
SOLID-STATE NMR STUDIES AT THE 

STRUCTURAL PHASE TRANSITION REGION 

OF FERROELECTRIC MATERIALS 

 

Thesis Submitted to AcSIR for the Award of the Degree of 

DOCTOR OF PHILOSOPHY 

In Chemical Sciences 

 

By 

Anjali K 

Registration Number: 10CC11J26001 

Under the guidance of  

Dr. T.G. Ajithkumar 

and 

Dr. P. A. Joy 

CSIR-National Chemical Laboratory 

Pune 411008, India 

December 2016 







 

i 

 

Acknowledgements 

I wish to place on record my profound gratitude to my research supervisor Dr. T. G. 

Ajithkumar for his guidance and advice throughout the course of this investigation. I am 

extremely grateful to Dr. P.A. Joy, my co-guide for designing the work, timely advice, and 

inspiring guidance extended for the successful completion of this project. 

I express my sincere thanks to the former directors Dr. S. Sivaram, Dr. Sourav Pal and the 

present director Dr. Ashwini Kumar Nangia for their permission to work in this prestigious 

institution. I would like to thank Dr. P. R. Rajamohanan, Head, central NMR facility, and Dr. 

Anilkumar, Head, physical and material chemistry division, for providing the necessary 

facilities and allowing to work in their respective departments without any constraints. I 

would like to acknowledge Dr. V. Kumar (Director, C-MET, Thrissur) for permitting me to 

carry out the ferroelectric measurements from C-MET Thrissur.  

I am grateful to Dr. S. Ganapathy, Dr. K. Sreekumar and Dr. R. Nandini Devi for their 

valuable advice and inspiration. It is my great pleasure to thank the NMR staffs, Dr. Sapna 

Ravindranath, Mr. Sathe, Mrs. Phalgune, Mr. Suryavanshi, Mr. Mane, Mr. Umesh and Mr. 

Sachin  

I am extremely thankful to all my fellow research scholars, Vijay, Sreeja, Khaja, Mangesh, 

Pankaj, Lenin, Bindhu, Eldho, Ramsunder, Govindraj, Jayaprabha, Manjunath, Mohan, 

Ananth and Arun, for providing nice working environment and cooperation. My special 

thanks to Joyasish for his help in the dielectric measurements. I thank Divya (C-MET 

Thrissur) for the the P-E hysteresis measurements. I would like to thank all my friends who 

made my life at NCL more jovial. I record my heartfelt appreciations to Beena and Jijil for 

their goodwill and help extended to me for the completion of this project.  

Financial assistance from UGC is greatly acknowledged. 

 

 

          Anjali K 

 

 



 



 

iii 

 

Contents 

 

1 Introduction 1 

 1.1 Perovskites 3 

 1.2 Solid solutions 7 

 1.3 Ferroelectricity 7 

 1.4 Ferroelectric perovskites  13 

 1.5 Relaxor ferroelectrics 15 

 1.6 Structural phase transition and morphotropic phase boundary 16 

 1.7 Lead-free ferroelectric perovskites 21 

 1.8 Objective of the present work 23 

    

2 Experimental Methods 27 

 2.1 Introduction 29 

 2.2 Materials used 29 

 2.3 Synthesis methods 29 

  2.3.1 Ceramic method (Solid state method) 30 

  2.3.2 Citrate-gel method 31 

 2.4 Characterization techniques 32 

  2.4.1 Powder X-ray diffraction 32 

   2.4.1.1 Rietveld refinement 33 

  2.4.2 Solid-state NMR 35 

   2.4.2.1 Magic angle spinning experiments 36 

   2.4.2.2 Multiple quantum magic angle spinning 37 

   2.4.2.3 Line shape of the central transition of half-integer 

quadrupolar nuclei 

38 

   2.4.2.4 Deconvolution of NMR spectrum 39 

  2.4.3 Raman spectroscopy 40 

  2.4.4 Scanning electron microscopy 42 

  2.4.5 Density measurements 42 

  2.4.6 Dielectric measurements 43 

  2.4.7 Polarization Vs electric field hysteresis loop measurements 43 



 

iv 

 

3 Studies on (1-x)Bi0.5Na0.5TiO3–xBi0.5K0.5TiO3 Series 45 

 3.1 Introduction 47 

 3.2 Synthesis 48 

 3.3 Powder X-ray diffraction 49 

 3.4 Raman spectroscopy 57 

 3.5 Solid-state NMR spectroscopy 68 

 3.6 Scanning electron microscopy 72 

 3.7 Density 74 

 3.8 Dielectric constant 75 

 3.9 Polarization 79 

 3.10 Structure-property correlations 82 

 3.11 Conclusions 84 

    

4 Studies on (1-x)Bi0.5Na0.5TiO3–xBi0.5Li0.5TiO3 Series 87 

 4.1 Introduction 89 

 4.2 Synthesis 90 

 4.3 Powder X-ray diffraction 91 

 4.4 Raman spectroscopy 97 

 4.5 Solid-state NMR spectroscopy 105 

  4.5.1 
23

Na NMR 105 

  4.5.2 
7
Li NMR 109 

 4.6 Scanning electron microscopy 114 

 4.7 Density 115 

 4.8 Dielectric constant 116 

 4.9 Structure-property correlations 118 

 4.10 Conclusions 121 

    

5 Studies on (1-x)Bi0.5Na0.5TiO3–(x/2)Bi0.5Li0.5TiO3–(x/2)Bi0.5K0.5TiO3 Series 123 

 5.1 Introduction 125 

 5.2 Synthesis 126 

 5.3 Powder X-ray diffraction 127 

 5.4 Raman spectroscopy 131 

 5.5 Solid-state NMR spectroscopy  138 



 

v 

 

  5.5.1 
23

Na NMR 138 

  5.5.2 
7
Li NMR

 
141 

 5.6 Scanning electron microscopy 144 

 5.7 Density 146 

 5.8 Dielectric constant 147 

 5.9 Structure-property correlations 148 

 5.10 Conclusions 151 

    

6 Studies on (1-x)Bi0.5Na0.5TiO3–xLa0.5Na0.5TiO3 Series 153 

 6.1 Introduction 155 

 6.2 Synthesis 157 

 6.3 Powder X-ray diffraction 158 

 6.4 Raman spectroscopy 162 

 6.5 Solid-state NMR spectroscopy 167 

  6.5.1 
23

Na NMR 167 

  6.5.2 
139

La NMR
 

170 

 6.6 Scanning electron microscopy 174 

 6.7 Density 175 

 6.8 Dielectric constant 176 

 6.9 Structure-property correlations 177 

 6.10 Conclusions 179 

    

7 Conclusions and Future perspectives 181 

 7.1 Conclusions 183 

 7.2 Future perspectives 189 

 

 

 



 



 

vii 

 

List of tables 

 

1.1 Properties of perovskites 3 

1.2 Centrosymmetric and noncentrosymmetric point groups 8 

1.3 Perovskites and their properties 13 

1.4 Electromechanical properties of single crystals 20 

1.5 Piezoelectric properties of BNT-BKT based solid solution 22 

3.1 Compositions in the (1-x)BNT–xBKT series and the corresponding sample codes 48 

3.2 Lattice parameters, reduced χ2 
and RP values of (1-x)BNT–xBKT obtained from 

Rietveld analysis 

52 

3.3 Lattice parameters, reduced χ2  and RP  values of (1-x)BNT–xBKT (0.18≤  x≤ 

0.36) with mixed phases of monoclinic Cc and tetragonal P4bm space groups 

57 

3.4 Irreducible representation of BNT. 58 

3.5 Irreducible representation of BKT. 58 

3.6 Density and grains size of different compositions in the (1-x)BNT–xBKT series 74 

4.1 Compositions in the (1-x)BNT–xBLT series and the corresponding sample codes 90 

4.2 Lattice parameters, reduced χ2 
and Rp values of (1-x)BNT–xBLT obtained from 

Rietveld analysis 

93 

4.3 Parameters extracted from the 
23

Na MAS NMR spectra 107 

4.4 Parameters extracted from the 
7
Li MAS NMR spectra and G/L is the ratio of the 

Gaussian/Lorentzian components 

111 

4.5 Density and grains size of different compositions in the (1-x)BNT-xBLT series 115 

5.1 Compositions in the (1-x)BNT–(x/2)BLT–(x/2)BKT series and the corresponding 

sample codes 

127 

5.2 Lattice parameters, reduced χ2 
and Rp  values of (1-x)BNT–(x/2)BLT-(x/2)BKT 

obtained from Rietveld analysis 

130 

5.3 Parameters extracted from the 
23

Na MAS NMR spectra 140 

5.4 Parameters extracted from the 
7
Li MAS NMR spectra 143 

5.5 Density and grain size of different compositions in the (1-x)BNT–(x/2)BLT–

(x/2)BKT series 

145 

6.1 Compositions in the (1-x)Bi0.5Na0.5TiO3xLa0.5Na0.5TiO3 series and the 

corresponding sample codes 

157 



 

viii 

 

6.2 Lattice parameters, reduced χ2 
and Rp values of (1-x)BNT–xLNT obtained from 

Rietveld analysis 

158 

6.3 Parameters extracted from 
23

Na MAS NMR spectra 170 

6.4 Parameters extracted from 
139

La MAS NMR spectra 173 

6.5 Density and grain size of different compositions in the (1-x)BNT–xLNT series 174 

 

 

  

 

 

 



 

ix 

 

List of figures 

 

1.1 Perovskite structure with BX6 octahedra and A cation in the center 4 

1.2 Ferroelectric hysteresis loop showing remnant polarization PR, coercive field EC 

and saturation polarization PS 

9 

1.3 The mechanism of bipolar piezoelectric effect in ferroelectrics as a result of 

domain switching 

12 

1.4 Tetragonal BaTiO3 Unit cell 14 

1.5 Temperature dependence of the dielectric constant of BaTiO3 14 

1.6 Real part of permittivity as a function of frequency and temperature for a relaxor 

ferroelectric showing a broad diffuse maximum 

16 

1.7 Phase diagram of (1-x)PbZrO3-xPbTiO3 solid solution near MPB region(M – 

monoclinic, T- tetragonal, RHT – High temperature rhombohedral, RLT – Low 

temperature rhombohedral, C- Cubic) 

18 

1.8 Piezoelectric coupling in PZT, showing peak near MPB region 19 

1.9 Temperature versus composition phase diagram of the (1-x)Pb(Mg1/3Nb2/3)O3-

PbTiO3 (C- cubic, R- rhombohedral, M-monoclinic, T- tetragonal) 

20 

2.1 Pulse sequence and coherence diagram of 3QMAS experiment 37 

2.2 Line shape of central transition of the half integer quadrupolar nuclei 38 

3.1 Powder XRD patterns of selected compositions in the (1-x)BNT–xBKT solid 

solution series. Simulated pattern of BNT is shown at the bottom for comparison 

50 

3.2 Results of the Rietveld refinement analysis of BNT using (a) rhombohedral R3c 

and (b) monoclinic Cc space groups 

51 

3.3 Results of the Rietveld refinement analysis of (1-x)BNT–xBKT using the 

monoclinic Cc space group, for 0.02BKT, 0.06BKT, 0.10BKT and 0.12BKT 

53 

3.4 Variation of the monoclinic lattice parameters (a) ‘a’, (b) ‘b’, (c) ‘c’ and (d) cell 

volume of (1-x)BNT–xBKT solid solution series as a function of x 

54 

3.5 Results of the Rietveld refinement analysis of 0.24BKT using (a)  Cc space 

group and (b) mixed phases of Cc and P4bm space groups. Insets show the 

goodness of the fit using the two different models 

55 

3.6 Results of the Rietveld refinement analysis of (1-x)BNT–xBKT using mixed 

phases of  monoclinic Cc and tetragonal P4bm space groups, for 0.18BKT, 

56 



 

x 

 

0.22BKT, 0.28BKT and 0.32BKT 

3.7 Raman Spectra of different compositions in the (1-x)BNT–xBKT series for 0  x 

 0.36 (x = 0.02) 

59 

3.8 Deconvoluted Raman spectra of BNT, 0.02BKT, 0.04BKT, 0.06BKT, in (1-

x)BNT–xBKT. The black, red and blue curves correspond to experimental 

spectra, fitted curves and the individual components, respectively 

60 

3.9 Deconvoluted Raman spectra of 0.08BKT, 0.10BKT, 0.12BKT, and 0.14BKT, 

0.16BKT, 0.18BKT in (1-x)BNT–xBKT. The black, red and blue curves 

correspond to experimental spectra, fitted curves and the individual components, 

respectively 

61 

3.10 Deconvoluted Raman spectra of 0.20BKT, 0.22BKT, 0.24BKT, 0.26BKT, 

0.28BKT, and 0.30BKTin (1-x)BNT–xBKT. The black, red and blue curves 

correspond to experimental spectra, fitted curves and the individual components, 

respectively 

62 

3.11 Deconvoluted Raman spectra of 0.32BKT, 0.34BKT, and 0.36BKT in (1-

x)BNT–xBKT. The black, red and blue curves correspond to experimental 

spectra, fitted curves and the individual components, respectively 

63 

3.12 Changes in the (a) peak position and (b) area under the peak of the band below 

180 cm
-1

 in the Raman spectra as a function of x in (1-x)BNT–xBKT 

64 

3.13 Total area and area under the individual peaks of the Raman band in the 

180400 cm
-1

 region as a function of x in (1-x)BNT–xBKT., (a) total area, (b) 

area under the 1
st
 peak, (c) area under the 2

nd
 peak, (d) area under the 3

rd
 peak 

64 

3.14 Total area and area under the individual peaks of the Raman band in the 

400700 cm
-1

 region as a function of x in (1-x)BNT–xBKT., (a) total area, (b) 

area under the 1
st
 peak, (c) area under the 2

nd
 peak, (d) area under the 3

rd
 peak 

65 

3.15 Changes in the individual peak positions of the Raman band in the             

400700 cm
-1 

region as a function of x in (1-x)BNT–xBKT.(a) 1
st
 peak, (b) 2

nd
 

peak, (c) 3
rd

 peak 

67 

3.16 (a) 
23

Na NMR spectra of the different compositions in the (1-x)BNT–xBKT 

series, (b) Zoomed view of the central region. Spectra are shown for x = 0.02 

69 

3.17 Comparison of the experimental and simulated 
23

Na NMR spectra of BNT, 

0.11BKT, 0.20BKT, and 0.36BKT in the (1-x)BNT–xBKT series 

70 

3.18 Variation of  
23

Na CQ
*
 of (1-x)BNT–xBKT series as a function of x 71 



 

xi 

 

3.19 
23

Na MQ MAS NMR spectra of different compositions in the (1-x)BNT–xBKT 

series;  a) BNT, b) 0.11BKT, c) 0.20BKT, and d) 0.36BKT 

72 

3.20 SEM images of different compositions in the (1-x)BNT–xBKT system. The 

scale shown is common for all images 

73 

3.21 Variation of the sintered density of (1-x)BNT–xBKT solid solution as a function 

of x 

75 

3.22 Variation of the dielectric constant of (1-x)BNT–xBKT as a function of x 76 

3.23 Variation of the dielectric constant of different compositions of (1-x)BNT–

xBKT as a function of temperature  

77 

3.24 The first transition temperature (Tt) of (1-x)BNT–xBKT solid solution as a 

function of x 

77 

3.25 Curie temperature (TC) of (1-x)BNT–xBKT solid solution as a function of x 78 

3.26 P-E hysteresis loop of different compositions in (1-x)BNT–xBKT 80 

3.27 Comparison of the P-E hysteresis loops of selected compositions of (1-x)BNT–

xBKT 

81 

3.28 Polarisation at 2000 V as a function of x in (1-x)BNT–xBKT 81 

3.29 Comparison of the dielectric constant and the area under the Raman band in the 

200-400 cm
-1

 region as a function of x in the (1-x)BNT–xBKT series 

82 

3.30 Comparison of the position of the Raman peak below 180 cm
-1

 and the 
23

Na 

quadrupolar coupling constant from NMR spectra, as a function of x in (1-

x)BNT–xBKT 

83 

4.1 Powder XRD patterns of different compositions in the (1-x)BNT–xBLT solid 

solution series. Simulated pattern of BNT is shown at the bottom for comparison 

92 

4.2 Results of the Rietveld refinement analysis of (1-x)BNT–xBLT using the 

monoclinic Cc space group, for BNT, 0.02BLT, 0.04BLT, 0.06BLT, 0.08BLT, 

and 0.10BLT 

94 

4.3 Results of the Rietveld refinement analysis of (1-x)BNT–xBLT using the 

monoclinic Cc space group, for 0.12BLT, 0.14BLT, 0.16BLT, 0.18BLT, and 

0.20 BLT 

95 

4.4 Variation of monoclinic lattice parameters (a) ‘a’, (b) ‘b’, (c) ‘c’, and (d) angle β 

of (1-x)BNT–xBLT solid solution series  as a function of x 

96 

4.5 Variation of unit cell volume of (1-x)BNT–xBLT solid solution series as a 

function of x 

97 



 

xii 

 

4.6 Raman spectra of different compositions of (1-x)BNT–xBLT for 0  x  0.20 

(x = 0.02) 

