differential Thermal Analysis (DTA) are commonly 

used for thermal analysis of materials. In TGA, a decrease in the mass of a material 

under-test occurs with increasing temperature. For this purpose, the sample is placed in 

a microbalance in a furnace equipped with a computer system which records the 

changes in mass with increasing temperature. During this process the heating rate is 

kept constant. Normally, the heating process results in a decrease in mass with 

increasing temperature. This decrease in mass is due to the dehydration of moisture in 

the powder, formation and release of CO2 as a result of the decomposition of 

carbonates, or release of gases during chemical reactions during phase transformations 

[4]. Reactions investigated by TGA are governed by the geometry, mass, particle size 

of the specimen, heating rate and thermal gradients. DTA on the other hand gives 

information regarding the heat evolved or absorbed during the heating process. DTA is 

used to determine the calcination, crystallization and melting temperatures. In the 

present study, TG/DTA was performed in air at a heating rate of 10 ºC/min, using a 

Perkin Elmer Diamond TG/DTA unit at the Centralized Resource Laboratory (CRL), 

Department of Physics, University of Peshawar, Pakistan. 

3.5. Calcination 

Calcination is the thermal treatment of the mixed milled powders to form the desired 

phase [5]. For calcination, the powder is normally placed in alumina or mullite crucibles 

in box / chamber furnaces in the required environments. The crucibles must not react 

with the precursors at high temperature to avoid contamination [1]. In the present study 

the dried and sieved batches were calcined in alumina crucibles in air and nitrogen 

atmosphere separately at the required temperatures determined via DTA. Compositions 

in the [(Ca, Sr)x (La, Nd)2/3-2x/3]TiO3 (x = 0, 0.1 and 0.2) series were calcined at ~1150 

ºC for 4h in chamber furnace (Nabertherm LHT04/18) installed at MRL, Department 

of Physics, University of Peshawar at a heating / cooling rate of 5 ºC/min. The rest of 

the samples were processed and calcined at 1150 ºC in furnace (KSLX1800), at High 

Pressure and High Temperature Laboratory, Peking University, Beijing, China, for 4h 

at the heating / cooling rate. Calcined powder was reground for 24h to get fine powder. 

3.6. Pellet Pressing and Sintering 

Normally, the powder is pressed into pellets of desired diameters and thicknesses at 

different pressures. The dia and punches must be well-polished to transmit the pressure 
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equally into the particles of the powder. Before pressing, the powder must be sieved to 

get uniform particle size and dissociate agglomerates (if any). Furthermore, the pressing 

should be done steadily to avoid air trapping and cracking. In the case of microwave 

dielectrics, the pellets are normally made at pressures in the range of 80 MPa to 200 

MPa. High pressures may sometimes cause cracking of the pellets. In the present study, 

all the pellets 10 mm in diameter were made at a pressure of ~100 MPa using a uniaxial 

pellet press.  

Sintering is a heat treatment process at temperatures above the relevant calcination 

temperatures and below the melting temperatures of the materials under-study. 

Sintering is required to eliminate voids and pores, and achieve the desired density [5]. 

In the present study, pellets were sintered at 1350 ºC in air for 4h at a heating / cooling 

rate of 5 ºC/min. Polished pellets were used for density and microwave dielectric 

properties measurements while a pellet for each composition was cut into two halves 

for phase and microstructural analyses.  

3.7. X-Ray Diffractometry 

Von-Laue suggested that crystals can be used as a three dimensional diffraction grating 

for X-ray diffraction because the inter-planer distance of the crystals is of the order of 

the wavelength of X-rays i.e. of the order of Angstroms. When a beam of X-rays strikes 

a crystal at a certain angle, these will produce diffraction patterns according to Bragg’s 

law 

                2dsinθ = n λ ………………………….……. (3.1)  

where d is the inter-planer distance of the crystal, θ is the angle between the incident 

beam and crystal plane, λ is the wavelength of the radiation used and n is the order of 

diffraction. X-rays are used for phase identification, structure analysis, crystallinity, 

residual strength and texture of materials [6]. The X-ray plot is normally taken between 

the 2θ (angle between the incident and reflected beams) and intensity of the reflected 

radiations. For phase and structure analysis, experimental interplanar spacing (d-

values) and relative intensities of XRD peaks are compared with the standard powder 

diffraction data files (PDF) like JCPDS, and ICDD cards [7]. Powder diffraction is 

considered more accurate because diffraction of X-rays takes place in the maximum 

possible directions due to the presence of randomly oriented crystals [8]. Normally Cu 

Kα radiation of wavelength 1.54060Å is used for X-ray diffraction [9-10]. 
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In the present study, XPERT-PRO, MPD X-ray diffractometer (step size 2θ ~ 0.0170o, 

scan time of 0.5 sec, Cu Kα radiation ~ 1.54060 Å) operating at 30 mA and 40 kV 

was used at School of Earth and Space Sciences, Peking University, Beijing, China. 

3.8. Synchrotron XRD 

Synchrotron XRD is a powerful tool for structural analysis which requires no reference 

diffraction patterns. In synchrotron XRD, the intensity of the radiation is five times 

more intense than that of the conventional X-rays. Synchrotron XRD has the advantages 

of wavelength and intensity tunability helpful for better resolution of the diffraction 

peaks. Due to the energetic radiation beams, the scan time requirement for the XRD 

experiment is very short and only a 10 s data is sufficient for structural analysis.  

In the present study, Shanghai Synchrotron Radiation Facility (SSRF) was used for 

structure analysis using BL15U1 beam-line with λ = 0.6889 Å and 0.6199 Å with a 

beam spot of area 7.5 x 2.0 μm2. A fixed exit and liquid nitrogen cooled double crystal 

monochromator with two sets of Si crystals i.e. (Si (220) and Si (111)) was employed 

for data collection in a non-depressive pattern followed by a toroidal focusing mirror 

with a horizontal acceptance angle of 2.8 mrad (~ 0.16º). Powder samples for each 

composition were uniformly distributed over an adhesive tape and mounted on a sample 

holder. Diffraction patterns of powdered samples were recorded for 10 s with Multi-

Analyses Radioactive Samples (MARS 345) imaging plate with the sample to detector 

distance of 207.729 mm. Raw data was obtained in the form of Debye rings as shown 

in Figure 3.1, for one of the sample i.e. [(Ca, Sr)x (La, Nd)2/3-2x/3]TiO3 with x = 0.3 or 

CSNLT-3rd. These rings were then converted into one-dimensional X-ray profile versus 

2θ using ‘FIT2D’ software [11]. For this conversion proper instrument file was used in 

which all the parameters were specific for the experiment. Such an instrument file is 

shown in Figure 3.2. The peak file was then converted into Chi file which was then 

converted into General Structure Analysis System (GSAS) file. The data were then 

analyzed for structure determination using GSAS software. 
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Figure 3.1 Debye rings obtained from the synchrotron XRD for CSNLT-3rd sample 

 

Figure 3.2. Instrument file used for one of the synchrotron XRD experiment 
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3.9. Raman Spectroscopy 

Raman spectroscopy is based on the inelastic scattering of monochromatic light from a 

sample. Normally, a laser source is used for this purpose. When laser light falls on a 

sample, due to the interaction of photons with the vibrational and rotational modes of 

the sample, the frequency of the reflected light differs from that of the incident light. 

This variation in the frequency of the reflected light is known as Raman shift. These 

Raman shift gives information about the vibrational and rotational modes of the 

molecules in the sample. Raman shift is of three types; namely Rayleigh scattering, 

Stokes and Anti-Stokes. In Rayleigh scattering, there is no difference in the frequency 

of the reflected and incident light. If the frequency of the reflected photon is lower than 

that of the incident photon frequency then the Raman shift is known as ‘Stokes’. If the 

frequency of the reflected photon is higher than that of the incident photon frequency 

the Raman shift is known as ‘Anti-Stokes’. 

Raman spectroscopy can be performed both at room temperature and as a function of 

increasing temperature depending upon the type of the information needed. To assign 

Raman peak shifts, factor group theoretical analysis and lattice dynamic theory are 

utilized [12, 13]. 

In the present study, Raman spectra of the samples sintered at 1350 ºC were recorded 

using ‘RENISHAW’ Raman spectrometer model Steller-REN with Argon ion Laser of 

wavelength 514.5 nm operating at 50 mW at the School of Earth and Space Sciences, 

Peking University, Beijing, China. A gratting with 1800 lines / mm was used. 

3.10. Scanning Electron Microscopy  

Scanning Electron Microscopy (SEM) is used to determine the microstructure, porosity, 

grain size, surface texture, grain boundaries and orientation of grains. For SEM, both 

secondary and back scattered electrons may be used. When an accelerated beam of 

electrons (several KV) strikes a specimen, some electrons are back scattered while the 

others lead to the production of secondary electrons. Secondary electrons have less 

energy than that of the incident electrons. The energy of secondary electrons depends 

upon the energy of the incident electrons which in turn depends upon the accelerating 

voltage. High energy incident electrons penetrate deep into the sample and thus 

knockout electrons from the interior of the samples which give the inner morphology 

of the sample [14]. For etched surfaces, low energy incident electrons are required 
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whereas for the interior of the samples high energy incident electrons are required. The 

range of the back scattered electrons energies is between the incident and secondary 

electrons energies. Electronically dense atoms reflect more electrons resulting in 

relatively brighter images. Thus the image contrast can be used to differentiate between 

electronically less dense and denser atoms. For better SEM micrographs, a highly 

evacuated chamber is required.  