98 

4.7 Deconvoluted Raman spectra of BNT, 0.02BLT, 0.04BLT, 0.06BLT, 0.08BLT 

and 0.10BLT in (1-x)BNT–xBLT. The black, red and blue curves correspond to 

experimental spectra, fitted curves and the individual components, respectively 

99 

4.8 Deconvoluted Raman spectra of 0.12BLT, 0.14BLT, 0.16BLT, 0.18BLT, and 

0.20BLT in (1-x)BNT–xBLT. The black, red and blue curves correspond to 

experimental spectra, fitted curves and the individual components, respectively 

100 

4.9 Changes in the (a) peak position and (b) area under the peak of the band below 

200 cm
-1

 in the Raman spectra as a function of x in (1-x)BNT–xBLT 

101 

4.10 Changes in the individual peak positions of the Raman band in the            

200400 cm
-1 

region as a function of x in (1-x)BNT–xBLT. (a) 1
st
 peak, (b) 2

nd
 

peak, (c) 3
rd

 peak 

102 

4.11 Total area and area under the individual peaks of the Raman band in the 

200400 cm
-1

 region as a function of x in (1-x)BNT–xBLT., (a) total area, (b) 

area under the 1
st
 peak, (c) area under the 2

nd
 peak, (d) area under the 3

rd
 peak 

103 

4.12 Changes in the individual peak positions of the Raman band in the            

400800 cm
-1 

region as a function of x in (1-x)BNT–xBLT.(a) 1
st
 peak, (b) 2

nd
 

peak, (c) 3
rd

 peak 

104 

4.13 Total area and area under the individual peaks of the Raman band in the 

400800 cm
-1

 region as a function of x in (1-x)BNT-xBLT, (a) total area, (b) 

area under the 1
st
 peak, (c) area under the 2

nd
 peak, and (d) area under the 3

rd
 

peak 

105 

4.14 (a) 
23

Na NMR spectra of the different compositions in the (1-x)BNT–xBLT 

series, (b) Zoomed view of the central region. Spectra are shown for x = 0.02 

106 

4.15 Comparison of the experimental and simulated 
23

Na MAS NMR spectra of 

selected compositions (BNT, 0.08BLT, 0.14BLT, 0.20BLT) of the (1-x)BNT–

xBLT series 

108 

4.16 Variation of 
23

Na CQ
*
of (1-x)BNT–xBLT series as a function of x 109 

4.17 (a) 
7
Li NMR spectra of the different compositions in the (1-x)BNT–xBLT series, 

(b) Zoomed view of the central region. Spectra are shown for x=0.02 

110 

4.18 Comparison of the experimental and simulated 
7
Li MAS NMR spectra of 

selected compositions (0.02BLT, 0.08BLT, 0.14BLT, 0.20BLT) of the (1-

112 



 

xiii 

 

x)BNT–xBLT series 

4.19 Variation of  
7
Li CQ

 
of (1-x)BNT–xBLT series as a function of x 113 

4.20 Variations of (a) Gaussian and (b) Lorentzian components of 
7
Li spectra as a 

function of x in (1-x)BNT–xBLT 

113 

4.21 SEM micrographs of different compositions in the (1-x)BNT–xBLT series. The 

scale shown is common for all images 

114 

4.22 Variation of the sintered density of (1-x)BNT–xBLT solid solution as a function 

of x 

116 

4.23 Variation of the dielectric constant of (1-x)BNT–xBLT as a function of x, inset 

showing zoomed figure for 0 ≤ x ≤ 0.1 

117 

4.24 Comparison of lattice parameter ‘b’, dielectric constant (εr) and area under the 

first component of the Raman band in the 200-400 cm
-1

 region, as a function of 

x in the (1-x)BNT–xBLT series 

119 

4.25 Comparison of the changes in Lorentzian component of 
7
Li NMR spectra, 

quadrupolar coupling constant (CQ
*
) of 

23Na spectra and dielectric constant (εr) 

as a function of x in the (1-x)BNT–xBLT series 

119 

4.26 Comparison of lattice parameter ‘a’, peak centre of the Raman band below 200 

cm
-1

 and Gaussian component of the 
7
Li NMR spectra 

120 

5.1 Powder XRD patterns of different compositions in the (1-x)BNT–(x/2)BLT–

(x/2)BKT solid solution series. Simulated pattern of BNT is shown at the bottom 

for comparison 

128 

5.2 Results of Rietveld refinement analysis of (1-x)BNT–(x/2)BLT–(x/2)BKT using 

monoclinic Cc space group, for x = 0.06, x = 0.12, x = 0.18, x = 0.24 

129 

5.3 Variation of monoclinic lattice parameters (a) ‘a’, (b) ‘b’, (c) ‘c’ and (d) angle β 

of (1-x)BNT–(x/2)BLT–(x/2)BKT solid solution as a function of x 

130 

5.4 Variation of unit cell volume of (1-x)BNT–(x/2)BLT–(x/2)BKT solid solution 

series as a function of x 

131 

5.5 Raman spectra of different compositions of (1-x)BNT–(x/2)BLT–(x/2)BKT 131 

5.6 Deconvoluted Raman spectra of x = 0.06, x = 0.12, x = 0.18 and x = 0.24 in      

(1-x)BNT–(x/2)BLT–(x/2)BKT. The black, red and blue curves correspond to 

experimental spectra, fitted curves and the individual components, respectively 

132 

5.7 Changes in the area under the curve of the band below 180 cm
-1

 in the Raman 

spectra as a function of x in (1-x)BNT–(x/2)BLT–(x/2)BKT 

133 



 

xiv 

 

5.8 Changes in individual peak positions under the band in the 200-400 cm
-1 

region 

as a function of x in (1-x)BNT–(x/2)BLT–(x/2)BKT;(a) 1
st
 peak, (b) 2

nd
 peak, (c) 

3
rd

 peak 

134 

5.9 Total area and area under the individual peaks under the band in the region 200-

400 cm
-1 

as a function of x in (1-x)BNT–(x/2)BLT–(x/2)BKT;(a) total area, (b) 

area under the 1
st
 peak, (c) area under the 2

nd
 peak, and (d) area under the 3

rd
 

peak 

135 

5.10 Changes in the individual peak positions of the Raman band in the 400800 cm
-

1 
region as a function of x in (1-x)BNT–(x/2)BLT–(x/2)BKT;(a) 1

st
 peak, (b) 2

nd
 

peak, and (c) 3
rd

 peak 

136 

5.11 Total area and area under the individual peaks of the Raman band in the        

400-800 cm
-1

 as a function of x in (1-x)BNT-(x/2)BLT-(x/2)BKT, (a) total area, 

(b) area under the 1
st
 peak, (c) area under the 2

nd
 peak, and (d) area under the 3

rd
 

peak 

137 

5.12 (a) 
23

Na NMR spectra of the different compositions in the (1-x)BNT–(x/2)BLT–

(x/2)BKT series, (b) Zoomed view of the central region 

138 

5.13 Comparison of the experimental and simulated 
23

Na MAS NMR spectra of 

selected compositions (x = 0.06, x = 0.12, x = 0.18, x = 0.24) of the (1-x)BNT–

(x/2)BLT–(x/2)BKT  series 

139 

5.14 Variation of 
23

Na CQ
*
of (1-x)BNT–(x/2)BLT–(x/2)BKT as a function of x 140 

5.15 (a) 
7
Li NMR spectra of the different compositions in the (1-x)BNT–(x/2)BLT–

(x/2)BKT series, (b) Zoomed view of the central region 

142 

5.16 Comparison of the experimental and simulated 
7
Li MAS NMR spectra of 

selected compositions (x = 0.06, x = 0.12, x = 0.18, x = 0.24) of the (1-x)BNT–

(x/2)BLT–(x/2)BKT  series 

143 

5.17 Variations of (a) Gaussian and (b) Lorentzian components of 
7
Li spectra as a 

function of x in (1-x)BNT–(x/2)BLT–(x/2)BKT  

144 

5.18 SEM images micrographs of different compositions in the (1-x)BNT–(x/2)BLT–

(x/2)BKT series. The scale shown is common for all images 

145 

5.19 Variation of the sintered density of (1-x)BNT–(x/2)BLT–(x/2)BKT as a function 

of x 

146 

5.20 Variation of the dielectric constant of (1-x)BNT–(x/2)BLT–(x/2)BKT as 

function of x 

147 



 

xv 

 

5.21 Comparison of lattice parameter ‘b’, dielectric constant (εr) and area under the 

Raman band in the 200-400 cm
-1

 region of the Raman spectra 

149 

5.22 Comparison of density, quadrupolar coupling of 
23

Na and the peak centre of the 

second band in the 200-400 cm
-1

 

150 

5.23 Comparison of 
7
Li NMR Gaussian component and the area under the peak 

below 180 cm
-1

in (1-x)BNT-(x/2)BLT-(x/2)BKT solid solution 

150 

6.1 Powder XRD patterns of different compositions in (1-x)BNTxLNT solid 

solution series. Simulated pattern of BNT is shown at the bottom for comparison 

159 

6.2 Results of the Rietveld refinement of (1-x)BNT–xLNT using monoclinic Cc 

space group, for BNT, 0.1LNT, 0.2LNT, 0.3LNT, 0.4LNT 

160 

6.3 Variation of monoclinic lattice parameters (a) ‘a’, (b) ‘b’, (c) ‘c’ and (d) angle β 

of (1-x)BNT–xLNT  solid solution as a function of x 

161 

6.4 Variation of unit cell volume of (1-x)BNTxLNT solid solution series as a 

function of x 

162 

6.5 Raman spectra of different compositions of (1-x)BNTxLNT 163 

6.6 Deconvoluted Raman spectra of BNT, 0.1LNT, 0.2LNT, 0.3LNT, and 0.4LNT 

in (1-x)BNTxLNT. The black, red and blue curves correspond to experimental 

spectra, fitted curves and the individual components, respectively 

164 

6.7 Changes in the area under the curve of the band below 180 cm
-1

 in the Raman 

spectra as a function of x in (1-x)BNT–xLNT 

165 

6.8 Changes in the area under the 200400 cm
-1 

band in the Raman spectra as a 

function of x in (1-x)BNT–xLNT 

165 

6.9 Changes in the area under the 400-700 cm
-1

 band in the Raman spectra as a 

function of x in (1-x)BNT–xLNT 

166 

6.10 (a) 
23

Na NMR spectra of the different compositions in the (1-x)BNT–xLNT 

series, (b) Zoomed view of the central region 

168 

6.11 Comparison of the experimental and simulated 
23

Na MAS NMR spectra of 

selected compositions (0.1LNT, 0.2LNT, 0.3LNT, 0.4LNT) of (1-x)BNT–xLNT 

169 

6.12 Variation of the 
23

Na CQ
*
of (1-x)BNT–xLNT as a function of x 170 

6.13 (a) 
139

La NMR spectra of the different compositions in the (1-x)BNT–xLNT 

series, (b) Zoomed view of the central region 

171 

6.14 Comparison of the experimental and simulated 
139

La MAS NMR spectra of 

selected compositions (0.1LNT, 0.2LNT, 0.3LNT, 0.4LNT) of (1-x)BNT–xLNT 

172 



 

xvi 

 

6.15 Variation of the 
139

La CQ
*
of (1-x)BNT–xLNT as a function of x 173 

6.16 SEM micrographs of different compositions in the (1-x)BNT–xLNT series. The 

scale shown is common for all images  

174 

6.17 Variation of the sintered density of (1-x)BNT–xLNT as a function of x 175 

6.18 Variation of the dielectric constant of (1-x)BNT–xLNT as a function of x  176 

6.19 Comparison of the changes in the 
139

La NMR quadrupolar coupling (CQ
*
) and 

the unit cell volume as a function of x in (1-x)BNT–xLNT 

178 

6.20 Comparison of the changes in the 
23

Na NMR quadrupolar coupling (CQ
*
), 

dielectric constant (εr), density and the area under the band in the 200-400 cm
-1 

region in the Raman spectra, as a function of x in (1-x)BNT–xLNT 

178 

7.1 Comparison of the variation of dielectric constants of Bi0.5Na0.5TiO3–

Bi0.5K0.5TiO3 (BNT–BKT), Bi0.5Na0.5TiO3–Bi0.5Li0.5TiO3 (BNT–BLT), 

Bi0.5Na0.5TiO3–Bi0.5Li0.5TiO3–Bi0.5K0.5TiO3 (BNT–BLT–BKT) and 

Bi0.5Na0.5TiO3–La0.5Na0.5TiO3 (BNT–LNT) solid solutions 

186 

7.2 Comparison of the 
23

Na quadrupolar coupling constant (CQ
*
) of Bi0.5Na0.5TiO3–

Bi0.5K0.5TiO3 (BNT–BKT), Bi0.5Na0.5TiO3–Bi0.5Li0.5TiO3 (BNT–BLT), 

Bi0.5Na0.5TiO3–Bi0.5Li0.5TiO3–Bi0.5K0.5TiO3 (BNT–BLT–BKT) and 

Bi0.5Na0.5TiO3–La0.5Na0.5TiO3 (BNT–LNT) solid solutions 

187 

7.3 Comparison of the density of Bi0.5Na0.5TiO3–Bi0.5K0.5TiO3 (BNT–BKT), 

Bi0.5Na0.5TiO3–Bi0.5Li0.5TiO3 (BNT–BLT), Bi0.5Na0.5TiO3–Bi0.5Li0.5TiO3–

Bi0.5K0.5TiO3 (BNT–BLT–BKT) and Bi0.5Na0.5TiO3–La0.5Na0.5TiO3(BNT–LNT) 

solid solutions 

188 

 

 



 

xvii 

 

List of Abbreviations and symbols 

 

BLT: Bi0.5Li0.5TiO3  

BNT: Bi0.5Na0.5TiO3 

BKT: Bi0.5K0.5TiO3 

CT: Central transition 

DAS: Dynamic angle spinning 

DOR: Double rotation 

LNT: La0.5Na0.5TiO3 

MAS: Magic angle spinning 

MQMAS: Multiple quantum magic angle spinning 

PCW: Powder cell for windows 

QA: Quadrupolar anisotropy 

RF: Radio frequency 

SSNMR: Solid-sate NMR 

SEM: Scanning electron microscopy  

XRD: X-ray diffraction 

1Q: Single quantum 

3Q: 3 Quantum 

CQ: Quadrupole coupling constant 

δiso: Isotropic chemical shift 

ΔCS: Chemical shift distribution 𝜂: Asymmetry parameter 

χ2
: Goodness of the fit 

 

 



 



  Abstract 

 

xix 

 

Abstract 

Lead free bismuth sodium titanate (Bi0.5Na0.5TiO3) based solid solutions are considered as an 

alternative for piezoelectric applications over the currently used material lead zirconate 

titanate (PbZr1-xTixO3), since they have comparable properties. Bi0.5Na0.5TiO3 has large 

remnant polarization ( Pr  =38  𝜇 C/cm
2
), high Curie temperature (TC= 320 

o
C), high 

electromechanical coupling constant and its extended strain under high field is almost 

comparable to that of PbZr1-xTixO3. However, Bi0.5Na0.5TiO3 has some drawbacks such as its 

high conductivity and large coercive field. Substitution of K
+ 

for Na
+
 in Bi0.5Na0.5TiO3 is 

found to be effective to enhance its performance parameters. The solid solution formed 

between Bi0.5Na0.5TiO3 and bismuth potassium titanate, Bi0.5K0.5TiO3 could overcome many 

of the drawbacks of Bi0.5Na0.5TiO3. In certain compositional regions of Bi0.5Na0.5TiO3–

Bi0.5K0.5TiO3 solid solution, high piezoelectric and dielectric responses are observed.  

Due to the different crystal structures of Bi0.5Na0.5TiO3 and Bi0.5K0.5TiO3, a structural 

phase transition is expected at a certain composition. In some studies, a morphotropic phase 

boundary (MPB) region is reported. However, there are some differing reports about the 

crystal structure of Bi0.5Na0.5TiO3, structural phase transition region, existence of the MPB 

region and the compositional range of the MPB region in the Bi0.5Na0.5TiO3–Bi0.5K0.5TiO3 

solid solution series.  Since solid state NMR (SSNMR) is an ideal tool to study local 

structural distortions, the objective of the present study is to clearly locate the onset of the 

phase transition as well as to identify the MPB region and to correlate the local structural 

distortions with the dielectric properties of the solid solutions of  Bi0.5Na0.5TiO3.  

A detailed analysis of the changes in the structure and properties of                               

(1-x)Bi0.5Na0.5TiO3–xBi0.5K0.5TiO3solid solutions is carried out in the present work. Since the 

ionic size of K
+
 is larger than that of Na

+
, the effect of size of the substituted ionis also 

studied, that will help to identify ways to improve the properties of ceramics. The effect of 

cation size on the structure and properties of Bi0.5Na0.5TiO3 is studied by substituting Na
+
 

with a smaller ion Li
+
 in the (1-x)Bi0.5Na0.5TiO3–xBi0.5Li0.5TiO3 solid solutions and co-

substitution of Li
+
 and K

+
 in (1-x)Bi0.5Na0.5TiO3–(x/2)Bi0.5Li0.5TiO3–(x/2)Bi0.5K0.5TiO3 

(where the average size of Li
+
 and K

+
 is comparable to that of Na

+
). Similarly the effect of 

the contribution of the 6s
2
 lone pair of Bi on the ferroelectric properties of Bi0.5Na0.5TiO3 is 

investigated by substituting Bi
3+

 with La
3+ 

in the Bi0.5Na0.5TiO3–La0.5Na0.5TiO3 solid solution 

series. Since Bi
3+

 and La
3+ 

have comparable ionic size, the contribution from the 6s
2
 lone pair 
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to the ferroelectric properties of the Bi0.5Na0.5TiO3 can be traced by analysing the changes in 

structure and properties of the Bi0.5Na0.5TiO3–La0.5Na0.5TiO3 solid solution.  

This thesis reports the studies on the structure-property correlations of the solid 

solutions of Bi0.5Na0.5TiO3–Bi0.5K0.5TiO3 (BNT–BKT), Bi0.5Na0.5TiO3–Bi0.5Li0.5TiO3 (BNT–

BLT), Bi0.5Na0.5TiO3–Bi0.5Li0.5TiO3–Bi0.5K0.5TiO3(BNT–BKT–BLT), and Bi0.5Na0.5TiO3–

La0.5Na0.5TiO3 (BNT–LNT). The changes in the crystal structure are analysed by the Rietveld 

refinement of the powder XRD patterns and the local symmetry changes are probed by 

Raman and SSNMR spectroscopy. Variations in the microstructure are studied by scanning 

electron microscopy (SEM). Changes in the structure and microstructure are correlated with 

the changes in the dielectric properties and density of the different compositions.  

Since the studied compositions have the perovskite structure, Chapter 1 is a general 

introduction to perovskites and their solid solutions, including their ferroelectric properties. 

Also, since the work reported in this thesis is on the structure, structural phase transition and 

morphotropic phase boundary in lead-free ferroelectric perovskites, a review of some of the 

well-known solid solutions of ferroelectric perovskites, their properties at the MPB region 

and lead-free ferroelectric perovskites are discussed in this chapter. 

Chapter 2 discusses about the synthesis of the solid solutions and details of various 

characterization techniques used in the present study such as XRD, Raman spectroscopy, 

solid-state NMR techniques and SEM. Since SSNMR is the main tool used to probe the local 

symmetry changes in the present work, different SSNMR techniques such as magic angle 

spinning (MAS) and multiple quantum MAS (MQMAS) are detailed in this chapter. 

Similarly, details of density, dielectric constant, and P-E hysteresis loop measurements have 

also been discussed in this chapter. 

Chapter 3 reports the studies on (1-x)BNT–xBKT solid solution series for very close 

compositions in the range 0 ≤  x ≤  0.36. Different compositions in the (1-x)BNT–xBKT solid 

solution series are synthesised by the ceramic method and the structural changes are studied 

by XRD, Raman and SSNMR spectroscopy. Properties of the solid solutions, such as 

dielectric constant, density and P-E hysteresis loop, are also measured and the changes in the 

properties are correlated with the structural changes. The Rietveld refinement of XRD 

patterns confirmed that single phase compositions with monoclinic Cc space group are 

formed below x < 0.18 and a biphasic MPB region with monoclinic Cc and tetragonal P4bm 

structures is observed in the compositional region with 0.18 ≤ x ≤ 0.36. Raman studies also 
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supported the results obtained from the XRD analysis, where major structural changes are 

observed after x = 0.18 from the Raman analysis. 
23

Na MQMAS NMR experiments showed 

that only one sodium site is present in the biphasic MPB region of Bi0.5Na0.5TiO3–

Bi0.5K0.5TiO3 solid solution. 
23

Na quadrupolar coupling constant is found to decrease up to x= 

0.15, increases above this composition up to x = 0.22 and then decreases again at higher 

compositions. The microstructure analysis showed the presence of fused and less porous 

grains in the MPB region. Some of the Raman parameters and 
23

Na quadrupolar coupling 

constant showed deviation above x = 0.15, indicating local symmetry changes above this 

composition on substitution. These observations lead to the conclusion that the onset of the 

MPB region of Bi0.5Na0.5TiO3–Bi0.5K0.5TiO3 starts above x = 0.15 due to the local symmetry 

changes which is well correlated with the changes in properties of the solid solutions. 

Chapter 4 reports the studies on the structure and properties of Bi0.5Na0.5TiO3 

obtained by substituting Na
+ 

by the smaller ion Li
+ 

in the solid solution series                        

(1-x)Bi0.5Na0.5TiO3–xBi0.5Li0.5TiO3, in  the range 0 ≤ x ≤ 0.20. Different compositions of         

(1-x)BNT-xBLT are synthesised by a citrate-gel method and the changes in structure are 

studied by XRD, Raman and SSNMR spectroscopy. Changes in the density and the dielectric 

properties with Li
+
 substitution are also reported in this chapter. XRD analysis showed that 

all the compositions are formed under monoclinic Cc space group and structural phase 

transition is absent in the studied compositional range. Structural distortion caused by 

substitution of Li
+
 is less compared to K

+ 
substitution in the Bi0.5Na0.5TiO3lattice. Although 

structural phase transition is not observed in the Bi0.5Na0.5TiO3–Bi0.5Li0.5TiO3 solid solution 

series, XRD and Raman results indicated minor structural distortion and local symmetry 

changes in the Bi0.5Na0.5TiO3 lattice with Li substitution. The XRD, Raman and SSNMR 

parameters showed similar trend in the changes with Li
+
 substitution. All the three parameters 

showed deviation above x = 0.1, indicating local symmetry changes and small distortion at 

this composition which is correlated with the variations in the microstructure, density and 

dielectric constant of the Bi0.5Na0.5TiO3–Bi0.5Li0.5TiO3 solid solution series. 

Chapter 5 reports the studies on the Li
+
 and K

+ 
co-substituted (1-x)Bi0.5Na0.5TiO3–

(x/2)Bi0.5Li0.5TiO3–(x/2)Bi0.5K0.5TiO3 solid solutions, where the average size of Li
+
 and K

+
 is 

comparable to that of Na
+
. Although no phase transition is observed in the solid solution 

series with substitution, changes in the XRD, Raman and SSNMR parameters indicated small 

distortion and local symmetry changes in the crystal lattice. A small increase in the dielectric 
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constant is observed which is due to the minor distortions in the crystal lattice due to 

substitution.  

Chapter 6 reports the studies on the Bi0.5Na0.5TiO3–La0.5Na0.5TiO3 solid solutions in 

the compositional range 0 ≤ x ≤ 0.4. The main motive of this study is to understand the 

contribution of Bi
3+ 

6s
2
 lone pair towards the ferroelectric properties of Bi0.5Na0.5TiO3, by 

replacing Bi
3+

 by La
3+

 having the same ionic size. All the compositions in the Bi0.5Na0.5TiO3–

La0.5Na0.5TiO3 solid solution series are formed under monoclinic Cc space group with only 

minor changes in the lattice parameters. The changes in the Raman and SSNMR parameters 

indicated that the local symmetry increased with La substitution due to the reduced effect of 

6s
2
 lone pair contribution to the crystal lattice. The decrease in the dielectric constant 

indicated decrease in the polarization. The deviation observed in the structural parameters 

around x = 0.1 is also observed in the density and dielectric constant of the solid solutions. 

Chapter 7 is an overall summary of the work presented in the thesis and important 

findings of the study have been discussed. The effect of the different substituents (Li
+
, K

+
, 

La
3+

) on the structure and properties of the Bi0.5Na0.5TiO3 solid solutions are compared in this 

chapter. The deviation observed around x = 0.1 in the quadrupolar coupling constant, density 

and dielectric constant of all the four solid solutions are discussed and correlated with the 

local symmetry changes. The importance of solid state NMR studies to obtain information on 

local structural changes and the close correlation between local symmetry changes and the 

properties of the solid solutions is highlighted. Based on the present results, the need for 

further detailed studies on the structure-property-processing correlations on the different 

compositions is discussed at the end of this chapter.  
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1.1. Perovskites 

Perovskites are inorganic compounds of the general formula ABX3, where A and B are cations 

and X is anion, usually oxygen.1 Some examples for perovskites are AgMgF3, CsPbI3, KCuF3, 

BaTiO3, LaMnO3, LiNbO3 etc. After the discovery of the dielectric and ferroelectric properties 

of BaTiO3 in the 1940s, many studies were carried out to improve the properties of BaTiO3 

which led to the discovery of many perovskites with the overall composition ABO3.
2 

The mineral calcium titanate (CaTiO3) is known as the perovskite, which was discovered 

by Gustav Rose in 1839 and was named after the Russian mineralogist Count Lev Alekseevich 

Perovski (1792-1856).3 The studies on the perovskite mineral led to many different materials 

with different chemical elements but the atomic arrangement the same as that of the perovskite 

mineral and they are said to have the perovskite structure. 

Table 1.1: Properties of perovskites.3 

Materials Properties 

BaTiO3, Pb(Mg1/3Nb2/3)O3 Capacitors 

Pb(ZrTi)O3, LiNbO3 Piezoelectric 

SrTiO3 Insulator 

MgSiO3 Major constituent of earth 

LaCrO3 Metallic conductor 

K(Ta,Nb)O3 Pyroelectric, electro-optic 

LiNbO3 Electro-optic 

LaAlO3, YAlO3 Host material for rare earth luminescent ions 

(La,Sr)BO3, B= Mn, Fe, Co Mixed conduction, catalyst 

LaGaO3 Oxide-ion conduction 

(La, A)MnO3, A = Ca, Sr, 

Ba 

Ferromagnetism, giant magnetoresistance, spin 

polarized electrons  

SrRuO3 Ferromagnetism 

BiFeO3 Magnetoelectric coupling, high Curie 

temperature  
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The perovskite family is large and they are the most abundant mineral on earth. 

Perovskites are used in various technologies such as for energy production in solar solid oxide 

fuel cell technology (SOFC), environmental containment (radioactive waste encapsulation), 

communications (dielectric resonator material) and catalysis.3 They possess interesting magnetic 

properties including colossal magnetoresistance, some of them show superconductivity, ionic 

conductivity and ferroelectricity. Table 1.1 shows perovskites with different properties. 

 

Figure 1.1: Perovskite structure with BX6 octahedra and A cation in the center.4 

The ABX3 perovskite crystal structure consists of a network of BX6 octahedra with the A 

cation enclosed inside the BX6 octahedral network. The A cation has a 12-fold co-ordination and 

the B cation has a 6-fold co-ordination to the anions (X). The crystal structure of perovskite is 

shown in Figure 1.1. The ideal perovskite has a cubic structure (space group Pm̅m) with unit 

cell dimension of ~4 Å. The ideal cubic perovskite structure is not very common and the mineral 

perovskite itself is slightly distorted. These distortions are very significant for the magnetic and 

electric properties of perovskites. 

The first synthetic perovskites with different compositions were made and their structures 

were studied by Goldsmith et al in 1924-26.5 Cubic or pseudo-cubic structures were reported for 

earlier synthesized perovskites. But as the work on these systems progressed more and more 

structures were proposed for the perovskite family. Goldsmith observed that the structure of the 
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materials depends on the radius of the ions and the radius ratio (𝑟𝑐/𝑟𝑎), (𝑟𝑐 and 𝑟𝑎 are radius of 

cation and anion, respectively) determines the co-ordination number of the cations. In a perfect 

cubic perovskite, the radii of the ions are related by 

 r  + rX = √  (r  + rX) (1.1) 
 

where 𝑟 , 𝑟 , 𝑟𝑋 are the ionic radii of the A–site cation, B site cation and the anion, respectively. 

Goldsmith5 introduced the concept of tolerance factor (t) which describes the deviation from the 

ideal perovskite packing. Tolerance factor, ‘t’, gives the measure of the degree of distortion from 

the ideal perovskite structure. 

The tolerance factor t for a perovskite is defined as,5 

 t = 
r +rX√ r +rX  (1.2) 

 

For an ideal cubic perovskite, the tolerance factor t = 1. If the perovskite structure is 

closer to cubic, the tolerance factor, t, will be close to 1. CaRbF3 and SrTiO3 possess ideal cubic 

structure. In SrTiO3, Sr2+ and O2- ions form a cubic close packed lattice with Ti4+ ions occupying 

the octahedral holes created by oxygen. The perovskite structure is very flexible, the A and B 

ions can be varied leading to large number of compounds with perovskite or related structures. 

Most of the perovskites have distorted structures. The size of A cation will be around 1.21.6 Å 

in radius and B cation radius will be around 0.60.7 Å. The structure possesses a neutral overall 

charge and generally attained by a charge distribution of A1+B5+O3, A2+B4+O3 or A3+B3+O3. 

Mixed compositions such as A2+B2/3
3+B1/3

6+O3, A2+B1/3
2+B2/3

5+O3, A2+B1/2
3+B1/2

5+O3, 

A2+B1/2
2+B1/2

6+O3, A3+B1/2
2+B1/2

4+O3, A1/2
2+A1/2

4+BO3, A1/2
3+A1/2

1+BO3 are also possible in the 

perovskite structure. 

Three main factors are responsible for the distortion of the cubic perovskite structure: 

size effect, deviation from the ideal composition and the Jahn-Teller effect. The reason for the 

distortion in a perovskite structure cannot be allocated to a single effect, many factors act on the 

structure. 
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For an ideal cubic perovskite the tolerance factor t = 1. Tolerance factor t will be less than 

1 if the size of the A cation is smaller than the ideal value. Hence, to fill the space, [BO6] 

octahedra will tilt. However, the structure will be cubic if the tolerance factor is in the range 0.89 

< t < 1.5,6 Crystals with lower t values possess lower symmetry. For example GdFeO3 with t = 

0.81 is orthorhombic.7 The ilmenite structure is more stable if t is less than 0.8. If the A cation is 

large or the B cation is small, the tolerance factor will be larger than 1, then the hexagonal 

variants of the perovskite structure are stable. For example, in BaNiO3, the close packed layers 

are stacked in a hexagonal manner, leading to a face sharing of the [NiO6] octahedra.8 

Many perovskites accommodate large concentration of oxygen vacancies (ABO3-y), either 

in ordered or in random arrangement. The oxygen vacancies are either ordered to generate 

superstructures such as brownmillerite structure (Ca2Cr2O5) or they stay disordered as in 

BaCoO2.22, which is a highly oxygen deficient cubic material.9 Ca2FeCoO5, La1-xAxMnO2.5 

(x=0.2 - 0.4 for A= Sr, Ba and x=0.2 - 0.3 for A=Ca,), Sr2GaMnO5, SrCaMnGaO5+y, Ca2MnAlO5 

etc belong to the brownmillerite structure. These materials possess good ionic conductivity and 

are used in solid oxide fuel cells. 

The distortion in some perovskites is due to the Jahn-Teller active ions at the B position. 

For example in LnMnO3 (Ln = La, Pr or Nd), the 3d4 electrons in Mn3+ are distributed as t2g
3 and 

eg
1. The one electron in the 𝑔 orbital causes elongation of the [MnO6] octahedra.10 

The perovskite crystal structure is flexible and allows including cations such as NH4
+ 

(NH4ZnF3). Complex inorganic-organic hybrid compounds such as CH3NH3PbX3 where X is Cl, 

Br, I or a combination of these were also synthesized. Pb and Sn based perovskite halides 

[CH3NH3(Pb,Sn)(I,Br)3] are used in solar cell applications due to their semiconducting and light 

absorbing properties.11 In this hybrid structures the high conductivity of inorganic semiconductor 

component and strong light matter interaction of organic component are combined. They possess 

small excitation binding energies, low effective masses and their optical gaps are optimal for 

solar energy absorption which allows them for efficient charge carrier generation, transport and 

collection. Mostly these perovskites have cubic structure at room temperature. In their crystal 

structure A site is occupied by a small organic cation (methyl ammonium), B site is occupied by 

divalent ions (Pb or Sn) and halogens on the X site. The organic cation possesses a dipole 

moment which leads to the molecule based symmetry breaking and different structural varieties 
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are possible. As a result close to equilibrium many different structures are locally stable which 

differ in energy only by few meV/ formula. This leads to an electronic structure characterized by 

an anionic valence band (halogens) and a cationic conduction band (Sn or Pb). 

1.2. Solid solutions 

Solid solution is defined as a homogeneous crystalline phase which possesses various 

compositions without changing its structure.12 It is the complete dissolution of one end member 

to the other to form a single phase allowing for continuous variability.  The properties of 

materials can be control by changing compositions in the solid solution series. Solid solutions are 

of two types; substitutional solid solution and interstitial solid solution. In substitutional solid 

solution, an atom or an ion replaces an atom or ion of the same charge in the parent structure. In 

interstitial solid solutions, the introduced atom or ion occupies an empty site in the crystal lattice. 