The incident electrons may cause ionization of the atoms which further result in the 

emission of X-ray photons from the atoms. The emitted X-ray photons are characteristic 

of the atoms present in the specimen and give information regarding the elements 

present in a sample. This technique is known as X-ray Electron Energy Dispersive 

Spectroscopy (EDS) and is used for the chemical analysis of a grain or microstructural 

feature [15]. In the present study, scanning electron microscopy was performed using a 

JSM5910, JEOL SEM at CRL, University of Peshawar and FEI, QUANTA, FEG650, 

SEM at the School of Earth and Space Sciences, Peking University, Beijing, China 

equipped with an INCA200 EDX (Oxford Instruments, UK) facility at CRL, University 

of Peshawar and EDS (INCA SYNERGY, Oxford, UK) at the School of Earth and 

Space Sciences, Peking University, Beijing, China. The grain size of different grains in 

different compositions was measured manually by using a ruler and the scale bar of 

each SEM micrograph. For SEM, sintered pellets were cut into two halves using a 

diamond saw (TechCut 4TM precision Low-Speed Saw, Allied High Tech Product, 

USA) at MRL, Department of Physics, University of Peshawar and at Peking 

University, Beijing China. The samples were polished using a Buehler polisher, 

thermally etched, gold coated and then mounted on aluminum stubs. For mounting the 

samples, a double sided carbon-coated tap was used. 

3.11. Density Measurement  

Theoretical density of a compound is simply given by equation (3.9), 

                                      𝜌𝑡ℎ =  
𝑍𝑊

𝑁𝐴𝑉
 ……………………………………….. (3.9) 

where Z is the formula unit, W is the molecular weight, NA is the Avogadro number 

(6.023× 1023) i.e. the number of atoms per mole and V is the volume of the unit cell. 

Theoretical density of a substance or compound is always greater than its experimental 

density because solids have generally some equilibrium number of vacancies while 



44 
 

attaining the lowest energy state. The number of vacancies is directly proportional to 

the temperature. i.e  

  ND = N𝑒−
𝐸

𝑘𝑇 …………………………….……… (3.10) 

where ND is the number of defects, N is the total number of sites, E is the activation 

energy required for vacancy creation, k is the Boltzman constant and T is the 

temperature. 

Experimentally, the density of a sample is measured by Archimedean method using 

a density meter. Initially the sample mass is calculated in air and then in distilled 

water. From the difference of the masses and volume of the water displaced, the 

density of the sample is calculated. Relative density is then calculated using equation 

(3.11),  

                                    𝜌𝑟𝑒𝑙 =  
𝜌𝑒𝑥𝑝

𝜌𝑡ℎ
× 100 ………………………….. (3.11) 

where ρrel is the relative density of the sample, ρexp is the experimental density and ρth 

is the theoretical density of the sample. 

In present study, density measurements were carried out using a MD-300s high-

precision densitometer installed at PKU. 

   3.12. Electrical Properties Measurements 

Dielectric constant (εr), dissipation factor or quality factor (Q× 𝑓) and temperature 

coefficient of resonant frequency (τf) were measured at microwave frequencies using 

a vector Network analyzer. A Vector Network Analyzer essentially consists of three 

parts namely the source, receiver and display. A network analyzer can measure both 

the ‘Reflected’ and ‘Transmitted’ parts of a signal through a material under test 

(MUT). Normally reflected / transmitted technique, suitable for loss measurements 

of high loss materials is used over a broad range of frequencies [16]. For this purpose, 

a sample is placed in a fixture (a cavity) on a low loss single crystal quartz spacer. 

Two antennas are inserted in the fixture for coupling the microwave energy with the 

MUT. The circular tips of the antennas are kept horizontal on both sides of the sample. 

The source produces signals of a given frequency and is allowed to pass through the 

sample. The receiver of network analyzer compares the transmitted and reflected 

signals with the incident signal and plots the material’s response to the given signal. 
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The same process is repeated for the other frequencies. Vector network analyzer 

determines the response of MUT through scattering parameters which give 

information about signal flow conditions in the MUT. εr and Q × f are computed from 

the resonance peak displayed on the screen of the network analyzer and this peak can 

be adjusted by displacing the lid of the cavity up and down. Upwards displacement 

of the lid shifts the resonance peak to the left and vice versa. The resonance peak is 

marked and is brought to the central position on the screen. The microwave frequency 

range is adjusted for the MUT. The frequency span is set at 50 MHz for the resonance 

peak. Now using the dimensions of the MUT and related software, εr and Q × f of the 

MUT are determined at resonance frequency. εr of the MUT is determined by S21 

parameter whereas Q × f is determined from S11 parameter [17]. 

To measure τf of the MUT, the same process is repeated in a heating chamber where 

the temperature is adjusted by a controlling system within the chamber. Normally, 

the temperature is varied from 20 to 80 ºC. Keeping in mind the resonant frequency 

already determined for εr and Q × f measurements, the range of the frequency is 

determined and the resonant peak is obtained at the room temperature. Both the 

temperature and resonant frequency are noted as T1 and f1. The MUT is heated by 

increasing the temperature of the cavity which displaces the resonant peak. At a 

higher temperature T2, the frequency f2 is determined from the new position of the 

resonant peak. This procedure is repeated and a number of readings are recorded and 

τf is determined numerically using equation (1.14). Normally the peak-shift to the left 

with increasing temperature gives a negative value of τf and vice versa.  

In the present study, the microwave dielectric properties of all the samples were 

determined using an S-parameter network analyzer (HEWLETT 8720ES, 50 MHz – 

20 GHz) coupled with a heating chamber (ESQEC, MC-811) installed in the ‘State 

Key Laboratory of New Ceramics and Fine Processing’ Tsinghua University, Beijing, 

China.  

Hakki and Coleman method was applied for the measurement of εr, Q × f and τf  [18]. 

Q × f was measured in the TE01δ resonant mode in reflectance whereas εr was 

measured in the TE011 resonant mode [19, 20]. Schematic of the Hakki and Coleman 

method is shown in Figure 3.3. 
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Figure 3.3 Dielectric resonator placed in between two metallic plates with two 

probes on both sides of the resonator [21] 

 

The vector network analyzer equipped with Hakki and Coleman apparatus used in the 

present study is shown in Figure 3.4. 

 

 

Figure 3.4 Vector network analyzer along with Hakki and Coleman apparatus 
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CHAPTER IV 

CHARACTERIZATION OF A-SITE DEFICIENT (La, Nd)2/3TiO3 CERAMICS 

4.1 Introduction  

The rapid development in wireless telecommunication and broadcasting systems has 

been possible due to the use of dielectric ceramic materials as dielectric resonators and 

related components [1-2]. A-site deficient ceramics like Ca(1-x)Nd2x/3TiO3, Nd2/3TiO3, 

La2/3TiO3, La(Nd)1/3NbO3, Nd1/3NbO3, and La1/3NbO3 with perovskite structure have 

shown interesting dielectric properties (e.g. Q× f > 10000 GHz, τf ~ 0, εr > 40) [3-5]. 

One third of the A-sites in Nd2/3TiO3 and La2/3TiO3 are vacant. These vacancies are 

produced for charge neutrality in such perovskite materials. These vacancies cause 

ordering of the A-site cations / vacancies which affect the dielectric properties. In 

La2/3TiO3, A(1) sites are fully occupied by La+3 cations whereas A(2) sites are partially 

occupied by vacancies and partially by La+3 ions [6]. This material exhibits a high εr ~ 

90, Q×f  > 15000 GHZ but a high positive τf  ̴ 190 ppm/oC [4]. On the other hand, all 

the compositions in the Nd(2-x)/3LixTiO3 (0.0 ≤ x ≤ 0.5) series possess negative τf  (-20 

ppm/oC to -256 ppm/oC) [7]. Keeping in view the opposite sign τf of La2/3TiO3 and 

Nd2/3TiO3, an attempt to tune τf through zero via processing a solid solution (La, 

Nd)2/3TiO3 (LNT) of these compounds. Also the effect of the sintering atmosphere on 

the microwave dielectric properties of the resulting compounds was investigated. The 

major findings of the present study are presented in this chapter.  

4.2 Results and Discussion 

4.2.1 TGA/ DTA Results 

Figure 4.1 shows the thermo-gravimetric analysis (TG) and differential thermal 

analysis (DTA) graphs of mixed-milled LNT sample. The downwards trend of the first 

portion of the TGA plot at 30–100oC indicates the dehydration of the sample. The next 

major weight loss (~4.2 wt.%) occurred in the temperature range 300 to 380 oC, 

probably due to the dehydration of La2O3 [8]. The total weight loss in the whole 

temperature range (20 to 1200 oC) was ~11.59 wt.%. The weight loss at different 

temperatures is given in Table 4.1. Metal oxides can absorb moisture up to 800 oC; 

therefore, they are usually heated at 900 oC for several hours prior to batch preparation 

[2-3]. One minor exotherm was observed on the DTA plot at 370 oC which could not 

be explained while a continuous upwards trend reaching a maximum at ~1132 oC may 
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be due to the phase transformation of different phases as observed in the XRD data 

(Figure 4.2) discussed later. That is why we have calcined the sample at 1150 oC, as 

reported for similar composition [9]. 

 

 

Figure 4.1 TG/DTA graph of LNT mixed-milled batch showing various stages of 

phase transformation of the sample 

 

Table 4.1 The weight % loss of LNT ceramics at different temperatures 

 

 

 

 

 

 

 

 

S.No Temp-Range Weight-Loss Wt% Loss 

1 20-300oC 0.099737 1.55% 

2 300-380 oC 0.26546 4.2% 

3 380-480 oC 0.103599 1.7% 

4 440-680 oC 0.074127 1.24% 

5 680-710 oC 0.097476 1.65% 

6 710-980 oC 0.087038 1.5% 

7 980-1200 oC 0.021052 0.37% 
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4.2.2 Phase Analysis  

Room temperature XRD patterns of (La, Nd)2/3TiO3 (LNT) ceramics sintered in air at 

1350 oC for 4h at heating / cooling rate of 5 oC/min, is shown in Figure 4.2. The 

interplanar spacing and relative intensities recorded for this sample matched PDF # 49-

244 for Nd0.667TiO3. A slight shift at peak positions towards larger d-values was 

observed which may be due to the incorporation of larger (r ~ 1.36Å) La ions for smaller 

(r ~ 1.27Å) Nd ions at the A-site of perovskite structure, which increased the unit cell 

volume [10]. This indicate the formation of (La, Nd)0.667TiO3 as a major phase. A few 

low intensity peaks marked as “*” matched PDF # 33-943 for (La, Nd)4Ti9O24 

indicating the presence of secondary phase [11]. This indicated that LNT cannot be 

formed in its stable form in air like La2/3TiO3 and Nd2/3TiO3 [5, 12]. A couple of XRD 

peaks marked as ‘o’ were arising from superlattice reflections were also observed which 

arise due to A-site cation / vacancy ordering which doubled the perovskite unit cell [7, 

13].  