Perovskites show not only the structural flexibility but also show compositional 

flexibility. Chemical substitution is possible in all three sites of the perovskite structure, such as 

A1-xA'xBO3, AB1-xB'xO3, ABO3-yXy. Most of these A–site and B–site substituted complex 

perovskite structures such as A1-xA'xBO3 and AB1-xB'xO3 show relaxor behavior due the lack of 

ordering.13 Two types of substitution are possible in the A site, isovalent (Pb1-xCaxTiO3) and 

aliovalent. In aliovalent substitution, electrical neutrality is maintained either by changing the 

oxidation state of the B cation or by the formation of oppositely charged vacancies. An example 

for aliovalent substituted compound is LaxSr1-xFeO3-n. These crystal structures allow the transport 

of oxygen ion in the perovskite lattice. Most of the technologically important perovskites belong 

to the AB1-xB'xO3 family. Examples are Pb(Zr,Ti)O3 which is used in transducers and actuators, 

Ba(Mg,Nb)O3 used in high frequency applications, Pb(Mg,Nb)O3 and Pb(Zn,Nb)O3 exhibit high 

piezoelectric constants. B–site substitution can be either with a homovalent ion [Pb(Zr,Ti)O3] or 

with a heterovalent ion.  Examples for heterovalent substitution are Pb(Sc1/2Ta1/2)O3, 

Ba(Mg1/3Nb2/3)O3, Pb(Mg1/3Nb2/3)O3, Ba(Zn1/3Nb2/3)O3, Pb(Zn1/3Nb2/3)O3.  

1.3. Ferroelectricity 

Dielectric materials are non-conducting ceramic materials which can prevent the flow of current 

in an electric circuit. The first studies on the properties of dielectrics were published by Faraday 
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in 1837.14 He observed that the capacitance depends on the nature of the material separating the 

conducting surface. The dielectric permittivity or dielectric constant (εr) is defined as the ratio of 

the capacitance C of the capacitor filled with a dielectric to the value Co of the same capacitor 

under vacuum.  

 εr = 0 (1.3) 

 Polarization of the dielectrics occurs when the positive and negative charges are 

separated by an applied electric field. The field induced separation and alignment of the electric 

charges are responsible for the electric energy storage capacity of the dielectrics under the 

influence of an electric field. The material shows high dielectric permittivity if large number of 

dipoles is aligned in the direction of the applied electric field. 

Table 1.2: Centrosymmetric and noncentrosymmetric point groups. 

Crystal 

system 

Polar 

 (acentric) 

Nonpolar  

(centric) 

Triclinic 1  

Monoclinic 2, m  

Orthorhombic mm2 222 

Trigonal 3, 3m 32 

Hexagonal 6, 6mm 6̅, 6̅m2 

Tetragonal 4, 4mm ̅, 422, ̅2m 

Cubic None 23, ̅3m, 432 

 

Ferroelectric materials lack centre of symmetry. Table 1.2 shows a list of 

noncentrosymmetric point groups. Materials whose crystal structures possess these 

noncentrosymmetric point groups show ferroelectricity. Ferroelectric materials lose their 

spontaneous polarization above a critical temperature. This happen either due to a change in 

structure with temperature or due to the hoping of small ions which result the cancelation of the 

net polarization. The critical temperature above which the material becomes paraelectric (non-

polar dielectric) is known as the Curie temperature (TC) of a ferroelectric material.  
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The temperature dependence of dielectric constant (ε  in some ferroelectrics can be 

represented by the Curie-Weiss law 

 ε =  ε + c T − T⁄ ) (1.4) 

where C is Curie constant and T  is Curie-Weiss temperature 

In perovskites, when structural phase transition to lower symmetry occurs, the cubic non-

polar paraelectric phase changes to a ferroelectric phase. This transition enlarges the size of the 

BX6 octahedra and as a result the B cation is displaced from the centre of the oxygen anions. 

These displacements create a dipole moment in the unit cell, which leads to spontaneous 

polarization. 

 

Figure 1.2: Ferroelectric hysteresis loop showing remnant polarization PR, coercive field EC and saturation 
polarization PS.

16 

When a ferroelectric material is cooled below TC, areas of uniform polarization called 

ferroelectric domains are formed and hence the macroscopic polarization of the crystal is zero. 

When the applied electric field is greater that the coercive field (E ), all the domains will switch 

their polarization in the direction of the applied electric field to minimize the energy. Once it 

reached its saturation polarization, further increase in the field will no longer increase the 

polarization. Most of the domains continue their polarization in the direction of the field after the 
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removal of the applied electric field. This results in a remnant polarization in the material. The 

polarization will also switch to the opposite direction, when the field is applied in the opposite 

direction. This results the characteristic polarization versus hysteresis loop of a ferroelectric 

material.  

Ferroelectric materials are dielectrics with extremely large permittivity and they possess 

spontaneous electric polarization which is reversible in an applied electric field.15 Since the 

polarization is reversible, in the presence of an external electric field, ferroelectric materials 

show dielectric hysteresis loop (Figure 1.2), which shows the variation of polarization as a 

function of electric field.16 

Pierre and Jacques Curie discovered piezoelectricity. They observed that when a 

mechanical stress is applied, an electric potential is developed in some materials such as quartz, 

tourmaline and zincblende.17 Piezoelectricity is defined as the phenomena in which charge is 

produced when a mechanical stress is applied, on the other hand mechanical deformation in 

response to an applied electrical field. The piezoelectric effect is explained with the following 

equations 

 =  ℵ  (1.5) 

And the inverse 

 𝑥 =  (1.6) ℵ is the applied stress,  is the charge density developed on the surface of the material,  is 

the applied electric field in the k direction and 𝑥  is the strain developed in the piezoelectric 

material.  and  are the piezoelectric charge coefficients with units of pC/N and pm/V 

respectively. The piezoelectric coefficients for direct and converse effects are 

thermodynamically identical; hence the third rank tensor  and  are simplified and 

denoted as follows 

 =  𝑚ℵ𝑚 (1.7) 

 𝑥𝑚 = 𝑚  (1.8) 

where the values of i = 1, 2 or 3 and the values of m = 1, 2,3 are linear components and 4, 5, or 6 

are shear components of the strain. 
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The piezoelectric constant 𝑚 is defined as the polarization generated by unit 

mechanical stress applied to a piezoelectric material. The first subscript in d belongs to the 

direction of polarization generated at zero electric field. The second subscript is the direction of 

the applied stress or the induced strain. Some important d terms are defined below. 

 – The polarization induced in direction 3 (parallel to the direction of polarization of the 

ceramics) per unit stress applied in direction 3 

 – The polarization induced in direction 3 per unit stress applied in direction 1 (perpendicular 

to the direction of polarization) 

5 – The polarization induced in direction 1 per unit stress applied in direction 5 (perpendicular 

to the direction of polarization) 

The essential requirement for piezoelectricity is absence of centrosymmetry so that dipole 

moment can be produced by the application of stress. Out of the 21 acentric point groups 20 are 

piezoelectric. All ferroelectric materials are piezoelectric.  

The electromechanical coupling constant, k of a piezoelectric material express its 

efficiency to convert mechanical stress to electrical energy or vice versa, between electric 

potential and mechanical displacement.  

 
k = √ a a  r  rattr a  r  a  

(1.9) 

 
k = √ tr a  r  rata a  r  a  

(1.10) 

In most desired case k = 1, which indicate complete energy transfer without any heat 

dissipation. The electromechanical constant depends on the geometry and dimension of the 

measured sample. 

The polarization in a piezoelectric material is coupled to the strain, consequently the 

changes in ferroelectric polarization is associated with a change in strain of the sample. The 

compressive and tensile nature of strain depends on the direction of the applied electric field and 

polarization. If the applied field is anti-parallel to the polarization, the strain will be compressive 
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till the coercive field is reached. At the coercive field (E ), the polarization switches and the 

strain changes from compressive to tensile. 

 

Figure 1.3: The mechanism of bipolar piezoelectric effect in ferroelectrics as a result of domain 
switching.16 

Pyroelectricity is the generation of temporary polarization with a change in temperature. 

In pyroelectric materials the direction of polarization cannot be reversed by an applied electric 

field. Here the polarization is temperature dependent.  

 ∆𝑃𝑠 =  𝜋∆𝑇,      𝜋 is pyroelectric coefficient. (1.11) 

Pyroelectric crystals are a special class of piezoelectric materials. A preexisting 

spontaneous polarization along atleast one crystallographic direction is enclosed in the crystal 

structure of a pyroelectric material.  Upon heating, pyroelectric crystals undergo mechanical 

deformation due to thermal expansion. This results in a change in the extend polarization. Out of 

the 20 piezoelectric point group, 10 are pyroelectric. Examples of pyroelectric materials are 

BaTiO3, triglycine sulfate, Rochelle salt, tourmaline, würtzite. Except LiTaO3, most of the 

pyroelectric materials lose their pyroelectricity upon heating the samples to a few hundreds oC. 

LiTaO3 is pyroelectric till 609 oC. This property of LiTaO3 is made use in scanning micro 

calorimeter to sense in the sub micro caloric range. LiTaO3 is also used in microenthalpimeter 

for monitoring catalytic process. 
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1.4. Ferroelectric perovskites 

Ideal cubic perovskites have tolerance factor close to 1 and they are paraelectric.19 A stable 

perovskite structure possess a tolerance factor (t) in the range of 0.85 < t < 1.05. Perovskites with 

t < 1 usually have a distorted structure and most of them are ferroelectric.19 Some perovskites, 

their tolerance factor and structure are listed in Table 1.3. Some of the widely used ferroelectric 

perovskites for technology are BaTiO3, PbTiO3 and KNbO3. 

Table 1.3: Perovskites and their properties.19 

Perovskite Tolerance  

factor 

Structure at 20
o
C Type TC (

o
C) 

BaTiO3 1.06  Tetragonal  Ferroelectric  135 

SrTiO3 1.00  Cubic  Paraelectric  

CaTiO3 0.97  Tetragonal  Paraelectric  

PbTiO3 1.02  Tetragonal  Ferroelectric  490 

PbZrO3  0.96  Orthorhombic  Antiferroelectric 235 

NaNbO3  0.94  Monoclinic  Ferroelectric  -200 

KNbO3  1.04  Tetragonal  Ferroelectric  412 

KTaO3  1.02  Cubic  Ferroelectric  -260 

BiScO3  0.83  Rhombohedral  Ferroelectric  370 

BiFeO3  0.87  Tetragonal  Ferroelectric  850 

 

The first reported perovskite ferroelectric material was BaTiO3 in 1941 with high 

dielectric constant and ferroelectric behavior.19,20 Compared to Rochelle salt and potassium 

dihydrogen phosphate (KH2PO4), BaTiO3 possess high Curie temperature (TC = 120 oC), which 

made them more approving for practical applications.19 The room temperature crystal structure 

of BaTiO3 is tetragonal. BaTiO3 crystal structure is shown in Figure 1.4.  



Introduction 
 

14 

 

 

Figure 1.4: Tetragonal BaTiO3 Unit cell.12 

 

Figure 1.5: Temperature dependence of the dielectric constant of BaTiO3.
22 

In BaTiO3 crystal, the Ti ion present at the centre of the TiO6 octahedra is displaced by 

about 6% of the Ti-O distance from the centre of the octahedra. The position of the Ba ion is also 

displaced slightly in the same direction. The relative displacements of ions in the crystal 

structure create a dipole moment. The orientation of the dipole can change by the application of 
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an external electric field.22 The phase transition of BaTiO3 is shown in Figure 1.5. Above 135 oC, 

BaTiO3 possess a cubic paraelectric phase, it transforms to a tetragonal ferroelectric structure 

below 135 oC. It shows a second phase transition from tetragonal to orthorhombic structure at 5 
oC. At -90 oC, it exhibit a third phase transition from orthorhombic to rhombohedral structure.23 

Unlike BaTiO3, PbTiO3 shows only one phase transition to the tetragonal phase at 490 oC. 

Most of the properties of perovskites depend on temperature. For example the 

temperature dependence of dielectric constant of BaTiO3 is evident from Figure 1.5. At each 

phase transition point, a hike in dielectric constant is observed. This property can be used in 

making capacitors. But, due to the temperature dependence of these properties, it is difficult to 

make use of this property in various technological applications. The solid solution of end 

member perovskites allow to control the temperature dependence of properties and these 

materials can provide wide range of properties. 

1.5. Relaxor ferroelectrics 

Relaxor ferroelectrics are different from normal ferroelectrics. The characteristic features that 

make relaxors different from normal ferroelectrics are, 

1) In the dielectric constant versus temperature graph, the relaxor materials show a 

relatively broad maximum where as normal ferroelectrics show a sharp peak. In normal 

ferroelectrics, the Curie temperature (TC) is independent of the applied frequency, while 

in relaxor ferroelectrics it is frequency dependent. The temperature of maximum 

dielectric constant (T a ) in relaxors increase with measured frequency. 

2) The increase in dielectric constant in normal ferroelectrics is due to the rise in lattice 

polarization near TC while in relaxors it is due to the rise in local polarization and 

nanosized domains which nucleate and grow below a certain temperature called the 

Burns temperature (T ). T  is higher than T a  

3) The macroscopic ferroelectric phase transition will not happen when it is cooled below 

the temperature of maximum permittivity. In relaxors the macroscopic polarization and 

birefringence will not grow spontaneously upon cooling. A macroscopic polar phase can 

be induced in relaxors by applying an electric field at a temperature lesser than the 
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depolarization temperature (T ). In the absence of an electric field, if the material is 

heating at T , the induced macroscopic polarization disappears. 

Pb(Mg1/3Nb2/3)O3 (PMN) is a well know relaxor ferroelectric material which has got 

much attention due to its interesting nanostructural and dielectric properties.24-26 The crystal 

chemistry and the consequential nanostructure contribute to the physical properties of relaxor 

ferroelectrics. In lead-based complex relaxor perovskites, Pb(B'yB"1-y)O3, the B' and B" are 

randomly distributed along the crystallographically equivalent octahedral sites.27,28 The 

disordered arrangement of the B' and B" atoms create chemical inhomogeneity in the 

material which result in different local Tcs and the phase transition is spread out to a wide 

range of temperatures. In relaxors T a  represent the main Curie temperature.28 

 

Figure 1.6: Real part of permittivity as a function of frequency and temperature for a relaxor ferroelectric 
showing a broad diffuse maximum.28 

1.6. Structural phase transition and morphotropic phase boundary 

Morphotropic phase boundary (MPB) is defined as the structural phase boundary formed in a 

pseudo binary solid solution made with two structurally dissimilar end members. Many of the 

technologically useful ferroelectric materials exhibit their maximum piezoelectric response at 

this phase transition region.29 Near MPB region, a sudden change in crystal structure is observed 

and the dielectric properties and electromechanical properties become maximum. Compositions 

near MPB region are used in electrostrictive actuators and sensors due to their large dielectric 
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and piezoelectric constant. The term MPB was previously used to describe the phase transition 

due to the changes in composition. Later it has been redefined as the phase transition due to 

changes in composition or due to mechanical pressure. Jaffe et al proposed the term 

morphotropic phase boundary (MPB) to define boundary between two phases.30 

Various physical properties of perovskites can be tuned by substituting with suitable 

cations in the A and B crystallographic site. In the case of PMN (lead magnesium niobate) 

relaxor ferroelectrics, the substitution of (Mg1/3Nb2/3)
4+ by Ti4+ in PbTiO3 results in a long range 

polar order, consequently a transition from relaxor to ferroelectric state happens.31,32 When Ba2+ 

is substituted with Pb2+ in BaTiO3, the ferroelectric phase transition temperature is increased up 

to 300 oC and the tetragonality of the structure also is increased. The well-known perovskite 

solid solutions are PZT (lead zirconate titanate) and PMN-PT (lead magnesium niobate-lead 

titanate). 

Ferroelectric properties of PbTiO3 are known since the early 1950s.34,35 Many of its 

properties are analogous to that of BaTiO3.
36 Its room temperature crystal structure is tetragonal 

and it undergoes a paraelectric to ferroelectric phase transition at its Curie temperature             

(TC = 490 oC). Among the perovskite solid solutions, PbZrO3-PbTiO3(PZT) solid solution has 

widespread application in technology.37-39 The PbZrO3-PbTiO3 phase diagram is shown in Figure 

1.7. 

Modified PZT ceramics possess relatively high TC and large values which make them 

useful in various applications. In the low temperature PZT phase diagram, two regions of 

different symmetry are observed.40 The Zr-rich region lies in the rhombohedral symmetry and 

the Ti- rich region lies in the tetragonal symmetry that is shown in Figure 1.7. PZT system shows 

maximum piezoelectric response in the MPB region that is the boundary between two phases 

where x = 0.47 in PbZr1-xTixO3.
41 The maximum piezoelectric properties of PZT are observed in 

MPB region. 

Further studies on PZT ceramics proved that a monoclinic phase exist in the MPB region 

which links the tetragonal and rhombohedral phases.42 Guo et al
43 and Noheda et al

40 proposed 

that the high piezoelectric response in PZT is due to the existence of monoclinic phase. The long 

range monoclinic structure originates due to the local displacements in the rhombohedral and 
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tetragonal structure. In the rhombohedral phase, the polarization axis is <111> and in the 

tetragonal phase polarization is in the <100> axis. Consequently, the polarization in the 

monoclinic phase possibly takes a range of directions within the {110} planes. Monoclinic 

distortion of the unit cell occurs when the polar axis rotate in the monoclinic plane. 

Consequently, large atomic displacement occurs in the crystal and this result in high 

piezoelectric response of the material.43 

 

Figure 1.7: Phase diagram of (1-x)PbZrO3-xPbTiO3 solid solution near MPB region (M – monoclinic, T- 
tetragonal, RHT – High temperature rhombohedral, RLT – Low temperature rhombohedral, C- Cubic).33 

Generally, complex structured materials are used for MPB compositions with high 

piezoelectric response. For example, the phase transition region in materials such as lead 

zirconatetitanate (PbZr(1-x)TixO3, PZT), and lead magnesium niobate-lead titanate                      

((1-x)PbMg1/3Nb2/3O3-xPbTiO3, PMN-PT) are complex structured and the preparation of their 

solid solution is a difficult and overpriced process. In recent times, scientist started investigating 

the possibility of MPB region in simple structured ferroelectric oxides. Ahart et al
44 showed the 

presence of large MPB region in lead titanate (PbTiO3) under pressure. Nowadays more studies 
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are going on to improve the properties of MPB region and to develop engineering specific simple 

structured nonlinear materials with large nonlinear dielectric and piezoelectric properties. 

 

Figure 1.8: Piezoelectric coupling in PZT, showing peak near MPB region.45 

Lead magnesium niobate (PMN) is a relaxor ferroelectric with a low Curie point (TC = −  C). PMN possesses a broad and diffused phase transition below the Curie point. It exhibits 

high dielectric constant and less temperature dependence of the dielectric constant close to room 

temperature. The dielectric constant is dependent on frequency and with frequency the Curie 

point can shift to higher temperatures.46 The phase diagram of PMN-PT near the MPB region is 

shown in Figure 1.9. (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 solid solution  for x < 0.20 shows relaxor 

behavior, showing very high maximum dielectric constant (~30,000). When compared to the 

dielectric constant of BaTiO3 (10,000), which is currently used in multilayer capacitors, PMN-

PT solid solution gives high dielectric constant value for composition with x between 0.05 and 

0.10. Since the dielectric permittivity in this compositional region is very high, the PMN-PT 

solid solutions are very good candidates for high charge density capacitors. 
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Figure 1.9: Temperature versus composition phase diagram of the (1-x)Pb(Mg1/3Nb2/3)O3-PbTiO3(C- 
cubic, R- rhombohedral, M-monoclinic, T- tetragonal).46 

Electromechanical properties of few important perovskite single crystals are given in table 1.4.47 

Here Type II is modified PZT with high electromechanical coupling and type III is modified 

PZT with low loss at high electric fields. 

Table 1.4: Electromechanical properties of single crystals.47 

Material PZT type II 

ceramics  

PZT type III 

ceramics  

PZN-0.045PT 

crystals  

PMN-0.33PT 

crystals  

Dielectric constant (RT)  2050  100  5000  8000  

Dielectric loss  0.018  0.003  0.01  0.01  

TC (oC) 340  300  155  166  

Electromechanical coupling 

coefficient (𝐾 ) 

0.73  0.64  0.92  0.94  

Piezoelectric coefficient 

(d  , pC/N) 

400  225  2200  2200  
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Even though PMN-PT solid solution shows high piezoelectric response, it has some 

disadvantages such as low TC and lower rhombohedral to tetragonal transition temperature (TRT). 

Since TC is very low, thermal depoling may happen to the ceramics at high operating 

temperature.  Hence the operating temperature has to be kept low always. The operating 

temperature range of piezoelectric materials is 2/3 of the lowest phase transition temperature so 

that the depoling can be avoided. The low depoling temperature of PMN-PT solid solution 

makes the material’s application difficult in devices. 

1.7. Lead-free ferroelectric perovskites 

The high performance piezoelectric material PZT was discovered in 1952, and still it is 

commonly used in most of the piezoelectric applications. Although PZT is widely used, the PbO 

used for the preparation of PZT ceramics is highly toxic and it causes serious environmental and 

health issues.48 During the preparation and sintering of PZT, PbO is released into the atmosphere 

and that will enhance the pollution. Therefore, there is an urgent need to develop lead-free high 

performance piezoelectric materials. Alkali metal based bismuth sodium titanate, Bi0.5Na0.5TiO3 

(BNT), bismuth potassium titanate, Bi0.5K0.5TiO3 (BKT), potassium sodium niobate, KNaNbO3 

(KNN), etc. are among the initially developed lead-free piezoelectric materials.49-51 However, 

these systems have some drawbacks such as i) sintering temperature range is narrow, ii) piezo 

properties are low, iii) due to the presence of alkali metals, they are highly corrosive, and iv) 

difficult to maintain stoichiometry due to the high volatility . Recently developed barium 

zirconate titanate – barium calcium titanate compositions, Ba(ZrTi)O3-(BaCa)TiO3 (BZT – BCT) 

possess high piezoelectric properties.52,53 However, research is still going on for the development 

of lead-free piezoelectric materials and how to use them in practical applications. 

The lead-free piezoelectric materials such as barium titanate (BT), bismuth sodium 

titanate (BNT), bismuth potassium titanate (BKT), sodium niobate (NaNbO3), potassium niobate 

(KNbO3), potassium sodium niobate (KNN), bismuth based layered structures, 

(Bi2O2)
2+ (An−1BnO3n+1)

2−(BLSF) etc were developed in the 1950’s, but did not get much 

attention due to their less piezoelectric properties compared to that of PZT.49-51 The first lead-free 

polycrystalline piezoelectric ceramics discovered was BaTiO3, possessing a piezoelectric 

constant ( ) of approximately 190 pC/N.54 It can be synthesized by the conventional solid state 
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processing. The very low Curie temperature (TC = 120 oC)of BaTiO3 made its practical 

application limited.55 

Table 1.5: Piezoelectric properties of BNT–BKT based solid solution. 

Sr. No Composition 𝒅𝟑𝟑(pC/N) Ref. 

1 (Bi1/2Na1/2)TiO3 (hot pressed) 94-98 56 

2 (Bi1/2K1/2)TiO3 (hot pressed) 69 57 

3 (1-x)Bi0.5Na0.5TiO3-xBi0.5K0.5TiO3 140-192 58 

4 (Na1-xKx)0.5Bi0.5TiO3 192 59 

5 Bi0.5Na0.5TiO3-Ba(Zr,Ti)O3+2mol% of CuO 156 60 

6 85(Bi1/2Na1/2)TiO3-12(Bi1/2K1/2)TiO3-3BaTiO3 158 61 

7 [(Bi0.98La0.02Na1-xLix)0.5]0.94Ba0.06TiO3 212 62 

8 BiNaTiO3-BiKTiO3-BiLiTiO3 230 63 

9 Bi0.5Na0.5TiO3-Bi0.5K0.5TiO3-Bi0.5Li0.5TiO3 147-231 64 

10 Bi1/2Na1/2TiO3-Bi1/2K1/2TiO3-Bi1/2Li1/2TiO3 - BaTiO3 163 65 

 

BNT (bismuth sodium titanate, Bi0.5Na0.5TiO3) is a ferroelectric material having large 

remnant polarization (Pr =38 𝜇C/cm2) and a high Curie temperature (TC = 320 oC). It possesses 

high electromechanical coupling constant and its extended strain under high field is almost 

comparable to that of PZT. Thus, BNT based solid solutions are good substitutes for PZT, if its 

drawbacks can be overcome. BNT has some drawbacks such as high conductivity and large 

coercive field. The solid solution formed between BNT and BKT (bismuth potassium titanate, 

Bi0.5K0.5TiO3) can overcome some of the drawbacks of BNT. BNT–BKT based lead–free solid 

solutions are studied for their possible technological applications. The first report on BNT was 

by Smolenskii et al in 1960.66 Piezoelectric constant ( ) approximately equal to 94-98 pC/N 

was reported for BNT ceramics synthesized by hot pressing method.56 Popper et al synthesized 

BKT in 1957.67 BKT ceramics obtained by hot pressing method has a  value of 69 pC/N, less 

than that of BNT.57 Solid solution between BNT and BKT were synthesized and studied by 

Elkechai et al in 1996.68 BNT and BKT have different crystal structures and the ferroelectric 

properties of the solid solutions are found to be higher in the MPB region, with the piezoelectric 
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constant in the range 140-192 pC/N.58 The main advantage of BNT–BKT solid solution is its 

high Curie temperature (TC) which is larger than 8  C, so that it can be used in a wide 

temperature range. However, this solid solution has some drawbacks such as i) low piezo 

properties, ii) due to the presence of alkali metals, it is highly corrosive, iii) narrow sintering 

temperature range, and iv) difficult to maintain stoichiometry due to the volatile nature. The 

piezo electric properties of BNT–BKT solid solution can be further improved by making solid 

solutions with BT, BZT etc. Piezoelectric properties of some BNT–BKT based solid solutions 

are compared in Table 1.5.56-65 

1.8. Objectives of the present work 

In the Bi0.5Na0.5-xKxTiO3 (BNKT) solid solution series (or commonly represented as                   

(1-x)BNT–xBKT), it has been shown that the dielectric and piezoelectric properties are 

enhanced, with maximum electromechanical coupling constant in the region x = 0.16–0.20.58 The 

density and microstructure of the material also show some unusual trend near this compositional 

region.58 This region is technologically very important, since all the ferroelectric and 

piezoelectric properties are maximum. 

There are various contradicting reports about the crystal structure, structural phase 

transformation, the existence of MPB region, and the compositional range of the MPB region of 

the (1-x)BNT–xBKT system. The room temperature crystal structure of BNT is reported as 

rhombohedral, with space group, R3c. However, high resolution single crystal X-ray diffraction 

studies by Gorfman and Thomas69 proved that the actual room temperature symmetry of BNT is 

lower than rhombohedral. The authors achieved best fit with C–centered monoclinic lattice 

(space group Cc). Later, it has been reported that structure of polycrystalline BNT can also be 

best modeled using the monoclinic Cc space group rather than the previously accepted 

rhombohedral R3c space group. The room temperature crystal structure of BKT is tetragonal 

(P4bm) and therefore, an MPB region is expected in the BNT–BKT solid solution series as 

observed for PZT with different symmetries for the end members. 

The presence of the MPB region is reported in the compositional range of 0.16 ≤ x ≤ 0.2 

in (1-x)BNT–xBKT by Yang et al
58 from XRD analysis and electrical property measurements. In 

the MPB region, the crystal structure is shown to transform from rhombohedral (R3c) to 
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tetragonal (P4mm). It is observed that at x = 0.16 the (211) peak in the XRD pattern begins to 

split. The peak splits out to (211) and (112) for the compositions x = 0.18 and 0.2 where the 

phase transforms from rhombohedral to tetragonal.  Maximum density, relatively low grain size 

and compact microstructure with low porosity are obtained in this compositional region. 

Moreover, piezoelectric and dielectric properties are found to be maximum in this region. Kreisel 

et al investigated the BNKT system using XRD and Raman spectroscopy.70 The authors have 

observed that the crystal structure is rhombohedral for small K+ concentrations (x < 0.25) and 

pseudo-cubic for 0.25 ≤ x ≤ 0.4. They have analysed the phonon characteristics of                     

(1-x)BNT–xBKT and observed a high frequency shift on increasing the substitution. Izumi et al 

proposed that MPB region does not exist at all and only a structural distortion occurs due to the 

local distortion in the A site in the crystal lattice.71 It was observed that the lattice parameters 

increase monotonically as a function of K+ concentration. It has been argued that compositions in 

the region 0.2 < x < 0.4 is a mixture of rhombohedral and tetragonal domains, which leads to 

cubic-like XRD patterns. Sasaki et al reported that the rhombohedral and tetragonal phases co-

exist in the region 0.16 ≤ x ≤ 0.2 by observing the split in the XRD pattern and the peaks of 

electromechanical coupling factor, dielectric constant, piezoelectric constant and elastic 

compliance were obtained in this region.72 Chen et al observed presence of rhombohedral and 

tetragonal phases in the composition for x = 0.18.73 Elkechai et al found that rhombohedral and 

tetragonal phases co-exist in the compositional region 0.16 ≤ x ≤ 0.2.68 Xie et al argued that the 

MPB exists only at x = 0.2, below and above which the structure is rhombohedral and tetragonal, 

respectively, and there is no co-existence of mixed phase in any compositional region.74 

Since there are many contradicting reports on the structure, phase transition and MPB 

region of the BNT–BKT series, it is felt that detailed structural studies are required to understand 

the structural changes on substitution of Na+ by K+. Moreover, most of the reported studies are 

performed on few compositions of the solid solutions. Since Raman spectroscopy and solid-state 

NMR studies can give information on local structural environment, these two techniques, along 

with Rietveld refinement of powder X-ray diffraction pattern, are used for the structural 

characterizations. The objective of the present work is to investigate the structural changes 

associated with the substitution of Na as well as Bi in Bi0.5Na0.5TiO3 (BNT), and to correlate 

with the associated changes in the microstructure and dielectric properties.  
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In BNKT, the smaller cation Na+ is replaced by the larger cation K+ and the objective is 

to investigate i) whether a real MPB region exists, ii) what is the actual MPB concentration 

region, iii) whether the structural transformation is a direct transformation from rhombohedral or 

monoclinic to tetragonal iv) whether  an intermediate triclinic or pseudo cubic phase exist, v) if 

the MPB region does not exist, what could be the reason for the high dielectric and piezoelectric 

properties at a particular concentration region. Therefore, structural studies, along with the 

dielectric properties, are made on very close compositions in (1-x)Bi0.5Na0.5TiO3–xBi0.5K0.5TiO3, 

for x = 0.01 in the proposed MPB region and x = 0.02 above and below the MPB region. 

The ionic radii of Li+, Na+ and K+ are 0.92 Å, 1.39 Å and 1.64 Å, respectively. The 

average size of Li+ and K+ is comparable to the size of  Na+. To investigate the role of cation size 

on the structure and properties of the BNT–BKT series, substitution of Na+ in BNT by the 

smaller cation Li+ in Bi0.5Na0.5-xLixTiO3 or (1-x)Bi0.5Na0.5TiO3–xBi0.5Li0.5TiO3  (BNT–BLT 

series) and co-substitution of Li+ and K+ for Na+, (1-x)Bi0.5Na0.5TiO3–(x/2)Bi0.5Li0.5TiO3–

(x/2)Bi0.5K0.5TiO3 (BNT–BLT–BKT series) have been attempted. The structure and dielectric 

properties of the substituted solid solution series are studied and the changes in the structure and 

local symmetry are correlated with the dielectric properties. 

To understand the role of Bi 6s2 lone pair towards the piezoelectric properties of  BNT, 

substitution of La3+ for Bi3+ in Bi0.5-xLaxNa0.5TiO3 solid solution series is investigated. The 

piezoelectric properties of BNT may be either due to the distorted TiO6 octahedra as in BaTiO3 or 

due to the lone pair of Bi3+ ion, as in BiFeO3 or both. Since the ionic radius of La3+ is almost the 

same as that of Bi3+ and the 6s2 lone pair is absent in La3+, the studies on La3+ substituted BNT 

are expected to give information about the effect of lone pair on the ferroelectric properties. In 

the present study the crystal structure, local symmetry changes, microstructure and properties of 

Bi0.5-xLaxNa0.5TiO3 solid solution series are investigated. 

Changes in structure and lattice parameters are expected by the substitution of different 

ions (Li+, K+, La3+) in the BNT lattice. These changes are reflected in the XRD pattern of the 

solid solution series. The studies on the XRD pattern of all the composition provide valuable 

information about the structural changes and deviation in lattice parameters with substitution. 

Rietveld refinement analysis of the XRD patterns of all the compositions provides information 

about the symmetry changes with substitution. The XRD data mainly provide information on 
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long range order of the material, whereas Raman and SSNMR spectroscopy are highly useful in 

probing local symmetry changes. The effect of substitution and the changes in symmetry are 

expected to be observed in the Raman spectra of the solid solution. The regions belong to 

different vibrations can be identified in the Raman spectra and the changes in different bonds 

with substitution are visible in the respective regions. The deconvolution of Raman spectra 

provides the changes in peak position and the changes in the area under the peak with 

substitution which give information regarding the local symmetry changes. The changes in local 

symmetry can also be studied using SSNMR by probing the quadrupolar nuclei 23Na, 7Li, 139La. 

The SSNMR spectra of these nuclei will show changes in quadrupolar broadening with 

substitution. The deconvolution of the NMR spectra with substitution give the quadrupolar 

coupling constant which is related to the symmetry of the material. The changes in the local 

symmetry will be reflected in the quadrupolar coupling constants. The properties of the solid 

solution will change with substitution that is associated with the local symmetry changes and 

structural changes of the solid solution. Hence the structural studies using XRD, Raman and 

SSNMR will give a clear picture of substitution effects in the solid solutions and can also explain 

the changes in properties with substitution. 
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2.1. Introduction 

Different methods of synthesis and characterization techniques are used in the present work. This 

chapter briefly describes the methods of synthesis and the various techniques used for 

characterization of the materials such as powder X-ray diffraction, solid-state NMR, Raman 

spectroscopy, dielectric measurements and scanning electron microscopy.  