 

 

Figure 4.2 XRD of the LNT sample sintered at 1350 oC showing the presence of (La, 

Nd)0.663TiO3 as the major phase (indexed), peaks marked as ‘*’ representing the 

secondary phase (La,Nd)4Ti9O24 and super lattice reflections marked as ‘o’ 
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4.2.3 Density Measurements 

In the present study, the maximum apparent density of 5.17 g/cm3 was achieved for the 

sample sintered at 1350oC, close to that reported by Huang et al [12] for Ca1-

xLa2x/3TiO3. Theoretical density was not determined in this case because of the presence 

of the secondary phase. Variation of density with sintering temperature is shown in 

Figure 4.3 which demonstrated an increase in the apparent density with increasing 

sintering temperature. This increase in density with an increase in sintering temperature 

was due to the observed decrease in grain size as evident from the microstructure of the 

samples. Comparative densities of the samples sintered at different temperatures by 

different researchers are given in the Table 4. 2. 

 

Figure 4.3 Plot of observed density (ρobs) vs. sintering temperature for (La, Nd)2/3TiO3 

ceramics, showing an increase in ρobs with increase in sintering temperature from 

1300 - 1350 oC for 4h 

Table 4.2 Comparative densities of the La & Nd containing compounds 

Theoretical 

Density g/cm3 

Apparent Density 

g/cm3 

Phases Reference 

5.25 5.14 Ca1-xLa2x/3TiO3  [12] 

 5.64 Ba0.86(Nd1.4Bi0.42La0.3)Ti4O12  [14] 

5.66 5.36 Sr1-xCaxLa4Ti5O17  [3] 

 5.17 (La, Nd)0.667TiO3 

and (La, Nd)4Ti9O24 

Present 

work 
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4.2.4 Microstructural Analysis 

Figure 4.4 shows the Secondary Electron SEM Images (SEIs) from the bulk as well as 

surface of (La, Nd)2/3TiO3 ceramics samples, sintered in air at 1300 oC, 1325 oC and 

1350 oC for 4h, respectively.  

 

Figure 4.4 SEIs images, a, c, e) polished and thermally etched bulk samples, b, d, f) 

unpolished and etched surface of LNT ceramics sintered at 1300 oC, 1325 oC and 

1350 oC for 4h, showing highly dense microstructure and variation in grain 

morphology on the surface and bulk 
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As evident from these SEIs, the morphology of the grains at the surface of all the 

sintered samples was plate-like with some grains visibly bigger than the others which 

may be indicative of the second phase formation. The sizes of the grains were varying 

from 1μm to 5μm. Relatively dense microstructure was observed for samples sintered 

at 1350oC than those sintered at lower temperatures, consistent with the current density 

results. Microstructure of all samples is similar to that observed by Bian et al. [11]. In 

A-site deficient perovskite ceramics the microstructure depends upon the number of 

vacancies and A-site ordering [11]. Table 4.3 gives the Semi-quantitative EDS data of 

the grains labeled as “A” and “B” in Figure 4.4 (a-b) which demonstrated that the 

composition of these grains was close to the major (La, Nd)2/3TiO3 phase. The semi-

quantitative EDS data, Table 4.3, of grain labeled as “C” indicated that the composition 

of these grains was close to the major (La, Nd)2/3TiO3 phase while the composition of 

the grain labeled as “D” was close to (La, Nd)4Ti9O24 as a secondary phase consistent 

with the current XRD results. Figure 4.5 shows the back scattered electron SEM image 

of the LNT sample calcined in nitrogen and sintered in air atmosphere.  

 

 

Figure 4.5 Back scattered electron SEM image of LNT ceramics calcined in N2 

atmosphere at 1100 oC and sintered in air atmosphere at 1350 oC showing the 

presence of two phases 
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Table 4.3 EDS data of different grains observed in the microstructure of (La, 

Nd)2/3TiO3 ceramics 

 

 

4.2.5 Microwave Dielectric Properties 

Microwave dielectric properties of the LNT sample calcined at 1150 oC and sintered in 

air atmosphere at 1350 oC were Q×f = 3499 GHz, εr = 40.35 and τf = 0 ppm/oC. Q×f of 

microwave dielectric ceramics is generally influenced by lattice defects, porosity, micro 

crakes and secondary phases [2]. τf in perovskite ceramics can be related to BO6 

octahedra distortion. In A-site deficient perovskite ceramics, a number of vacancies 

exist which result in the cations/vacancies ordering. This ordering affects the bond 

lengths and bond angles which further affect τf [15]. Microwave dielectric properties of 

the sample calcined in Nitrogen atmosphere at 1150 oC and sintered at 1350 oC in air 

atmosphere, were εr = 40.18, Q×f = 4077 GHz and τf = +4.9 ppm/oC. Reducing 

atmosphere caused a decrease in porosity and grain boundaries which may be a possible 

reason for the observed ~ 17% increase in Q×f. According to Clausius-Mossotti 

equation [16], the total dielectric permittivity is proportional to the sum of ionic 

polarizabilities, which remained the same after changing the heating environment and 

thus no change was observed in the dielectric permittivity. Similarly τf depends on the 

structure which also did not change much. On the other hand, Q×f is the measure of 

energy losses in the materials which depends upon the voids, grain boundaries and 

secondary phases. Calcination of LNT in N2 atmosphere resulted in a decrease in these 

factors and thus caused an increase in Q×f. 

 

 

Grains La% Nd% Ti% 

A 29.88 37.97 32.15 

B 28.72 36.35 34.92 

C 30.12 36.62 33.26 

D 25.45 33.94 40.61 



56 
 

4.3 References 

1. Kim, I. S.; Jung, W. H.; Inaguma, Y.; Nakamura, T and Itoh, M.; Mater. Res. 

Bull., 30, 1995, 307-316. 

2. Iqbal, Y and Manan, A.; J. Mater. Sci: Mater. Electron, 23, 2012, 536-541. 

3. Iqbal, Y.; Manan. A and Reaney, I. M.; Mater. Res. Bull, 46, 2011, 1092-1096.  

4. Azough, F.; Freer. R and Schaffer. B.; J. Am. Ceram. Soc, 93, 2010, 1237-1240 

5. Kong, Q. D.; Bian, J. J.; Wang, L and Guo, Q. H.; Liang, Z.; Ferroelectrics, 

407, 2010, 23-30. 

6. Bian, J. J.; Li, Y. Z and Yuan, L. L.; Mater. Chem and Phys, 116, 2009, 102-

106. 

7. Bian, J. J.; Song, G. X and Yan, K.; Ceram. Intern, 34, 2008, 893-896. 

8. Yadav, B, C.; Singh, M.; Srivastava, R and Dwivedi, C. D.; Intern. J. Gre. 

Nanotech, 3, 2011, 98–108. 

9.  Houivet, D.; Fallah, J. El.; Bernard, J.; Roulland, F.; Haussonne, J. M.; J. Eur. 

Ceram. Soc, 21, 2011, 1715-1718. 

10. Shannon, R. D.; J. Appl. Phys, 73, 1993, 347-366. 

11. Bian, J. J and Li, Y. Z.; Mater. Chem and Phy, 122, 2010, 617-622. 

12. Huang, C. L.; Tsai, J. T and Chen, Y. B.; Mater. Res. Bull, 36, 2001, 547-556. 

13. Guo, Q. H.; Bian, J. J and Wang, L.; J. Am. Ceram. Soc, 94, 2011, 172-178. 

14. Lio, C. L.; Lin, K. H and Lin, S. T.; J. Ceram. Proc. Rese, 9, 2008, 562-568 

15. Park, H. S.; Yoon, K. H and Kim, E. S.; J. Am. Ceram. Soc, 84, 2001, 99-103. 

16. Hannay, J. H.; Eur. J. Phy, 4, 1983, 141-143. 

 

 

 

 

 

 

 

 



57 
 

CHAPTER V 

CHARACTERIZATION OF [(Ca, Sr)x (La, Nd)2/3-2x/3]TiO3 (0.1 ≤ x ≤ 0.9) 

CERAMICS 

5.1 Introduction 

A-site deficient perovskite ceramics like Nd2/3TiO3, La2/3TiO3, (La(2-x)/3Lix)TiO3, Li0.5-

3xNd0.5+xTiO3, La(Nd)1/3NbO3, Nd1/3NbO3, La(2−x)/3Nax(Mg1/2W1/2)O3, Ca(1-

x)Sm2x/3TiO3, (Ln2/3−xM3x)TiO3 (Ln: Nd, Sm, La ; M: Li, Na) and (Pb(1–

3x)/2Lax)(Mg1/2W1/2)O3 are known for their interesting microwave dielectric properties 

and have been studied for different applications like antennae, resonators and ionic fuel 

cells [5-7]. In A-site deficient perovskite ceramics, the A-site cations / vacancies 

ordering govern the structural variations and hence, the microwave dielectric properties 

[8]. A-site ordering in perovskite structure can be produced when diavalent cations are 

replaced by trivalent cations where charge compensation occurs via vacancy formation 

[9]. The second part of the present work was to make a solid solution of La2O3 and 

Nd2O3 in the system [(Ca, Sr)x (La, Nd)2/3-2x/3]TiO3 (CSLNT) with 0.1 ≤ x ≤ 0.9 and 

investigate the effect of Sr and Ca doping on the structure and microwave dielectric 

properties of the resulting compounds.  