2.2. Materials used 

The following chemicals are used for the synthesis of different metal oxide compositions. 

1. Bismuth oxide, Bi2O3 (Aldrich, 99.9%) 

2. Sodium carbonate, Na2CO3 (Sd fine, 99.5%) 

3. Potassium carbonate, K2CO3 (BDH, 99%) 

4. Titanium oxide, TiO2 (Aldrich, 99.9%) 

5. Bismuth nitrate, Bi(NO3)3.5H2O (Sd fine 98%) 

6. Sodium Nitrate, NaNO3 (Merck, 99%) 

7. Lithium Nitrate, LiNO3 (Aldrich, 99.999%) 

8. Potassium Nitrate. KNO3 (Merck, 99%) 

9. Lanthanum Nitrate, La(NO3)3.6H2O (Aldrich, 99.999%) 

10. Citric Acid, CH2COOH-C(OH)COOH-CH2COOH (Sd fine, 99.7%) 

11. Titanium isopropoxide, Ti[OCH(CH3)2]4(Aldrich, 99%) 

12. Isopropyl alcohol, (CH3)2CHOH (Merck, 99.5%) 

 

2.3. Synthesis methods 

Various methods are available for the preparation of inorganic oxides and the method chosen 

depends on the form of the desired product. The most common methods used for the synthesis of 

metal oxides are solid state or ceramic method and wet chemical methods such as sol-gel, co-

precipitation and combustion.75-78 The ceramic method and sol-gel method are used for the 

synthesis of the metal oxides studied in this work. All the chemicals were used as-received 

without any further purification. Distilled water is used for each synthesis. Initial calcination of 

the samples were done in a muffle furnace (301000 oC, Kumar instruments, India) and the high 
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temperature heating of the samples, in the range 10001200 oC, were done in a programmable 

furnace with controlled heating and cooling arrangements (Model HT1600, Nabertherm, 

Germany). Alumina and platinum crucibles were used for heating the samples at high 

temperatures. 

2.3.1. Ceramic method (Solid state method) 

Solid state method is the simplest and the most common method for the synthesis of oxide 

ceramics. Stoichiometric amounts of binary oxides, corresponding to the composition of the final 

product, are taken and mixed together (usually grind them in a mortar and pestle to get a uniform 

distribution, or mix in a ball mill) and then heat in a furnace for several hours in a suitable 

container (usually silica/alumina/zirconia/platinum crucible).12 This method of synthesis 

generally requires very high temperatures, usually in the range 5002000 oC, and prolonged 

heating. The binary compositions possess high coordination number, depending on the size and 

charge of the metal ion involved and this varies between 4 and 12. High temperature is required 

to overcome the lattice energy of the cations so that the cations can leave their position in the 

lattice and diffuse to a different site to form a new composition. The heating temperatures of the 

solids are not higher than their melting temperatures and hence the reaction occurs in the solid 

state. The solid state reactions take place only at the interface between two solids. After the 

surface layer has reacted, the reactants diffuse from the bulk to the interface to continue the 

reaction. At high temperatures the reactions at the interface are more feasible and the diffusion of 

the solids is faster than that at room temperature. In order to minimize the distance for the 

reactants to diffuse, the reactants are ground to small particle size and are mixed well to 

maximize the surface contact area. The solid state synthesis method is used for both industrial 

and laboratory purposes. It has been used for the synthesis of several materials such as metal 

oxides, sulfides, nitrides, aluminosilicates, etc. 

In the present work, different compositions in the (1-x)Bi0.5Na0.5TiO3–xBi0.5K0.5TiO3 

solid solution series were prepared by the ceramic method. The corresponding metal oxides and 

carbonates (Bi2O3, TiO2, Na2CO3, K2CO3), taken in the stoichiometric ratio, were mixed 

thoroughly using an agate mortar and pestle. For example, for the synthesis of Bi0.5Na0.5TiO3, 

2.6136 g of Bi2O3, 0.5945 g of Na2CO3 and 1.7919 g of TiO2 were taken (in the molar ratio 
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1:1:2), corresponding to a total weight of 5.00 g of the final product. The mixed powders were 

initially calcined at 850 oC and further calcined at 1000 oC and then at 1150 oC, with 

intermediate grindings, until the final composition, free of any impurities or the starting 

components, are formed. 

2.3.2. Citrate-gel method 

The citrate-gel method is a type of sol-gel method. The advantages of sol-gel method are the low 

calcination temperature and short time required for the synthesis of metal oxide ceramics.79-80 

The sol-gel method is a wet chemical method and it is a two-step process, consisting of i) 

formation of a suitable precursor in the form of a gel, ii) calcination of the dried gel to get the 

final product. In citrate gel method for the synthesis of metal oxide, citric acid is used as a 

complexing agent along with the metal salts. In this method, for the synthesis of metal oxides, 

stoichiometric ratio of the constituent metal salts are dissolved in a solvent and mixed well. 

Citric acid solution is added to the mixed metal solution by keeping an appropriate citric acid to 

metal ion ratio. Then the mixed solution is kept in a water bath for evaporation of the solvent. 

The dried gel obtained after the evaporation of the solvent is calcined at a suitable temperature 

for obtaining the metal oxide. 

In the present work, different compositions of (1-x)Bi0.5Na0.5TiO3–xBi0.5Li0.5TiO3,         

(1-x)Bi0.5Na0.5TiO3–(x/2)Bi0.5Li0.5TiO3–(x/2)Bi0.5K0.5TiO3 and (1-x)Bi0.5Na0.5TiO3–   

xLa0.5Na0.5TiO3 solid solution series were synthesized by the citrate-gel method. Stoichiometric 

amounts of the corresponding metal nitrate solutions were prepared by dissolving, bismuth 

nitrate in dilute nitric acid and other nitrates in water. Then the individual metal nitrate solutions 

were mixed together. Titanium isopropoxide (Ti[OCH(CH3)2]4) was dissolved in isopropyl 

alcohol by stirring for 30 minutes. Then citric acid was dissolved in titanium isopropoxide 

solution. The ratio of citric acid to total metal nitrate content was taken as 3:1. The mixed 

solution of the metal nitrates was added to the titanium isopropoxide solution with constant 

stirring and kept on a water bath for the evaporation of the solvent. The solution becomes more 

and more viscous due to the continuous removal of solvent during evaporation. The gel formed 

after the complete removal of solvent was dried and calcined at appropriate temperatures to 

obtain the corresponding metal oxides. The details of the synthesis of individual compounds are 

discussed in the respective chapters. 
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2.4. Characterization techniques 

Powder X-ray diffraction, solid-state NMR and Raman spectroscopy are the main 

characterization techniques used in this work. The primary characterization of the material was 

done by powder X-ray diffraction and more information on the crystal structure was obtained by 

Rietveld refinement of the XRD patterns. Further structural information was obtained from the 

analysis of the Raman and solid-state NMR spectra. 

2.4.1. Powder X-ray diffraction 

Powder X-ray diffraction technique is mainly used for phase identification of polycrystalline 

materials as well as to elucidate their crystal structure parameters.12,81,82 The diffraction patterns 

obtained during the interaction between the crystalline phase and X-rays are characteristic of that 

crystalline material, which helps as a fingerprint for the identification of the particular material. 

The wavelength of the X-ray is similar to the inter atomic separation (~1 Å) of the 

crystals. Hence, crystals having regularly repeating structures diffract X-rays. Peaks in the XRD 

patterns are obtained when the Bragg condition is satisfied, given by the Bragg’s law,  

 2d sinθ = nλ (2.1) 

where, d is the inter-planar spacing,  is the angle of diffraction, called the Bragg angle, λ is the 

wavelength of X-rays and n is the order of diffraction which is usually 1. When Bragg’s law is 

satisfied, the diffracted beams are in phase and the interference is constructive.  

The atoms or ions in crystals act as secondary point sources and scatter the X-rays. The 

oscillating electric field associated with X-rays cause the vibration of the electrons in the atom. 

The emitted radiations from the vibrating charge are in phase with the incident X-ray beam. The 

efficiency of scattering of a given atom in a given direction is termed as atomic scattering factor. 

 Atomic scattering factor, f = 
    y      y   (2.2) 

The structural factor F is defined as the resultant wave scattered by all the atoms of the unit cell. 

It is obtained by adding all the waves from the individual atoms. If a unit cell contains n (1, 2, 3, 

etc.) number of atoms with fractional co-ordinates ( ,  ,  , with scattering factors f1, f2,…., 

fn. 
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 ℎ = ∑ 𝑖 ℎ 𝑛+ 𝑛+ 𝑛  (2.3) 

(h, k, l) is a set of three numbers used for labeling lattice planes known as Miller indices. ℎ  is 

the expression for any scattered wave from the crystal system. The intensity of the X-ray peak 

depends on the structure factor and the diffraction angle is determined by the crystal lattice type 

and the diffraction plane.  

In the present work, powder XRD analysis was carried out on a PANalytical X’pert pro 

powder X-ray diffractometer using Cu-𝐾𝛼 radiation (λ = 1.5418 Å), with Ni filter. The 𝐾𝛼  

component was not removed from the incident X-rays and, hence both the 𝐾𝛼  and 𝐾𝛼  

components are present in the XRD patterns. A voltage of 40 kV was applied to the X-ray tube. 

The samples were scanned in the 2𝜃 range of 10-80 degrees. A scanning rate of 2 o/min was used 

for general characterization. A computer program Powder Cell for Windows (PCW) version 2.4 

was used for the simulation of XRD patterns.83 The space group, lattice parameters and atomic 

positions of the corresponding phases, taken from the literature, are used as inputs for the 

simulation of the XRD patterns using the PCW software and the simulated patterns are compared 

with the experimental patterns to identify the phases. The structural analysis of the material was 

further carried out with Rietveld refinement of the XRD patterns. The XRD patterns were 

recorded at a slow scan rate of 1.16 o/min, for Rietveld refinement analysis. 

2.4.1.1. Rietveld refinement 

Hugo Rietveld developed the Rietveld refinement of powder XRD patternsfor the structural 

analysis of polycrystalline materials.84,85 An XRD pattern contains information regarding the 

atomic positions, lattice spacing and symmetry of the crystal structure which can be determined 

from the intensity, width and position of the reflections.86 The XRD patterns are generally 

recorded in a specific 2𝜃  range with small increments (0.01 o to 0.05 o) for Rietveld refinement 

analysis. 

A least square approach is used in the Rietveld refinement to obtain the best fit between 

the experimental and simulated patterns. This is done by minimizing the residual 𝑦 given by the 

equation 

 𝑦 = ∑ 𝑖 𝑖 𝑦𝑖 − 𝑦𝑐𝑖  (2.4) 
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Where 𝑦𝑖 is the observed intensity at the i’th step, 𝑖 is the statistical weight assigned to 𝑦𝑖 as 

𝑖 =  𝑦𝑖  and 𝑦𝑐𝑖 is the calculated intensity at the i’th step. 

The Rietveld method deals with strongly overlapping reflections in a reliable fashion as 

the overlapping peaks are shown distinctly, thus enabling precise determination of the structure 

of the crystals. The Rietveld refinement produces a key feedback during the refinements between 

improving structural understanding and improving allocation of experimental intensity to 

overlapping individual Bragg reflections. The refinable parameters adjust during the Rietveld 

refinement process until the residual is minimized. The refinement is continued until the best fit 

of the entire calculated pattern to the entire observed pattern is obtained. The goodness of the fit 

is indicated by residual factors (R-factors). The residual factors are  

 
R-structure factor, 𝐹  = 

∑ 𝑘/  − 𝑐𝑘/∑ 𝑘/  
(2.5) 

 R-Bragg factor,  = 𝑘− 𝑐𝑘∑ 𝑐𝑘  (2.6) 

 
R-pattern,  = √∑ 𝑦𝑖−𝑦𝑐𝑖∑ 𝑦𝑖  

(2.7) 

 
R-weighted pattern, 𝑤  = √∑ 𝑤𝑖 𝑦𝑖−𝑦𝑐𝑖∑ 𝑤𝑖𝑦𝑖  

(2.8) 

 
R-expected, 𝑒 = √ −∑ 𝑤𝑖𝑦𝑖  

(2.9) 

Where 𝐼  is the intensity of the k’th Bragg reflection and 𝐼𝑐  is the calculated intensity of the k’th 

Bragg reflection, M is the number of steps in the pattern and m is the number of refinable 

parameters. The most meaningful R is  𝑤   since its numerator is the residual which is being 

minimized. The goodness of the fit is also indicated by the  factor, which is given by  

   = 𝑤 𝑒⁄  (2.10) 

The General Structure Analysis System (GSAS-EXPGUI) software is used in the present 

work for the Rietveld refinement analysis of the powder diffraction data.87 The recorded raw 

XRD data without data smoothening and 𝐾𝛼  stripping was used for the refinement. A good 

starting model is required for the refinement. The non-linear relationship between the adjustable 

parameter and the intensities may lead to a false minimum, if the starting model is not close to 
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the correct model. Hence the known crystal parameters of the corresponding compounds were 

used for the refinement. In the present work a reported procedure is followed for the Rietveld 

refinement of the XRD pattern. Initially the scaling factor and the background functions were 

refined until the intensity of the pattern is almost matched. Then the refinement of the lattice 

parameters were carried out that approximately fixed the positions of the peaks. After that the 

profile and symmetry parameters were refined using the pseudo-Voigt function. Finally the 

atomic co-ordinates were refined. The refinement is continued until the best fit to the 

experimental pattern is obtained. 

2.4.2. Solid-state NMR 

Solid-state NMR spectroscopy is a non destructive method for probing the local structural 

changes in a material.88 It is also used for studying the structure of the material and dynamics of 

the ions present in the material. The interactions present in NMR active nuclei are Zeeman 

interaction (HZ), J- coupling interaction (HJ), chemical shift (HCS), dipolar interaction (HD) and 

for nuclei I > ½, the quadrupolar interaction (HQ).88 The total Hamiltonian for NMR interactions 

is given as  

 H= Hz + HJ + HCS + HD + HQ (2.11) 

The J-coupling and the through space dipolar interaction are the most important 

interactions in the liquid state NMR whereas it is negligible in solid-state NMR. The rapid 

molecular motion present in the liquids average out all the NMR interactions and a high 

resolution spectra with only isotropic chemical shift are observed in the liquid state NMR. The 

close-packed atoms within the structure of solids limit the random molecular motions and broad, 

less resolved NMR spectra due to the anisotropy in dipolar, quadrupolar and chemical shift 

interactions are observed. 

The charge distribution in a spin ½ nuclei is spherically symmetric whereas a nuclei with 

I >½ possess a non symmetrical distribution of nuclear charge. Nuclei with I >½ have a 

quadrupolar moment which indicates a non symmetric charge distribution. The electric field 

gradient (EFG) created by the surrounding electron cloud at the site of the nuclei and the external 

or internal magnetic field, interact with quadrupolar moment which is termed as the quadrupolar 
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interactions. The strength of the quadrupolar interaction depends on the quadrupole moment of 

the nuclei and the strength of the electric field gradient.  

Various techniques such as magic angle spinning (MAS), double rotation (DOR), 

dynamic angle spinning (DAS), multiple quantum magic angle spinning (MQMAS) are 

developed for removing the anisotropic interactions and improving the resolution in the solid-

state NMR spectra.89 

2.4.2.1. Magic angle spinning experiments 

Mechanical rotation of the sample at the magic angle 54.74 o with respect to the static magnetic 

field average out the anisotropic interactions and produce isotropic-like spectra with resolved 

chemical shift in the case of spin half nuclei. MAS experiments require high sample rotation 

speed to achieve significant enhancement in resolution and sensitivity. The rate of spinning 

speed must be fast in comparison to the anisotropy of the interaction being spun out. (Fast means 

around a factor of 3 or 4 greater than the anisotropy). Slower spinning of the sample produce 

spinning side bands which are spaced by the rotation frequency along with the line at the 

isotropic chemical shift. The only line which does not change its position with the spinning speed 

is isotropic chemical shift line. For quadrupolar nuclei with (I > 1/2), with a large quadrupolar 

interaction, MAS in not enough to obtain high resolution. For half-integer spin quadrupolar 

nuclei like 23Na (I = 3/2), 7Li (I = 3/2) and 139La (I=7/2) which are probed in the present work, 

the MAS spectra is broadened when the quadrupolar interaction is high. To obtain high 

resolution, techniques like MQMAS, (discussed in section 2.4.2.2) are used to probe if multiple 

sites are present. 

For a spin 1/2 nuclei, the /2 pulse gives maximum intensity and that is usually used for 

recording MAS spectra. In the case of half-integer quadrupolar nuclei, the /2 intensity of the 

spectrum is dependent on the quadrupolar coupling constant and to obtain quantitative evaluation 

of the site population, a MAS spectra  is recorded with rf pulse width of /18.  The /18   pulse 

is determined by recording the static spectra of the reference samples (0.1 M solution of NaCl, 

LiCl and La(NO3)3) in a rotor at  the required rf power. A series of spectra with gradually 

increasing pulse width and adequate relaxation delay are recorded. A sinusoidal variation in 



  Experimental methods 
 

37 

 

intensity is obtained when it is plotted against the pulse width. The /18 pulse was calculated 

from the  pulse which was obtained from the null point. 

2.4.2.2. Multiple quantum magic angle spinning 

Multiple quantum magic angle spinning (MQMAS) is a two dimensional NMR experiment 

which is used for obtaining high resolution in half integer spin quadrupolar nuclei. In MQMAS 

experiments the narrowing of the central transition is obtained by the correlation of the phase 

evolutions of the symmetric multiple quantum (MQ) and single quantum (1Q) transitions under 

MAS. 23Na multiple quantum magic angle spinning (MQMAS) experiments were carried out to 

get the resolved spectra and to check the possibilities of multiples sites. 

Various schemes exist for recording 2D MQMAS spectra. The 3QMAS NMR 

experiments were done with the pulse sequence which includes a Z-filter pulse (low RF power) 

and has the advantage of having a symmetrical coherence transfer pathway. The pulse sequence 

and the coherence diagram are given in Figure 2.1, where d1 is the recycle delay, which is the 

delay between the two scans, d0 is the delay between the excitation and conversion pulses and d4 

is the Z-filter delay. The triple quantum excitation is done with the first pulse p1 and the second 

pulse p2 is used for the coherence transfer from triple quantum to zero quantum. The third pulse 

p3 is the z-filter pulse which is used for the selective excitation of the central transition. 

 

Figure 2.1: Pulse sequence and coherence diagram of 3QMAS experiment. 
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All the pulses p1, p2 and p3 need to be optimized before starting the experiment. Trial 

values for the pulses are used initially to record the one dimensional slice of the MQMAS 

experiment and the intensity is monitored systematically for different values of p1, p2, p3. Then 

the 2-dimmensional experiment is carried out with these optimized pulses. The experiment set up 

was first done with Sodium sulphite (Na2SO3) which has 3 different sodium sites with known 

quadrupolar and chemical shift values. The F1 dimension is multiple quantum dimensions and 

F2 is single quantum dimension in the MQMAS spectrum. Sharp parallel spectral ridges tilted by 

a slope (quadrupolar anisotropy, QA) obtained when it is processed with conventional 2D 

Fourier transformation. Projection of such raw data does not need high resolution spectra. In the 

F1 dimensionthe isotropic high resolution spectra is obtained with the shearing transformation. 

Hence the point which has the frequency ( , ) will lie at a frequency ( - 𝐴. ). In the 

present work, 23Na MQMAS spectra were recorded to investigate if there were multiple sodium 

environments in the system. . 

2.4.2.3. Line shape of the central transition of half-integer quadrupolar nuclei 

 

Figure 2.2: Line shape of central transition of the half integer quadrupolar nuclei.91 
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The line shape of the half integer quadrupolar nuclei depends on different NMR parameters such 

as quadrupole coupling constant and isotropic chemical shift. The central transition line shape of 

the half integer quadrupolar nuclei is shown in the Figure 2.2. If only quadrupolar interactions of 

the surrounding electric field are present, the characteristic line shape of the quadrupolar nuclei 

is with two horns which are shown in the Figure 2.2. If there is a distribution of the quadrupolar 

frequencies a trailing edge is developed towards the right of the spectrum. If both quadrupolar 

and isotropic chemical shift distribution is present, the spectra broadens and a complicated lines 

shape is seen. The Gaussian isotropic model (GIM) included in the NMR computer simulation 

program DMFIT90 is used for the simulation of the spectra of such quadrupolar nuclei. 

2.4.2.4. Deconvolution of NMR spectrum 

Deconvolution of the experimental NMR spectra is done by estimating the chemical shift and 

quadrupole parameters and the structural information contained in the spectra can be extracted. 

The DMFIT program developed by Massiot et al
90 has incorporated the deconvolution models 

for the experimental NMR spectra which accurately defines the experiment and the spin system 

in reasonable computational costs. In the present study 23Na and 139La spectra is associated with 

a quadrupolar distribution, hence the simplest and physically consistent Gaussian isotropic model 

of Czjzek model is used for the simulation.92 This model include the Gaussian isotropic model, 

that incorporate a Gaussian distribution of isotropic chemical shift and a distribution of the 

electric field gradient that gives a mean isotropic shift (𝛿𝑖𝑠 ), a chemical shift distribution (∆ ) 

and a mean quadrupolar product (CQ
*= CQ 1 +  ƞ / / ) for each site where ƞ is the asymmetry 

parameter.91 

The procedure for fitting the NMR spectra using the DMFIT software is as follows: First 

a suitable model with appropriate line shape is selected and guess parameters are given for 

isotropic shift ( ) the distribution of isotropic chemical shift (∆ S) and quadrupole coupling 

constant (CQ) in the model. Then do the iteration of the different NMR parameters and amplitude 

to get a good match between the experimental and simulated spectra. Repeat the procedure a 

number of times till the best match between the experimental and simulated spectra is obtained. 

The same procedure is carried out for the spectra of all the samples 
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All the NMR spectra were recorded on Bruker AV 300 MHz and AV 700 MHz 

spectrometers operating at field strengths of 7.05 T and 16.4 T, respectively. In the present work 
23Na, 7Li, and 139La nuclei are probed and their spectral characteristics are studied.  A 4 mm 

MAS probe was used to carry out the experiments in the 300 MHz spectrometer. This probe can 

attain a maximum spinning rate of 15 kHz. The high field experiments on 700 MHz were done 

with a 1.3 mm MAS probe at a spinning rate of 60 kHz.  

The 23Na NMR studies were carried out using the AV 300 MHz spectrometer. Sodium 

resonance frequency (𝜗 𝑎) at 7.05 T is 79.3 MHz and the chemical shifts are referenced to the 

chemical shift of 0.1 M NaCl solution. 23Na MAS and MQMAS experiments were carried out at 

a spinning speed of 10 kHz. 7Li NMR experiments were also done on the AV 300 NMR 

spectrometer at a spinning speed of 10 kHz and the resonance frequency 𝜗 𝑖  is 116.5 MHz. 7Li 

spectra were referenced to the chemical shift of 0.1 M LiCl solution. 139La MAS NMR spectra 

were recorded on high field AV 700 MHz spectrometer at a spinning speed of 60 kHz and a 

resonance frequency (𝜗 𝑎) of 98.8 MHz. 0.1 M La(NO3)3 solution was used as the reference for 

chemical shift. 

2.4.3. Raman spectroscopy 

Raman spectroscopy is a non-destructive molecular spectroscopy and uses the vibrational 

transitions to get more insight to the disorder and strain present in the system. The vibrational 

Raman spectra has shorter characteristic length scale, hence it is used to probe the local 

symmetry changes.93 Raman selection rules are sensitive to local and global symmetry changes. 

A strong laser beam in the ultraviolet or visible region ( ) is used in Raman spectroscopy for 

irradiating the sample. The scattered light is observed in a back scattering geometry. There are 

two types of scattered light, Rayleigh scattering and Raman scattering. If the scattered rays have 

the same frequency ( ) of the incident light, it is called Rayleigh scattering. In Raman scattering 

the scattered rays have either lower ( - ) or higher frequency (  + ) compared to the 

incident radiation, where  is the vibrational frequency of the molecule. The lines ( - ) and 

(  + ) are known as Stokes and anti-Stokes lines respectively. Hence the vibrational 

frequency of different bonds in the material can be measured in Raman spectroscopy in terms of 
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the frequency shift ( ∓ ) of the incident radiation. The basic requirement for Raman activity 

is that the vibrational transition should proceed with a change in polarizability.94 

In crystalline solids, instead of molecular vibrations, phonon characteristics are studied. 

The Raman active phonons will have a non-zero value for the first derivative of the polarizability 

with respect to the vibrational normal coordinate. The basic requirement to have an active 

phonon in a crystal is lack of centre of symmetry. 

In the present study, phase transitions and local symmetry changes are studied using 

Raman spectroscopy. The experiments were done on a Lab RAM HR spectrometer (HORIBA 

JOBIN YVON, Model No.HR 800) using 633 nm He-Ne laser. A group theoretical analysis of 

monoclinic (Cc) BNT and tetragonal (P4bm) BKT Raman modes by correlation method was 

carried out.95 In correlation method, the first step is to find the molecules per Bravais space cell. 

The Bravais space cell is used to derive the irreducible representation for the lattice vibrations. If 

the crystallographic unit cells contain more than one Bravais cells that many vibrations are 

needed to represent the lattice vibrations of the crystal. This problem can be eliminated by 

dividing the number of molecules per unit crystallographic cell (Z) by the number of lattice 

points (LP). Hence the number of molecules in the Bravais space cell (𝑍 ) is given as  

 Z  = 
ZLP (2.12) 

Second step is to find the site symmetry which is the sub group of the full symmetry of 

the Bravais unit cell of each atom in the Bravais cell. Then, the site group is correlated to the 

factor group. The site symmetry of each atom gives the symmetry species corresponds to the 

atom displacements in the site. These displacements will become the lattice vibrations in the 

crystal. The correlation table can be identified from the site species for these displacements and 

each species of the site group can be related to the factor group. This correlation unambiguously 

identifies the species of the lattice vibration in the crystal and allows the prediction of Raman 

and infrared activity.  

The deconvolution of the Raman spectra was done with Orgin8 software. The 

deconvolution of spectra with Orgin software consists of three main steps 1) background 

correction, 2) selection of peak centre and 3) iteration to the best fit. At first the background 

correction of the spectra was done by creating a straight line as baseline and generate anchor 
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points manually and then fit them to the input function. The spectra consist of three main 

regions; hence initially fitting was tried with three peaks. But the simulated patterns were not 

matching with the experimental pattern. The best fit for BNT was obtained when 7 peaks are 

used. 

2.4.4. Scanning electron microscopy 

Scanning electron microscopy (SEM) is commonly used for studying microstructure and 

morphology of the materials.96 SEM provides high resolution surface imaging with three 

dimensional characteristics. In a typical SEM instrument thermionically emitted electrons from 

tungsten or lanthanum hexaboride (LaB6) cathode are accelerated towards an anode; alternatively 

electrons can be emitted via field emission also. The energy of electron beam is ranging from a 

few 100 eV to 50 keV. The electron beam then crosses pairs of scanning coils in the objective 

lens. The lens will deflect the beam over a rectangular area of the sample surface. A scintillator 

photomultiplier device is used for detecting the electrons and the resulting signal is a two 

dimensional intensity distribution that can be viewed and saved as a digital image.  

In the present study the microstructure analysis of the BNT based solid solution series 

was carried out using a FEI Quanta 200 3D ESEM. Samples were in the pellet form and they are 

fixed on to the disk holder by carbon tape before inserting to the SEM sample chamber. 

2.4.5. Density measurements 

Density measurements of the sample pellets were done using a pycnometer which is based on 

Archimedes principle.97 The density measurement procedure is as follows: the weight of 

pycnometer (𝑚 ) together with the inserted pellet (𝑚𝑠) was measured and then the pycnometer 

was filled with water and the total weight (𝑚 ) is measured which is equal to 𝑚 + 𝑚 +𝑚′ .  

The weight of water filled in pycnometer, 𝑚′  = 𝑚  – 𝑚 + 𝑚𝑠+𝑚′ ) 

The volume of the added water ( ′ ), is obtained from the equation 

 ′ = 𝐻 𝑂′

𝐻 𝑂  
(2.13) 

The volume of the pellet ( 𝑠) is the difference between the volume of the water that fills the 

empty pycnometer V and the volume ′ .  
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 𝑠= V - ′  = 
𝐻 𝑂− 𝐻 𝑂′

𝐻 𝑂  
(2.14) 

Density of the measured object 𝑠 can be calculated as  

 𝑠 = 𝑠𝑠  (2.15) 

2.4.6. Dielectric measurements 

The dielectric measurements of the pellets were carried out using impedance bridge (General 

Radio 1608-A Impedance Bridge). It is an independent impedance measurement system, which 

contains six bridges for the measurement of capacitance, resistance, impedance, conductance, 

etc. Two different modes are present in it, parallel and series. The pelletized samples with silver 

paste coating on both sides were used for the measurement. The silver paste coating on the 

polished surfaces of the pellets is done for electrical contact and they are sandwiched between 

the two electrodes of the sample holder. In the present study, the parallel capacitance at 1 kHz 

was measured in the impedance bridge. The value of the dielectric constant ( ) is calculated 

from the equation given below.98 

 = pε  (2.16) 

Where C  is the capacitance of the sample at a given temperature, h is the sample thickness, A is 

the surface area of the conducting plate and  is the permittivity of air. 

2.4.7. Polarization Vs electric field hysteresis loop measurements 

Polarization Vs Electric field (P-E) hysteresis loop is obtained at 2 kV using a Piezoevaluation 

system (Model 2000, aix ACCT, Germany). Pelletized samples coated with silver paste on both 

polished flat surfaces were used for the measurement. P-E loop measurements are based on a 

Sawyer-Tower circuit which uses a high frequency ac field and the current is integrated into 

charge by virtue of a linear capacitor connected in series to the sample.99 The voltage across the 

capacitor is proportional to the polarization of the sample. The X and Y axes of the oscilloscope 

convert the voltage to the P-E hysteresis loop. The saturation polarization ( 𝑠) and the coercive 

field ( 𝑐) are also obtained from this measurement.  
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3.1. Introduction 

The solid solution of Bi0.5Na0.5TiO3 (BNT) and Bi0.5K0.5TiO3 (BKT), bismuth sodium 

potassium titanate (Bi0.5Na0.5-xKxTiO3), is a lead-free alternative for the well-known 

piezoelectric composition lead zirconium titanate, Pb(Zr1-xTixO3), with superior properties.1 

The crystal structure of BNT is earlier reported as rhombohedral with the R3c space group 

but later on it has been confirmed that the structure is monoclinic with the space group Cc.72 

The structure of BKT is tetragonal with the P4bm space group. Hence a structural phase 

transition is expected when Na in BNT is replaced by K. A morphotropic phase boundary 

(MPB) region is reported in the compositional range 0 . 6  x  0.20.68 As discussed in 

chapter 1 (Section 1.7), there are contradicting reports in the literature on the crystal 

structure, structural phase transformation, existence of the MPB region, and the 

compositional range of the MPB region of the Bi0.5Na0.5TiO3–Bi0.5K0.5TiO3 solid solution 

series, known as the (1-x)BNT–xBKT system. 

All the reported studies on the structural aspects of the BNT–BKT solid solution 

series have been carried out using only few compositions in the MPB region. Therefore, to 

understand the structure-property correlations in this complicated system,  detailed structural 

studies of the solid solution (1-x)BNT–xBKT, where 0  x  0.36, with small compositional 

variations (x in steps of 0.02 for x < 0.1 and x > 0.2 and in steps of 0.01 for 0.10 x  . ) 

have been carried out by Rietveld refinement of the powder XRD patterns. Further, for 

understanding the role of short range ordering and the associated local structural changes due 

to the substitution of the smaller Na+ ion by the larger K+ ion, Raman and solid state NMR 

spectroscopic studies have been carried out. Raman spectral studies on BNT is reported in the 

literature.100-102 Kreisel et al have reported the Raman spectra of few compositions in the 

BNT-BKT solid solution series.70 

In the present study, we have carried out a detailed Raman spectral analysis on the 

structural phase transition region of the (1-x)BNT–xBKT series. Since the crystal symmetry 

of the end members are different, Raman modes of BNT and BKT will be different. 

Therefore, corresponding changes are expected in the Raman modes of the different 

compositions of (1-x)BNT–xBKT.70 Similarly, solid state NMR (SSNMR) is the best tool to 

probe the local structural disorder in non-magnetic compositions, since it can provide 

information on the local structure. SSNMR studies on the (1-x)BNT–xBKT solid solution 

series are not reported in the literature. In this work, we have used MAS and MQMAS103 
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techniques and the spectra obtained are fitted using the DMFIT90 program. The changes in 

the structural parameters obtained from XRD, Raman and NMR studies are correlated with 

the changes in the microstructure, density, dielectric constant, and ferroelectric polarization. 

Very good correlations are observed between the changes in the local structure and the 

properties of the solid solution series. 