5.2 Results and Discussion 

5.2.1 TGA / DTA Analysis 

TG/DTA graphs of [(Ca, Sr)x (La, Nd)2/3-2x/3]TiO3 (x = 0.1), are shown in Figure 5.1. 

The downwards slope of the TGA graph from up to 200 oC indicated the weight loss 

due to the evaporation of surface moisture of the sample. The maximum weight loss in 

the temperature range 275 oC to 325 oC was ~3.25% while at 570 oC to 690 oC, it was 

~3.13%. The dehydration of La2O3 has been reported to occur near 400 oC which may 

be a possible explanation for the observed weight loss in this region [10]. The 

decomposition of CaCO3 and the release of CO and CO2 contribute to the weight losses 

at the higher temperatures [11]. Metal oxides absorb moisture up to 800 oC that is why 

these oxides are heated up to 900 oC prior to weighing [5, 12]. The decomposition of 

CaCO3 occurs between 400 oC to 600 oC where as that of SrCO3 starts above 800 oC to 

1000 oC [13]. The overall decrease in the weight was 9.38%. DTA did not reveal clear 

endotherms or exotherms, however, a general upwards trend was observed up to 1130 

oC indicating crystallization of the sample (Figure 5.1). 
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Figure 5.1 TG/DTA plots of CSLNT (x = 0.1) composition showing the weight loss 

and thermal behaviour with increasing temperature 

5.2.2 Synchrotron XRD Results 

Synchrotron XRD patterns of CSLNT (0.1 ≤ x ≤ 0.9) compositions sintered at 1350 oC, 

are shown in Figure 5.2. The synchrotron XRD data for the compositions with x = 0.1 

- 0.7 could be refined into tetragonal (I4/mcm) symmetry and matched ICSD# 153173 

for CaTiO3. The data for the compositions with x = 0.8 and 0.9 were refined into 

orthorhombic (Pbnm) symmetry and matched ICSD# 96256 for La0.2Ca0.8TiO3. The 

refined XRD data for compositions with x = 0.3 and 0.8 are shown in Figure 5.3, 

demonstrating the I4/mcm and Pbnm symmetries. The observed phase transition from 

tetragonal (I4/mcm) to orthorhombic (Pbnm) for x > 0.7 may be attributed to the 

substitution of divalent Sr+2 and Ca+2 for trivalent La+3 and Nd+3. This results in a 

decrease in the A-site vacancies and hence a decrease in the A-site cations / vacancies 

ordering as reported by Bian and Li [13] and Jin et al. [14]. The structural 

transformation may also be attributed to the replacement of La+3(1.36 Å) and Nd+3(1.27 

Å) with Ca+2(1.34Å) and Sr+2(1.44Å) [15]. The d-values for the compositions with x = 

0.1 and 0.8 were calculated using Bragg’s equation i.e. d = λ/2sinθ, where λ is the 

wavelength used and θ is the angle calculated from the XRD graph. The d-values 

obtained for the compositions with x = 0.1 and 0.8 are given in Tables 5.2 and 5.3 
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respectively. The d-values for x = 0.1 matched PDF # 49-248 for A-site deficient 

Ca0.077Nd0.615TiO3 with tetragonal (I4/mcm) symmetry whereas those calculated for x = 

0.8 matched PDF# 70-4462 for Sr0.25La0.5TiO3 with orthorhombic (Pbnm) symmetry. 

A-site vacancies affect the average A-site ionic radius; therefore, when the number of 

vacancies is large enough [16], this will influence the tolerance factor, given by 

equation 1.16. However, in the present case as the quantity of Ca+2 and Sr+2 increases, 

the La+3 and Nd+3 content decreases which automatically results in a decrease in the 

number of vacancies. Therefore, the effect of these vacancies was too small for x = 0.8 

and 0.9 and thus was ignored. The ‘t’ values calculated for the compositions with x = 

0.8 and 0.9 using equation (5.1), were 0.946 and 0.966 respectively, consistent with the 

previously reported data [17] for orthorhombic structure.  For x = 0.1 and 0.2, a number 

of peaks marked as ‘o’ were from secondary phase (La, Nd)4Ti9O24 and those marked 

as ‘*’ were from superlattice reflections, consistent with previous studies [13-14]. 

Superlattice reflections disappeared when the x-value was increased because an 

increase in x caused a decrease in the A-site cation / vacancies ordering. The lattice 

parameters were determined using rietveld method with GSAS software and are given 

in Table 5.3. The variation of lattice parameters with increasing dopants concentration 

is shown in Figure 5.4. 

 

Figure 5.2 Synchrotron XRD patterns of CSNLT (x = 0.1 - 0.9) samples sintered at 

1350ºC, showing the transformation from tetragonal (I4/mcm) for x = 0.1 – 0.7 to 

orthorhombic (Pbnm) for x = 0.8 and 0.9 
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Figure 5.3 Fitted graphs of CSNLT system (a) x = 0.3 refined using Tetragonal 

(I4/mcm) symmetry (b) x = 0.9 refined using Orthorhombic (Pbnm) symmetry. Red 

Cross shows Iobs, green line shows Ical, pink line shows Iobs - Ical and vertical bars 

show space bars 

Table 5.1 XRD data for [(Ca, Sr)x (La, Nd)2/3-2x/3]TiO3 (x = 0.1) 

 

 

 

 

 

 

Peak 2θ θ d (Å) 

1 10.17 5.085 3.97 

2 11.45 5.725 3.45 

3 14.45 7.225 2.74 

4 15.31 7.655 2.58 

5 16.15 8.075 2.45 

6 16.99 8.495 2.33 

7 17.71 8.855 2.23 

8 20.47 10.235 1.94 
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Table 5.2 XRD data for [(Ca, Sr)x (La, Nd)2/3-2x/3]TiO3 (x = 0.8) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.3 Crystallographic data of [(Ca, Sr)x (La, Nd)2/3-2x/3]TiO3 (x = 0.1 - 0.9) 

 

 

 

 

 

 

 

 

 

Peak 2θ θ d (Å) 

1 5.11 2.56 7.65 

2 10.23 5.11 3.86 

3 11.49 5.745 3.43 

4 11.81 5.905 3.37 

5 14.55 7.275 2.71 

6 15.43 7.715 2.57 

7 15.59 7.795 2.53 

8 17.85 8.925 2.22 

9 18.53 9.265 2.14 

10 20.61 10.305 1.92 

11 21.23 10.615 1.92 

x a(Å) b(Å) c(Å) V(Å3) Space Group 

0.1 5.4178 5.4178 7.5258 220.9015 I4/mcm 

0.2 5.4765 5.4765 7.7095 231.2237 I4/mcm 

0.3 5.4518 5.4518 7.6992 228.8366 I4/mcm 

0.4 5.4693 5.4693 7.6685 229.3897 I4/mcm 

0.5 5.4493 5.4493 7.6922 228.4189 I4/mcm 

0.6 5.4501 5.4501 7.7194 229.2939 I4/mcm 

0.7 5.4580 5.4580 7.7324 230.3464 I4/mcm 

0.8 5.4786 5.4905 7.7301 232.5234 Pbnm 

0.9 5.4512 5.4399 7.7222 228.994 Pbnm 
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Figure 5.4 Variation of lattice parameters and space group with dopants 

concentration (x) 

5.2.3 Raman Spectroscopy 

Room temperature Raman spectra in the frequency range 50 - 4000 cm-1 for CSLNT 

system with 0 ≤ x ≤ 0.9, sintered at 1350 oC are shown in Figure 5.5. From group 

theoretical analysis, tetragonal symmetry (I4/mcm) has a total of 14 modes of vibrations 

i.e. 2Ag + 4B1g + 2B2g + 6Eg whereas for orthorhombic (Pbnm) symmetry, there are 24 

Raman active phonons i.e. 7Ag + 5B1g + 7B2g + 5B3g [18]. In the present study, ten 

Raman active modes i.e 139, 242, 321, 463, 527, 591, 1011, 2383, 2494 and 2851 cm-

1 were observed for the compositions with x = 0.1 to 0.7. The reason for less number of 

observable bands is the small changes in polarizability or overlapping of bands [19]. 

Vibrational modes 139, 242, and 527 cm-1 were assigned to the Eg symmetry species 

while vibrational modes 321 and 591 cm-1 belong to A1g modes. The intensity of the 

bands was observed to decrease and the peaks broadened with increasing dopants 

concentration. The observed decrease in intensity was ascribed to the decrease in the 

A-site cations / vacancies ordering and its switching to the disordering. The 321 cm-1 

and 591 cm-1 bands, which were due to A1g mode, disappeared at x ≥ 0.3. The reason 

for this may be that with an increasing x-value, the Ti vibrations are suppressed, causing 
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the disappearance of TiO6 distortion. Furthermore, a new band at 456 cm-1 emerged 

with an increase in x, which may be ascribed to the tilting of TiO6 octahedra [20]. At 

high x values, i.e. x = 0.8 and 0.9, the number of vibrational modes increased and some 

additional modes i.e. 1075 and 2605 cm-1 were observed. The emergence of the new 

vibrational modes may be ascribed to the structural phase transition to orthorhombic 

(Pbnm) from tetragonal (I4/mcm), which was in agreement with the current synchrotron 

XRD results discussed above. 

 

Figure 5.5 Room temperature Raman spectra of CSNLT-samples sintered at 1350 oC, 

showing the emergence of new peaks for the x = 0.8 and 0.9 compositions, reflecting 

the structural phase transition from tetragonal to orthorhombic symmetry 

 

5.2.4 Microstructural Analysis 

The back scattered scanning electron microscope images of the samples sintered at 

1350 oC are shown in Figure 5.6.1 and Figure 5.6.2. Almost a dense microstructure was 

observed for all the compositions. As shown in Figure 5.6.1b, relatively smaller grains 

with dark contrast were observed which are associated with the secondary phase (La, 
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Nd)4Ti9O24 as evident from the elemental compositional analysis (Table 4.1 grain D). 

Dark contrast grains have been reported previously by Suvorov et al [21] for La4Ti9O24.  

 

Figure 5.6.1 Back scattered electron SEM micrographs of CSNLT samples sintered at 

1350 oC a) x = 0.1, b) x = 0.2, c) x = 0.3, d) x = 0.4, e) x = 0.5, f) x = 0.6 
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From Figures 5.6.1 and 5.6.2, it is evident that the grains were irregular in shape and 

their size was observed to increase from 2 μm to 12 μm with an increase in x up to x = 

0.6. For x > 0.6, the grain size decreased along with an increase in porosity which 

caused a decrease in the apparent density. The back scattered electron SEM images for 

x = 0.8 and 0.9 presented a visible change in the shape and size of the grains which 

might be due to the structural phase transition from I4/mcm to Pbnm in agreement with 

the present synchrotron XRD and Raman spectroscopy results. The semi-quantitative 

EDS values for all compositions are given in the Table 5.4. Figure 5.7 shows the semi 

quantitative EDS spectra of the samples with x = 0.3 and 0.4, showing the elemental 

composition of the grains marked as ‘A’ and ‘B’. 

 

 

Figure 5.6.2 Back scattered electron SEM micrographs of CSNLT samples sintered at 

1350 oC g) x = 0.7, h) x = 0.8, and i) x = 0.9 
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Figure 5.7 Semi-quantitative EDS spectra for the grains marked as ‘A’ and ‘B’ 

showing elemental concentration of these grains 

 

Table 5.4 Weight% elemental concentration in different grains showing an increase in 

Ca+2 and Sr+2 and a decrease in La+3 and Nd+3 with increasing x 

 

x Ca+2 Ti+4 Sr+2 La+4 Nd+4 

0.1 1.48 33.97 4.81 31.02 28.72 

0.2 3.25 34.89 6.92 27.95 26.99 

0.3 4.03 32.69 14.07 22.97 26.24 

0.4 5.93 34.12 15.78 22.16 22.16 

0.5 7.56 35.72 21.04 18.47 17.21 

0.6 8.84 36.51 24.94 15.1 14.62 

0.7 9.41 38.45 29.5 11.6 11.31 

0.8 17.08 35.34 32.45 7.58 7.55 

0.9 14.78 38.29 37.89 4.73 4.32 
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5.2.5 Density Measurement  

The variation in the relative density with increasing x-value is given in Figure 5.8. A 

decrease was observed in the relative density of the samples with increasing x which 

was ascribed to the incorporation of light Ca+2(40.078) and Sr+2(87.62) for heavier 

La+3(138.905) and Nd+3(144.242). Also the decrease in density was due to the increase 

in the grain size and porosity with increasing Ca+2 and Sr+2 contents. Maximum relative 

density of 98.8% was observed for composition with x = 0.3. The observed, theoretical 

and relative densities for all of the compositions are given in Table 5.5. For the 

compositions with x = 0.1 and 0.2, the relative density was not calculated due to the 

presence of secondary phase. 

 

Figure 5.8 Graph showing variation in relative density and dielectric constant with 

increasing Ca and Sr contents 

5.2.6 Microwave Dielectric Properties 

As shown in Figure 5.8, an increase was observed in the dielectric constant with 

increasing Ca+2 and Sr+2 content which is contradictory to Clausius-Mossotti equation 

[22] according to which the permittivity should decrease with increasing concentration 
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of Ca (3.16 Å3) and Sr (4.24 Å3) for La (4.82 Å3) and Nd (5.01 Å3) [23]. This may be 

due to the fact that doping larger radii Ca (1.34 Å) and Sr (1.44 Å) cations for the 

smaller radii La (1.36 Å) and Nd (1.27 Å) cations, resulted in a decrease in the tilting 

of BO6 octahedra. This decrease in the tilting angle caused polarization of Ti+4 ions and 

thus enhanced the permittivity [14]. The maximum dielectric constant (129.5) was 

observed for the composition with x = 0.7.  

The variations observed in Q × f and τf with increasing x are shown in Figure 5.9. 

Initially Q × f decreased with an increase in x up to 0.6, and then increased for x = 0.7 

and 0.8, and then again decreased for x = 0.9.  

 

Figure 5.9 Variation of Q × 𝑓 and τf with increasing Ca and Sr contents 

The first decrease in Q × f may be ascribed to the decrease in A-site ordering of the A-

site cations / vacancies which is prominent and dominate the role of the density up to x 

= 0.6. For the higher values of x, the number of vacancies decreased and thus the effect 

of A-site ordering was suppressed by the role of density and thus for higher values of 

x, Q × f varied according to the variations in relative density. Q × f is greatly influenced 

by the secondary phases, porosity and grain boundaries which are the main sources of 

energy losses [12]. Q × f depends on the nature of the material as well. As given in 
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Table 5.5, all the samples exhibited positive τf values, which is a characteristic of A-

site deficient perovskite ceramics [24]. From Figure 5.9, it is clear that τf increases with 

increasing x, probably due to the decreasing A-site vacancies which results in a decrease 

in the A-site cations / vacancies ordering. The decrease in the A-site cations/vacancies 

ordering resulted in the tilting of oxygen octahedra which changed the bond lengths and 

bond angles. These variations in bond lengths and bond angles effected τf of the 

samples.  

 

Table 5.5 Observed density, theoretical density, relative density and microwave 

dielectric properties of [(Ca, Sr)x (La, Nd)2/3-2x/3]TiO3 (x = 0.1 - 0.9) 

 

x ρobs 

(g/cm3) 

ρth 

(g/cm3) 

ρrel εr (Q×f ) 

GHz 

(τf) 

ppm/oC 

(fo) GHz 

0.1 5.33 5.63 - 47.72 3664 +61.5 6.018 

0.2 5.19 5.3 - 57.92 1920 +78.9 5.599 

0.3 5.14 5.2 98.8 102.96 1852 +84.4 4.481 

0.4 4.98 5.2 95.8 100.03 2156 +93.7 4.285 

0.5 4.89 5.1 95.9 117.82 1874 +117.4 3.907 

0.6 4.70 4.98 94.4 125.65 1859 +136.2 3.75 

0.7 4.44 4.86 91.4 129.51 3325 +185.4 3.567 

0.8 4.38 4.74 92.4 123.17 6212 +164.4 3.734 

0.9 4.27 4.72 90.5 111.43 4463 +273.2 3.74 
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CHAPTER VI 

CHARACTERIZATION OF Ca(1-x)SrxTiO3 (x = 0.1 - 0.9) CERAMICS 

6.1 Introduction 

The use of dielectric materials as a resonator in the microwave telecommunication, 

satellite broadcasting and mobiles handsets have been increased in the last seven 

decades [1]. Perovskite structured materials like CaTiO3, BaTiO3 and SrTiO3 have been 

studied for their applications as dielectric resonators. For dielectric resonators, the main 

properties of interest are the high εr for miniaturization of the size of the resonators, 

high Q×f for fine tunability and near zero τf for temperature stability [2]. CaTiO3 is the 

natural perovskite mineral discovered by G. Rose in 1839 [3] and was named perovskite 

after the name of C. L. V. Perovskii and is known for its high εr [4, 5]. CaTiO3 has an 

orthorhombic structure with Pbnm space group [6]. On the other hand, SrTiO3 is a 

perovskite type material used as anode materials in fuel cells, luminescence and data 

storage [7]. Room temperature structure of SrTiO3 is cubic (Pm3̅m) with lattice constant 

3.905Å [8, 9]. Sr+2 doped CaTiO3 have been studied in terms its structural phase 

transition and microwave dielectric properties. The aim of the present work was to 

investigate the structure of Sr+2 doped CaTiO3 using synchrotron XRD and Raman 

spectroscopy and its microwave dielectric properties. 

6.2 Results and Discussion 

6.2.1 Structural Analysis 

Synchrotron XRD patterns of Ca1-xSrxTiO3 (x = 0.1, 0.25, 0.5, 0.75, 0.9) are shown in 

Figure 6.1 which revealed the formation of the single phase ceramics for all the 

compositions. CaTiO3 has orthorhombic symmetry with Pbnm space group. The 

substitution of Sr for Ca caused no change in crystal symmetry for x = 0.1- 0.5. The 

inter-planner spacing and relative intensities corresponding to the XRD peaks for the x 

= 0.1 composition matched PDF# 04-013-7153 for CaTiO3. At x = 0.75, a structural 

phase transition from orthorhombic (Pbnm) to tetragonal (I4/mcm) symmetry was 

observed which persisted up to x = 0.9. This structural phase transition is consistent 

with that reported by Wise et al. [10], Qin et al. [11] and Hirata et al. [12]. The possible 

reason for this structural phase transition may be the incorporation of Sr+2 for Ca+2. The 

doping of Sr for Ca changes Ca (Sr)-O bond length and octahedral tilt angle [11]. There 

was no evidence of the orthorhombic (Bmmb) symmetry in the synchrotron XRD data 
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contradictory to Ball et al. [13]. Furthermore, this substitution cause shifting of the 

peaks towards lower angles (i.e. larger d-spacing) due to incorporation of larger ionic 

radius Sr+2 (r = 1.44Å) for Ca+2 (r = 1.34Å) [14]. This caused an increase in the lattice 

parameters and the unit cell volume. The crystallographic data of the system Ca1-

xSrxTiO3 are given in Table 6.1. The variation in lattice parameters and unit cell volume 

with increasing Sr content is shown in Figures 6.2 and 6.3, respectively. 

 

 

 

Figure 6.1 Synchrotron XRD patterns of Ca(1-x)SrxTiO3 showing orthorhombic 

symmetry (Pbnm) for x = 0.1- 0.5 and tetragonal symmetry (I4/mcm)  

for x =0.75 and 0.9 
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Figure 6.2 Variation in lattice parameters with increasing Sr content and the 

consequent structural phase transition with an increase in dopants concentration 

 

 

Figure 6.3 Variation in the unit cell volume with increasing Sr content 
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Table 6.1 Crystallographic data of Ca(1-x)SrxTiO3 (x = 0.1 - 0.9) 

x a(Å) b(Å) c(Å) V(Å3) Structure Space group 

0.1 5.4122 5.4303 7.6102 223.663 Orthorhombic Pbnm 

0.25 5.4256 5.4536 7.6408 226.079 Orthorhombic Pbnm 

0.5 5.4532 5.484 7.7034 230.373 Orthorhombic Pbnm 

0.75 5.4758 5.4758 7.7693 232.961 tetragonal I4/mcm 

0.9 5.490 5.490 7.7988 235.048 tetragonal I4/mcm 

6.2.2 Raman Spectroscopy  

Figure 6.4 shows the Raman spectra of Ca(1-x)SrxTiO3 (x = 0.1-0.9) recorded at room 

temperature. The observed bands of Ca(1-x)SrxTiO3 (x = 0.1) are similar to those of 

CaTiO3 [11] which shows the orthorhombic structure (Pbnm) which persists up to x = 

0.5. The observed bands assigned for sample x = 0.1 are given in Table 6.2 and are 

compared with the bands observed for CaTiO3 reported in Ref [11, 15-16].  

 

Figure 6.4 Room temperature Raman spectra of Ca(1-x)SrxTiO3 with x = 0.1,0.25, 0.5, 

0.75 and 0.9, sintered at 1350 ºC, showing structural transition from orthorhombic 

(Pbnm) for x = 0.1-0.5 to tetragonal (I4/mcm) for x = 0.75 and 0.9 
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A slight shift towards relatively lower wave number was due to Sr substitution for Ca. 

Bmmb symmetry was not observed as reported in Ref [13]. Raman active phonon modes 

of Pbnm (no. 62) are 7Ag + 5B1g + 7B2g + 5B3g, and for Bmmb (no. 63) 14Ag + 14B1g 

+ 8B2g + 12B3g. Thus the presence of Bmmb symmetry should increase the number of 

active phonon modes but as no change was observed; therefore, the present results were 

in agreement with Ref [11]. The number of vibrational phonon modes for tetragonal 

symmetry is 14 namely; 2Ag + 4B1g + 2B2g + 6Eg. The decrease in the vibrational modes 

for x = 0.75 and 0.9 shows the structural phase transition from the relatively lower 

symmetry orthorhombic (Pbnm) phase to the higher symmetry tetragonal (I4/mcm) 

phase which is in agreement with Wise et al. [10] and contradictory to Qin et al.[11].  

 

Table 6.2 A comparison of Raman shifts observed for Ca(1-x)SrxTiO3 (x = 0.1) with 

those reported for CaTiO3 

Band Assignment Raman shift (cm-1) 

Ca0.9Sr0.1TiO3 CaTiO3 

Present work [14] [20] [21] 

(Ca, Sr)-TiO3 lattice 

mode 

143 153 155 154 

O-Ti-O bending mode 176 178 180 181 

O-Ti-O bending mode 216 222 226 225 

O-Ti-O bending mode 239 244 247 246 

O-Ti-O bending mode 283 281 286 284 

O-Ti-O bending mode 340 333 337 300 

Ti-O3 torsional mode 468 467 471 469 

Ti-O3 torsional mode 492 490 495 493 

Ti-O symmetric 

stretching 

647 - 639 - 
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6.2.3 Microstructural Analysis 

Back scattered electron SEM images of the Ca(1-x)SrxTiO3 (x = 0.1 - 0.9)samples 

sintered at 1350 ºC are shown in Figure 6.5. Pores were observed in microstructure for 

the composition with x = 0.1 and 0.25 which may be the cause of the observed lower 

relative density for these compositions. Relatively dense microstructures were observed 

for the composition with x = 0.5, 0.75 and 0.9. The compositional variation of the grain 

size (minimum and maximum) with increasing Sr content is given in the Table 6.3. The 

uniform contrast of all the grains and the EDS spectra suggest that the final ceramics in 

the Ca(1-x)SrxTiO3 system appeared to be a  single phase consistent with the XRD results. 

EDS spectra of different grains with increasing Sr content are shown in Figure 6.6. The 

elemental compositions of the observed grains in different compositions are given in 

Table 6.4, showing an increase in the Sr content with increasing x-value. 

 

Table 6.3 Compositional variations of the grain sizes with increasing Sr content 

x Minimum grain size (μm) Maximum grain size (μm) 

0.1 2.3 11.2 

0.25 2.3 17.9 

0.5 2.3 9 

0.75 4.5 11.2 

0.9 ------ -------- 
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Figure 6.5 Back scattered electron SEM images of Ca(1-x)SrxTiO3 with x = 0.1 (A), 

0.25 (B), 0.5 (C), 0.75 (D) and 0.9 (E) sintered at 1350 ºC, showing pores in the 

microstructure of compositions with x = 0.1 and 0.25 whereas no pores were 

observed for the rest of the compositions 
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Figure 6.6 EDS spectra of different grains in the system Ca(1-x)SrxTiO3 ( x = 0.1, 0.25, 

0.5, 0.75 and 0.9) sintered at 1350 ºC 
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Table 6.4 Weight% elemental concentration of different grains in Ca(1-x)SrxTiO3 (x = 

0.1 – 0.9) with increasing Sr content 

x Ca Sr Ti 

0.1 36.86 12.03 51.11 

0.25 28.78 25.17 46.05 

0.5 16.71 43.34 39.95 

0.75 7.33 59.2 33.47 

0.9 2.68 67.31 30.01 

 

6.2.4 Microwave Dielectric Properties 

Microwave dielectric properties of Ca(1-x)SrxTiO3 (x = 0.1 - 0.9) compositions are 

presented in Table 6.5. The variation of relative density and dielectric permittivity with 

increasing Sr-content is shown in Figure 6.7. Relatively lower density was observed for 

the compositions with x = 0.1 and 0.25 in agreement with the SEM results where pores 

(marked with arrows) were observed for these compositions. Maximum relative density 

of 98% was observed for the composition with x = 0.5 which is also in good agreement 

of the SEM results, where a dense microstructure was observed for this composition. 

An increase in εr was observed from 148.3 to 260.56 with an increase in x from 0.1 – 

0.5. This increase in εr was ascribed to the greater ionic polarizability of Sr (4.24 Å3) 

than that of Ca (3.16 Å3) [14] and increase in the relative density, Figure 6.5 (c). For x 

= 0.75 and 0.9, εr decreased to 241 which may be associated with the structural phase 

transition from Pbnm to I4/mcm. The response of Q×f and τf  to increasing Sr content is 

given in Figure 6.8. A decrease in Q×f was observed because larger cations caused an 

increase in the movement of cations, leading to an increase in dielectric losses and 

hence caused a decrease in Q×f [17]. τf increased from 392 to 430 ppm/oC which is 

related to tolerance factor, given by equation 1.16 [18]. The substitution of Sr for Ca 

increased the tolerance factor which resulted in a change towards higher symmetry, in 

agreement with a previous study [19] and thus increased the τf.  
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Figure 6.7 Variations in relative densities and dielectric permittivity of Ca(1-x)SrxTiO3 

( x = 0.1, 0.25, 0.5, 0.75 and 0.9) sintered at 1350 oC, with increasing Sr content 

 

 

Figure 6.8 Variation in Q×f and τf of the compositions in the Ca(1-x)SrxTiO3 (x = 0.1, 

0.25, 0.5, 0.75 and 0.9) series, sintered at 1350 oC with Sr content 
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Table 6.5 Observed density, theoretical density, relative density and microwave 

dielectric properties of Ca(1-x)SrxTiO3 (x = 0.1- 0.9) 

x ρobs 

(g/cm3) 

ρth 

(g/cm3) 

ρrel 

% 

εr Q×f 

(GHz) 

τf (ppm/ºC) fo(GHz) 

0.1 3.658 4.197 87 148 7427 +392 3.169 

0.25 3.808 4.34 88 157 6710 +320 3.122 

0.5 4.535 4.6 98 260 7042 +384 2.622 

0.75 4.378 4.89 89 251 1501 +480 2.623 

0.9 4.617 5.05 91 241 1487 +430 2.756 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



83 
 

6.3 References 

1. Y. Iqbal, A. Manan, J. Mater. Sci.: Mater. Electron., 23, 2012, 536-541. 

2. F. Azough, W. Wang, R. Freer, J. Amer. Ceram. Soc., 92, 2009,  2093-2098. 

3. L.S. Cavalcante, V. Marques, J. Sczancoski, M. Escote, M. Joya, J. Varela, M. 

Santos, P. Pizani, E. Longo, Chem. Eng. J. 143, 2008, 299–307. 

4. M. A. Carpenter, C. Howard, K. Knight, Z. Zhang, J. Physics: Cond. Matter, 

18, 2006, 10725-10749. 

5. A. Moustafa, I. Ahmed Farag, L. Salah, Egypt J Solids, 27, 2004, 213-222. 

6. S. Sasaki, C.T. Prewitt, J.D. Bass, W.A. Schulze, Acta Crystall. Sec. C, 43, 

1987, 1668-1674. 

7. W.Q. Yang, W.-C. Zheng, P. Su, H.-G. Liu, Physica B: Condensed Matter, 

406, 2011, 1041-1043. 

8. C. J. Howard, Z. Zhang, J. Physics: Cond. Matter, 15, 2003,  4543-4553. 

9. T. Leisegang, H. Stocker, A. A. Levin, T. Weibach, M. Zschornak, E. 

Gutmann, K. Rickers, S. Gemming, D.C. Meyer, Phys. Rev. Lett., 102, 2009, 

087601-1-4. 

10. P.L. Wise, I.M. Reaney, W.E. Lee, T.J. Price, D.M. Iddles, D.S. Cannell, J. 

Eur. Ceram. Soc., 21, 2001, 1723-1726. 

11. S. Qin, X. Wu, F. Seifert, A. Becerro, J. Chem. Soc., 2002, 3751-3755. 

12. Hirata, T.; Ishioka, K and Kitajima, M.; J. Sol. Stat. Chem, 124, 1996, 353–

359.  

13. C. Ball, B. Begg, D. Cookson, G. Thorogood, E. Vance, J. Sol. Stat. Chem., 

139, 1998, 238-247. 

14. R.D. Shannon, C.T. Prewitt, Acta Crystall. Sec. B, 26, 1970, 1046-1048. 

15. U.t. Balachandran, N. Eror, Sol. Stat. Comm., 44, 1982, 815-818. 

16. P. McMillan, N. Ross, Phys. Chem. Miner., 16, 1988, 21-28. 

17. Y. Iqbal, R. Muhammad, J. Electron. Mater., 42, 2013, 452-457. 

18. R. Muhammad, Y. Iqbal,  J. Mater. Sci: Mater. Electron., 24, 2013, 2322–

2326. 

19. E. Colla, I. Reaney, N. Setter, J. Appl. Phy., 74, 1993, 3414-3425. 

 

 



84 
 

CHAPTER VII 

CHARACTERIZATION OF [(Ca, Sr)1-xNd2x/3]TiO3 (x =  0.1 - 0.75) CERAMICS 

7.1 Introduction 

Richtmyer proposed the possibility of using resonators made up of solid state materials 

in 1939 [1]. This led to an exponential increase in the use of electroceramics in wireless 

telecommunication industry during the last few decades. For dielectric resonators the 

main three requirements include; a high εr (> 24), high Q × 𝑓 (> 30,000 GHz) and near 

zero τf [2]. High εr is required to reduce the size of the resonator [3]. High Q× f is 

important for fine selectivity in terms of frequency and near zero τf ensures the 

temperature stability of the resonator [4]. Among other systems, Ca(1-x)SrxTiO3 has been 

studied for its interesting microwave dielectric properties and structural phase 

transitions. Using micro Raman spectroscopy, Qin et al. [5] reported structural phase 

transitions in Ca(1-x)SrxTiO3 (0 ≤ x ≤ 1) from orthorhombic (Pbnm) to tetragonal 

(I4/mcm) and then to cubic (Pm3̅𝑚) with increasing Sr content. On the other hand, Ball 

et al. [6] using XRD, reported the structural phase transitions in CaTiO3/SrTiO3 system 

from orthorhombic (Pnma) → orthorhombic (Bmmb) → tetragonal (I4/mcm) → cubic 

(Pm3m), consistent with Hirata et al. [7]. Similarly, Wise et al. [8] using conventional 

XRD reported structural phase transitions in Ca(1-x)SrxTiO3 from orthorhombic (Pbnm) 

for 0 ≤ x ≤ 0.4 to Orthorhombic (Bmmb/Pbnm) for x = 0.5 and then to tetragonal 

(I4/mcm) for x = 0.8. They reported an increase in εr from 162 for x = 0 to 236 for x = 

0.5 and then to 190 for x = 1 and decrease in Q×f  from 8700 (at x = 0) to 2460 (at x = 

1). τf  was reported to vary from +859 for CaTiO3 to +1647 for SrTiO3. In a recent study, 

Saleem et al. [9] using Raman spectroscopy and synchrotron XRD reported a similar 

structural phase transition in Ca(1-x)SrxTiO3 from orthorhombic (Pbnm) for 0.1 ≤ x ≤ 0.5 

to tetragonal (I4/mcm) for x = 0.75 and 0.9; however, τf  was reported to vary between 

+320 to +479 ppm/oC. 

In this chapter an attempt has been made to lower τf  of CST ceramics via Nd+3 doping 

and also to look for the resulting structural phase transitions. 
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7.2 Results and Discussion 

7.2.1 Synchrotron XRD Results 

Figure 7.1 shows the synchrotron XRD patterns of (Ca, Sr)1-xNd2x/3TiO3 (CSNT) (x = 

0.1, 0.25, 0.5 and 0.75) compositions sintered at 1350 oC for how 4h. In all these 

compositions, the Ca / Sr ratio was kept as 50 / 50 mol%. Structural refinement of XRD 

data using ‘GSAS’ software, revealed the symmetry of these ceramics to be 

orthorhombic (Pbnm) at x = 0.1 and 0.25 which transformed to tetragonal (I4/mcm) 

symmetry at x = 0.5 and 0.75. The XRD patterns for the x = 0.1 composition refined 

into Pbnm symmetry and x = 0.5 composition refined into I4/mcm symmetry are shown 

in Figure 7.2. This phase transition may be attributed to the substitution of smaller ionic 

radius (1.27 Å) Nd+3 for the larger ionic radii (1.34 Å) Ca+2 and (1.44 Å) Sr+2 [10]. This 

substitution caused a decrease in lattice parameters and unit cell volume. This decrease 

in lattice parameters and unit cell volume are shown in Figure 7.3 and Figure 7.4, 

respectively. The lattice parameters, unit cell volume and corresponding space groups 

are given in Table 7.1. Consistent with these observations, XRD peak positions were 

also observed to shift towards higher 2 angles (i.e. smaller d-values). Previous studies 

[5-9] reported an orthorhombic (Pbnm) symmetry for Ca(1-x)SrxTiO3 at x = 0.5. The 

phase boundary for structural phase transition from orthorhombic to tetragonal was ~ 

67% of the Sr content in this system. For Nd = 0.1 and 0.25 in the present case, no 

structural phase transition was observed and refinement of the corresponding XRD data 

demonstrated orthorhombic (Pbnm) symmetry similar to that of Ca0.5Sr0.5TiO3. 

Increasing trivalent Nd+3on the A-site for divalent Ca+2 and Sr+2 resulted in the creation 

of A-site vacancies for charge neutrality as given by Kroger-Vink notation [11] in Eq 

7.1. 

                                           
x

oCaCa

CaTiO
OVNdONd 32 ''

32
3   

………..… (7.1) 

where ‘•’ represents a single positive charge, V ꞌꞌ represents two negative charges on a 

vacancy and ‘x’ represents no charge. The production of these vacancies on the A-site 

caused ordering of the A-site cations / vacancies and thus resulted in structural 

distortion. An increase in Nd+3 content is known to give rise to superlattice reflections 

due to doubling of the Perovskite unit cell; however, no superlattice reflections were 

observed in the present case, probably due to lower number of vacancies at low Nd 

contents. Such superlattice reflections were reported by Bian and Li [12] for 
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La(1−x)/3NaxNbO3 with 0.0 < x ≤0.4, Kim et al [13] for (1-x)La2/3TiO3-xCaTi03 with 0.1 

≤ x ≤ 0.96 and Jianjing et al [14] for (Pb1-3x/2Lax)(Mg1/2W1/2)O3 for La+3 concentrations 

above 80%. However; in the present case, the x-values used were  0.75 and thus the 

number of vacancies was too small to cause super lattice reflections. 

 

 

 

Figure 7.1 (a) Synchrotron XRD plots of CSNT system showing structural transition 

from orthorhombic (Pbnm) at x = 0 and 0.25 to tetragonal (I4/mcm) at x = 0.5 and 

0.75 and (b) showing the shifting of XRD peak positions to higher 2θ values due to 

Nd-substitution 
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Figure 7.2 Refined XRD plots for the CSNT compositions with x = 0.1 and 0.5 

showing the observed intensity (red), back ground (green), difference (pink) and 

space bars for Bragg’s reflections 
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Figure 7.3 The observed variation in lattice parameters with increasing Nd+3 content 

 

 

Table 7.1 Crystallographic data of [(Ca, Sr)1-x Nd2x/3]TiO3 (x = 0.1, 0.25, 0.5, 0.75) 

ceramics 

 

x a(Å) b(Å) c(Å) Unit cell volume 

(Å3) 

Space group 

0.1 5.4664 5.4614 7.7579 231.6046 Pbnm  

0.25 5.4304 5.4596 7.7326 229.255 Pbnm 

0.5 5.4431 5.4431 7.7358 229.189 I4/mcm 

0.75 5.4118 5.4118 7.7391 226.6609 I4/mcm 
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Figure 7.4 The observed decrease in unit cell volume with increasing Nd+3 content 

7.2.2 Raman Spectroscopy 

Raman spectra of the CSNT system are shown in Figure 7.5. Raman data showed the 

presence of the nine active modes for the compositions with x = 0.1 and 0.25 namely; 

462 cm-1, 539 cm-1, 629 cm-1, 803 cm-1, 976 cm-1, 1087 cm-1, 2447 cm-1, 2573 cm-1 and 

2784 cm-1. Factor group analysis reveals that there are 24 vibrational modes for 

orthorhombic (Pbnm) symmetry (i.e. 7Ag +5B1g + 7B2g + 5B3g) whereas for 

tetragonal (I4/mcm) symmetry, there are only 14 vibrational modes (i.e. 2Ag + 4B1g + 

2B2g + 6Eg) [5]. As evident from Figure 7.5, increasing x-value caused a decrease in 

the number of vibrational modes and the Raman peak at 629 cm-1 merged with the one 

at 539 cm-1 and the peak at 2784 cm-1 exists but the intensity of  2921 cm-1 peak 

increased for the x = 0.75 compositions. These observations demonstrated a structural 

phase transition from orthorhombic to tetragonal symmetry, consistent with the present 

Synchrotron XRD results. A shift was observed in the peaks towards relatively larger 

wave numbers due to the incorporation of the smaller (1.27 Å) of Nd ions for the larger 

(1.44 Å) Sr and (1.34 Å) Ca ions. The number of vacancies increased with increasing 

Nd+3 concentration which further increased the A-site ordering and thus increased the 
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intensity of the Raman peaks at low frequencies, consistent with a number of previous 

studies [14-16] regarding A-site deficient perovskite structured ceramics. 

Figure 7.5 Raman spectra of CSNT compositions (x = 0.1, 0.25, 0.5 and 0.75), 

showing structural phase transition from orthorhombic (Pbnm) to tetragonal 

(I4/mcm) with increasing Nd - content 

7.2.3 Microstructural Analysis 
Back scattered electron SEM images of the CSNT (x = 0.1, 0.25, 0.5 and 0.75) 

compositions sintered at 1350 oC for 4h, are shown in Figure 7.6. A dense 

microstructure was observed for all the investigated compositions, comprising cubidal 

grains whose compositional dependent sizes (minimum and maximum) are given in 

Table 7.2. The grain size was observed to increase with increasing x-value which may 

be a possible reason for the observed decrease in the relative density. As the smaller 

ionic radius Nd+3 (144.242) ions are heavier than the larger ionic radii lighter 

Ca+2(40.078) ions and Sr+2(87.62), the density was expected to increase with an 

increase in x; however; it was observed to decrease. This may be due to the fact that 
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doping trivalent Nd+3 for divalent Ca+2 and Sr+2 results in the production of A-site 

vacancies which leads to A-site cations / vacancies ordering resulting in doubling of 

the perovskite unit cell and hence an increase in volume and a decrease in the relative 

density. 

 

Figure 7.6 Back scattered SEM images of CSNT with x = 0.1 (a), 0.25 (b), 0.5 (c) and 

0.75(d), showing an increase in grain size and decrease in density with an increase in 

x 

Table 7.2 Compositional variations of the grain sizes with increasing Nd content 

x Minimum grain size (μm) Maximum grain size (μm) 

0.1 2.2 15.5 

0.25 4.5 22.2 

0.5 6.7 32.2 

0.75 5.5 33.3 
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7.2.4 Microwave Dielectric Properties 

The observed apparent, theoretical and relative densities (ρr), and microwave dielectric 

properties for all the samples are given in Table 7.3. The observed variation in ρr and εr 

as a function of x is shown in Figure 7.7. Nd+3 has greater ionic polarizability (5.01 Å3) 

than that of Ca+2 (3.16 Å3) and Sr+2 (4.24 Å3) [17] and an increase in εr was expected 

according to Clausius-Mossotti equation [18]. However; εr  was observed to decrease 

from 198.55 to 92.43, probably due to the production of A-site vacancies as a result of 

Nd+3 doping for Ca+2 and Sr+2 resulting in A-site ordering. The increase in A-site 

ordering results in an increase in the tilting angle, causing the movement of the Ti+4 

towards the center of the TiO6 octahedra. This results in reduction of polarization 

leading to a decrease in the dielectric permittivity [12]. Figure 7.8 shows the observed 

decrease in both the Q×f and τf with increasing x. The decrease in Q×f may be attributed 

to the observed decrease in relative density. The increase in A-site ordering may cause 

an increase in Q×f as reported by Saleem et al. [15] for low x-values; however; in the 

present case, no such increase was observed. The reason for this may be the insufficient 

quantity of Nd+3to produce too many vacancies to dominate the density effect. Also 

Q×f is influenced by an increase in porosity, grain size, grain boundaries and secondary 

phases. As observable in the SEM micrographs, the grain size was observed to increase 

with increasing Nd content which caused a decrease in Q×f [19]. An increase in the A-

site cations/vacancies ordering results in a decrease in bond lengths and bond angles 

which leads to tilting of the oxygen octahedra. This changes the bond valance of the A-

site cations in the perovskite structure which decreases τf [20]. The tilt transition of the 

oxygen octahedra affects temperature coefficient of dielectric permittivity (TCε) [21] 

and TCε is related to TCF by the Eq. 7.2  

                                                     𝑇𝐶𝐹 =  −(
𝑇𝐶∈

2
+ 𝛼)……………………..…….. (7.2) 

where α is the coefficient of linear thermal expansion, so TCF is also affected [22]. 
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Figure 7.7 The observed variation in relative density and dielectric constant with 

increasing Nd+3content 

 

Figure 7.8 The observed variation in quality factor and TCF with increasing x (Nd 

content) 
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Table 7.3 The observed density, theoretical density, relative density and microwave 

dielectric properties of [(Ca, Sr)1-x Nd2x/3]TiO3 (x = 0.1, 0.25, 0.5, 0.75) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

x ρobs ρth ρrel % εr Q×f GHz τf ppm/oC fo GHz 

0.1 4.54 4.69 96.8 198.6 5969 +329.5 3.096 

0.25 4.64 4.86 95.5 150.3 5012 +162 3.505 

0.5 4.76 5.09 93.5 108.2 2683 +89.9 4.126 

0.75 4.99 5.36 93.1 92.4 1105 +64.2 4.549 
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CHAPTER VIII 

CONCLUSION 

The aim of the present work was to study the effect of A-site defects on the structure 

and microwave dielectric properties of A-site deficient perovskite ceramics in the 

system [(Ca, Sr)x (La, Nd)2/3-2x/3]TiO3 with 0 ≤ x ≤ 1. Different compositions were 

synthesized in this system for different values of x using a mixed oxide solid state route 

and were characterized by conventional XRD, synchrotron XRD, Raman spectroscopy, 

SEM, EDS and vector network analyzer for phase, crystal structure, microstructure, 

elemental compositions and microwave dielectric properties respectively. The major 

conclusions of this study are summarized below: 

8.1 (La, Nd)2/3TiO3 Microwave Dielectric Ceramics 

1. XRD results showed that the (La, Nd)2/3TiO3 composition sintered into biphasic 

ceramics i.e. (La, Nd)0.667TiO3 as the major phase and  (La, Nd)4Ti9O24 as a 

secondary phase 

2. Superlattice reflections were observed which indicated the presence of A-site 

cations / vacancies ordering 

3. A decrease in grain size was observed with increasing sintering temperature 

causing an increase in the observed density with increasing temperature 

4. For the samples calcined and sintered in air, the microwave dielectric properties 

were εr = 40.35, Q × 𝑓 = 3499 GHz and τf = 0 ppm/ºC. 

5. Calcining the samples in nitrogen atmosphere caused an increase of ~17% in 

Q × 𝑓 whereas εr and τf  were not affected 

8.2 [(Ca, Sr)x (La, Nd)2/3-2x/3]TiO3 Microwave Dielectric Ceramics 

1. The synchrotron XRD of [(Ca, Sr)x (La, Nd)2/3-2x/3]TiO3 revealed a structural 

phase transition from tetragonal (I4/mcm) to orthorhombic (Pbnm) symmetry 

for x > 0.7 

2. Raman spectroscopy also demonstrated a decrease in the vibrational modes for 

x = 0.8 and 0.9 which indicated structural phase transition from I4/mcm 

symmetry to Pbnm 

3. Synchrotron XRD also revealed the presence of a secondary phase (La, 

Nd)4Ti9O24 at x = 0.1 and 0.2 

4. Superlattice reflections were present for the compositions with x = 0.1 and 0.2 

due to the A-site ordering 
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5. The grain size was observed to increase up to x = 0.7 and then decreased for the 

compositions with x > 0.7 

6. The relative density was observed to decrease with increasing x 

7.  εr was observed to increase with an increase in x to 0.7 and then decreased upon 

further increase in x 

8. It was observed that Q × 𝑓 was influenced by the A-site ordering up to x = 0.6  

and then by density for the compositions with x > 0.6 

9. An increase in τf was also observed for increasing x 

8.3 Ca1-xSrxTiO3 (x = 0.1 – 0.9) Microwave Dielectric Ceramics 

1. Single phase Ca1-xSrxTiO3 (x = 0.1 – 0.9) microwave dielectric ceramics formed 

via a mixed oxide solid state route 

2. Synchrotron XRD and Raman spectroscopy showed structural phase transition 

from Pbnm to I4/mcm at x = 0.75 

3. An increase was observed in the unit cell volume with increasing Sr content 

4. Irregular shaped grains were observed in the SEM images with size ranging 

from 2.3 - 17.9 μm 

5. Pores could be seen in SEM images recorded for the x = 0.1 and 0.25 

compositions which might be a possible reason for their low relative density 

6. εr was observed to increase from 148 to 260 with an increase in x from 0.1 to 

0.5 and then decreased to 241 upon further increase in x to 0.9 

7. A decrease in Q × 𝑓 and increase in τf was observed with increasing x 

 

8.4 [(Ca, Sr)1-xNd2x/3] TiO3 Microwave Dielectric Ceramics  

1. Synchrotron XRD and Raman spectroscopy of [(Ca, Sr)1-xNd2x/3] TiO3 

suggested structural phase transition from orthorhombic (Pbnm) for x = 0.1 and 

0.25 to tetragonal (I4/mcm) for x = 0.5 and 0.75 

2. The XRD peaks were observed to shift towards larger 2θ and smaller d-values 

with increasing x 

3. A decrease was observed in the unit cell volume with increasing x 

4. Increasing x caused an increase in A-site ordering 

5. SEM micrographs reveals an increase in the grain size from 5μm to 22 μm 

6. A decrease was observed in relative density as a result of increasing Nd content 

7. A decrease was observed in εr, Q×f and τf  with increasing x 



99 
 

SUGGESTIONS FOR FUTURE WORK 

1. To synthesize single phase (La, Nd)2/3TiO3 of enhanced microwave dielectric 

properties by changing sintering temperature and sintering atmosphere  

2. To use TEM and neutron powder diffraction technique for the crystal structure 

confirmation of  [(Ca, Sr)x (La, Nd)2/3-2x/3]TiO3 

3. To use some other rare earth elements like Sm and Gd to lower the TCF of the 

CST system 