3.2. Synthesis 

Table 3.1: Compositions in the (1-x)BNT–xBKT series and the corresponding sample codes. 

x Composition 

(1-x)Bi0.5Na0.5TiO3-xBi0.5K0.5TiO3, 

(1-x)BNT–xBKT 

Sample code 

 

0 BNT BNT 

0.02 0.98BNT–0.02BKT 0.02BKT 

0.04 0.96BNT–0.04BKT 0.04BKT 

0.06 0.94BNT–0.06BKT 0.06BKT 

0.08 0.92BNT–0.08BKT 0.08BKT 

0.10 0.90BNT–0.10BKT 0.10BKT 

0.11 0.89BNT-0.11BKT 0.11BKT 

0.12 0.88BNT–0.12BKT 0.12BKT 

0.13 0.87BNT-0.13BKT 0.13BKT 

0.14 0.86BNT–0.14BKT 0.14BKT 

0.15 0.85BNT-0.15BKT 0.15BKT 

0.16 0.84BNT–0.16BKT 0.16BKT 

0.17 0.83BNT-0.17BKT 0.17BKT 

0.18 0.82BNT–0.18BKT 0.18BKT 

0.19 0.81BNT-0.19BKT 0.19BKT 

0.20 0.80BNT–0.20BKT 0.20BKT 

0.22 0.78BNT-0.22BKT 0.22BKT 

0.24 0.76BNT-0.24BKT 0.24BKT 

0.26 0.74BNT-0.26BKT 0.26BKT 

0.28 0.72BNT-0.28BKT 0.28BKT 

0.30 0.70BNT-0.30BKT 0.30BKT 

0.32 0.68BNT-0.32BKT 0.32BKT 

0.34 0.66BNT-0.34BKT 0.34BKT 

0.36 0.64BNT-0.36BKT 0.36BKT 
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Different compositions in the (1-x)BNT–xBKT solid solution series were prepared by the 

conventional solid state reaction method using Bi2O3, Na2CO3, K2CO3, and TiO2. 

Stoichiometric amounts of the components were taken according to following formula (1-

x)BNT–xBKT where x ranging from 0 to 0.36 in steps of 0.02 (steps of 0.01 for 0.1  x  

0.2). The powders were mixed thoroughly using an agate mortar and pestle, and initially 

calcined at 850 oC for 6 hours. The pre-calcined powders were further calcined at 1000 oC 

and 1150 oC, for 12 hours each, with intermediate grindings. The final powders were 

uniaxially pressed into circular discs (10mm diameter × 3mm height) at a pressure of 8 MPa 

and sintered in air at 1150 oC for 2 hours, at heating and cooling rates of 5 oC/min. All the 

compositions were processed and sintered under identical conditions. The compositions and 

the corresponding sample codes are specified in Table 3.1 

3.3. Powder X-ray diffraction  

All the compositions are initially characterized by powder XRD studies to verify phase 

formation. Figure 3.1 shows the powder XRD patterns of selected compositions in the (1-

x)BNT–xBKT series. The simulated XRD pattern of BNT using the R3c space group and 

crystallographic parameters taken from literature,104 is also shown for comparison.The 

powder XRD pattern is simulated using the PCW software, as discussed in chapter 2 (Section 

2.4.1). All the XRD patterns showed peaks similar to that in the simulated pattern, and the 

peaks correspond to the perovskite lattice without any impurities.  

Rietveld refinement analyses of the XRD patterns of all compositions have been 

carried out. Figure 3.2 compares the result of the Rietveld refinement analysis87 of BNT using 

the reported rhombohedral R3c and monoclinic Cc space groups. The R3c space group gave a 

good fit with reduced χ = 2.26 and Rp = 5.91%. However, the monoclinic space group gave a 

better fit with improved χ = 1.95 and Rp = 5.60%. These results suggested that the correct 

structure of BNT is monoclinic with space group Cc, as reported by Aksel et al.105 

Structural refinement of different compositions for x > 0 is carried out using the Cc 

space group and it is found that χ  increases drastically for x >0.17. Results of the Rietveld 

refinement analysis of selected compositions of (1-x)BNT–xBKT , for x <0.17, are shown in 

Figure 3.3. Table 3.2 gives the results obtained from Rietveld refinements of (1-x)BNT–

xBKT for 0  x  0.26. The reduced χ  and R values are found to be much larger for x >0.17. 
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Figure 3.1: Powder XRD patterns of selected compositions in the (1-x)BNT–xBKT solid solution 
series. Simulated pattern of BNT is shown at the bottom for comparison. 
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Figure 3.2: Results of the Rietveld refinement analysis of BNT using (a) rhombohedral R3c and (b) 
monoclinic Cc space groups. 
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Table 3.2: Lattice parameters, reduced χ2 and R  values of (1-x)BNT–xBKT obtained from Rietveld 
analysis. 

 

Sample Cc χ2 𝐑𝐩 (%) 

 a (Å) b (Å) c (Å) β (degree)   

BNT 9.5419 5.4781 5.5074 125.43 1.95 5.24 

0.02BKT 9.5389 5.4792 5.5073 125.41 2.001 5.38 

0.04BKT 9.5455 5.4815 5.5121 125.50 1.957 5.24 

0.06BKT 9.5546 5.4807 5.5157 125.57 1.931 5.16 

0.08BKT 9.5288 5.4829 5.5082 125.38 1.940 5.16 

0.10BKT 9.5548 5.4825 5.5175 125.58 2.027 5.28 

0.11BKT 9.5531 5.4849 5.5177 125.61 2.278 5.16 

0.12BKT 9.5570 5.4850 5.5177 125.58 2.112 5.44 

0.13BKT 9.5572 5.4841 5.5184 125.59 2.153 5.50 

0.14BKT 9.5477 5.4861 5.5146 125.50 2.181 5.44 

0.15BKT 9.5523 5.4884 5.5174 125.57 2.253 5.42 

0.16BKT 9.5517 5.4850 5.5154 125.52 2.398 5.58 

0.17BKT 9.5559 5.4892 5.5172 125.52 2.289 5.33 

0.18BKT 9.5625 5.4900 5.5252 125.58 3.3 5.39 

0.19BKT 9.6076 5.4922 5.5497 125.48 3.5 5.56 

0.20BKT 9.5472 5.4941 5.5198 125.51 3.8 6.49 

0.22BKT 9.5391 5.5014 5.5196 125.38 5.8 7.88 

0.24BKT 9.5330 5.4997 5.5165 125.38 6 8.27 

0.26BKT 9.5365 5.5009 5.5212 125.36 6.2 8.47 

 

The variation of the lattice parameters indicated interesting features. Figure 3.4 shows 

the variation in lattice parameters, ‘a’, ‘b’, ‘c’, and the cell volume with BKT concentration. 

Most prominent change is observed for the lattice parameter ‘b’, as shown in Figure 3.4(b). A 

linear increase in the lattice parameter, b is observed up to x = 0.17, with a large deviation 

above this concentration.  These results suggest that the compositions in the range 0 ≤ x ≤ 

0.17 form under the Cc space group and the structure and/or space group may be different for 

compositions x > 0.17,  to accommodate the larger K+ ion in the crystal lattice. Since the ionic 

radius of K+ (1.64 Å) is much larger than that of Na+ (1.39 Å), substitution of Na+ by K+ 
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expands the lattice spacing of BNT, and hence the unit cell dimensions are expected to 

increase. 

 

Figure 3.3: Results of the Rietveld refinement analysis of (1-x)BNT–xBKT using the monoclinic Cc 
space group, for 0.02BKT, 0.06BKT, 0.10BKT and 0.12BKT. 
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BKT concentrations (0.18  x  0.36) using the rhombohedral space group R3c reported for 

BNT as well as the tetragonal space groups P4bm, P4mm reported for BKT. However, all of 

the compositions gave larger R  and χ  values, using these structural models, indicating that 

the tried structures are not the right models.  Therefore, further refinements that were carried 

out with possibility of mixed phases (R3c as well as Cc with P4bm and P4mm) gave much 

improved fits.  
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Figure 3.4: Variation of the monoclinic lattice parameters (a) ‘a’, (b) ‘b’, (c) ‘c’ and (d) cell volume of 
(1-x)BNT–xBKT solid solution series as a function of x. 
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Figure 3.5: Results of the Rietveld refinement analysis of 0.24BKT using (a)  Cc space group and (b) 
mixed phases of Cc and P4bm space groups. Insets show the goodness of the fit using the two 
different models. 
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Figure 3.6: Results of the Rietveld refinement analysis of (1-x)BNT–xBKT using mixed phases of  
monoclinic Cc and tetragonal P4bm space groups, for 0.18BKT, 0.22BKT, 0.28BKT and 0.32BKT. 
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Table 3.3: Lattice parameters, reduced χ  and R  values of (1-x)BNT–xBKT (0.18  x  0.36) with 
mixed phases of monoclinic Cc and tetragonal P4bm space groups. 

 

Sample Cc P4bm χ2 𝐑𝐩(%) 

 a (Å) b (Å) c (Å) β (degrees) a (Å) b (Å) c (Å)   

0.18BKT 9.57445  5.4942  5.5197  125.52 5.5245  5.5245  3.9360  2.030  5.28 

0.19BKT 9.5696  5.5036  5.5233  125.50 5.5176  5.5176  3.9075  2.110  5.46 

0.20BKT 9.5718  5.5038  5.5208  125.51 5.5180  5.5180  3.9061  2.257  5.67 

0.22BKT 9.5472  5.4726  5.4964  124.63 5.5205  5.5205  3.9047  1.818  4.96 

0.24BKT 9.7896  5.4661  5.5444  125.87 5.5204  5.5204  3.9039  1.706  5.00 

0.26BKT 9.5937  5.4819 5.4919  125.14 5.5216  5.5216  3.9045  2.577  5.53 

0.28BKT 9.6114  5.4941  5.5101  125.07 5.5211  5.5211  3.9018  2.055  5.65 

0.30BKT 9.5409  5.4951  5.5068  124.87 5.5225  5.5225  3.9050  2.106  5.27 

0.32BKT 9.6355  5.4988  5.4978  125.19 5.5206  5.5206  3.9070  2.424  6.18 

0.34BKT 9.5722  5.4993  5.5154  124.73 5.5227  5.5227  3.9069  2.269  5.71 

0.36BKT 9.5735  5.4943  5.5229  124.72 5.5219  5.5219  3.9082  2.398  5.92 

0.38BKT 9.5645  5.5012  5.5205  124.78 5.5219  5.5219  3.9071  2.392  5.86 

 

3.4. Raman spectroscopy 

The structural refinement data of BNT confirmed that the room temperature crystal structure 

of polycrystalline BNT is monoclinic (Cc), as reported by Aksel et al.
105 Although Raman 

data of BNT are available in the literature, the reported factor group analysis is based on the 

rhombohedral structure.100-101 Therefore, a group theoretical analysis of Raman modes of 

BNT is carried out by the correlation method95 for the monoclinic Cc space group. The 

Raman modes present in BNT can be characterized to Cs symmetry with the site symmetry of 

C1.  In the monoclinic (Cc) structure of BNT, all the 6 atoms are (Bi, Na, Ti, 3O) present in 

the 4(a) Wyckoff positions with C1 site symmetry. The factor group analysis of monoclinic 

BNT gives 27 Raman active modes.106-107 The irreducible representation for BNT obtained by 

the correlation method is given in Table 3.4. The room temperature crystal structure of BKT 

is tetragonal (P4bm).  The Raman modes present in BKT can be characterized to C4v factor 

group and the site symmetries present in this are C4(2), C2v(2), CS(4), C1(8). For tetragonal 

(P4bm) BKT, the Wyckoff positions are Bi/Na (2b), Ti (2a), O (2a), O (4c) with site 

symmetries Bi/Na (C2v), Ti (C4), O (C4), O (Cs). The factor group analysis of tetragonal BKT 

gives 16 Raman active modes.108-109 The irreducible representation is given in Table 3.5. 
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Table 3.4: Irreducible representation of  BNT. a Wyckoff notation, b Site symmetry. 

BNT space group Cc  𝐶𝑠  

 Site  Cs factor group 

representation 

Atom a b Site representation A  A  

Bi/Na 4a C1 6A 3 3 

Ti 4a C1 6A 3 3 

O 4a C1 6A 3 3 

O 4a C1 6A 3 3 

O 4a C1 6A 3 3 

 τBNT = 15A  +15A  τacoust = 2A  + A  τBNTa a  = 13A  +14 A  

 

Table 3.5: Irreducible representation of BKT. a Wyckoff notation, b Site symmetry, c site element used 
for the correlation between site group and factor group. 

BKT space group P4bm  𝐶 𝑣 

 Site  C4v factor group 

representation 

Atom a b c Site 

representation 

A1 A2 B1 B2 E 

Bi/K 2b C2v 𝜎  2A1+2B1+2B2 1   1 2 

Ti 2a C4  2A+2E 1 1   2 

O 2a C4  2A+2E 1 1   2 

O 4c Cs 𝜎  8A +4A  2 1 1 2 3 

 τBKT = 5A
1
 + 3A

2
 + B

1
 + 3B

2
 + 9E τacoust = A

1
 +E τBKTa a  = 4A

1
 + B

1
 + 3B

2
 + 8E 

Since the Raman active vibrational modes of BNT and BKT crystals are different, 

theoretically it is possible to distinguish both the space groups using polarised Raman 
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spectroscopy. It is observed in other perovskites that the disorder in the A site will lead to 

broadening of the Raman bands and break down of the selection rules.70 Some Raman modes 

in BNT and BKT are IR active which results in the broadening of the bands in the 

polycrystalline samples.70 In the present work, the changes in the Raman spectra of the         

(1-x)BNT–xBKT solid solution series are studied in a more quantitative way. 

 

Figure 3.7: Raman Spectra of different compositions in the (1-x)BNT–xBKT series for 0  x  0.36 
(x = 0.02). 

Figure 3.7 shows the Raman spectra of different compositions in the (1-x)BNT–xBKT 

solid solution series. The Raman spectra obtained for BNT and other compositions in the    

(1-x)BNT–xBKT solid solution are similar to that already reported.70,110 Three different 

regions are observed in the Raman spectra and each region is related to different kinds of 

vibrations. The region below 180 cm-1 is related to the A-O vibration (A = Bi3+, Na+, K+) in 

the ABO3 perovskite structure and the region between 180 and 400 cm-1 belongs to the Ti-O 

vibrations. The high frequency region above 400 cm-1 is associated with the vibrations of the 

TiO6 octahedra. On increasing the BKT concentration, several characteristic features are 

observed in the Raman spectra of the different compositions. These changes are expected 

since BNT and BKT have different crystal structures and hence, different Raman modes. On 

increasing the BKT concentration, a small downward shift is observed for the peak at ~135 

cm-1. Changes in the peak profile/intensity are observed for the bands above 200 cm-1 for x 
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>0.16.  The band centred around 280 cm-1 shows splitting for higher BKT concentrations (x > 

0.18) which indicate changes in the crystal structure. Corresponding changes are observed for 

the band in the 400-700 cm-1 region also. Relatively broad spectra are observed for all the 

compositions in the (1-x)BNT–xBKT solid solution series. This is due to the effect of 

substitution of Na +on the A site by the larger K+ ion and also due to the overlapping of the 

different Raman modes. 

 

 

Figure 3.8: Deconvoluted Raman spectra of BNT, 0.02BKT, 0.04BKT, 0.06BKT, in (1-x)BNT–
xBKT. The black, red and blue curves correspond to experimental spectra, fitted curves and the 
individual components, respectively. 
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Figure 3.9: Deconvoluted Raman spectra of 0.08BKT, 0.10BKT, 0.12BKT, and 0.14BKT, 0.16BKT, 
0.18BKT in (1-x)BNT–xBKT. The black, red and blue curves correspond to experimental spectra, 
fitted curves and the individual components, respectively. 
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Figure 3.10: Deconvoluted Raman spectra of 0.20BKT, 0.22BKT, 0.24BKT, 0.26BKT, 0.28BKT, and 
0.30BKTin (1-x)BNT–xBKT. The black, red and blue curves correspond to experimental spectra, 
fitted curves and the individual components, respectively. 
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Figure 3.11: Deconvoluted Raman spectra of 0.32BKT, 0.34BKT, and 0.36BKT in (1-x)BNT–xBKT. 
The black, red and blue curves correspond to experimental spectra, fitted curves and the individual 
components, respectively. 
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Figure 3.12: Changes in the (a) peak position and (b) area under the peak of the band below 180 cm-1 
in the Raman spectra as a function of x in (1-x)BNT–xBKT. 

Figure 3.13: Total area and area under the individual peaks of the Raman band in the 180400 cm-1 
region as a function of x in (1-x)BNT–xBKT., (a) total area, (b) area under the 1st peak, (c) area under 
the 2nd peak, (d) area under the 3rd peak. 
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Figure 3.12 shows the position and area under the peak related to the A-O band below 

180 cm-1.  A small increase in the position of the band with increasing BKT concentration is 

observed for x < 0.1, followed by a linear decrease up to x = 0.16 with increasing the BKT 

concentration and a sharp drop for 0.16 < x < 0.22. The peak position is unchanged for higher 

BKT concentrations (x > 0.22). The area under the peak also shows similar changes, where 

the area initially increases, then decreases drastically after x = 0.1, and remains almost 

constant for x > 0.24. This peak belongs to the (Na+-O/K+-O) vibration since the band due to 

Bi-O vibration cannot be observed in this region due to the higher mass of Bi+ ion.100 The 

changes in the nature of this peak (position and area) with increasing K+ concentration could 

be due to the changes in the local structural distortions at lower concentrations, structural 

change from monoclinic to tetragonal at intermediate concentrations in the MPB region and 

increase in the A site disorder at higher level of substitution. 

 

Figure 3.14: Total area and area under the individual peaks of the Raman band in the 400700 cm-1 
region as a function of x in (1-x)BNT–xBKT., (a) total area, (b) area under the 1st peak, (c) area under 
the 2nd peak, (d) area under the 3rd peak. 
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The broad band observed in the 180400 cm-1 region is associated with the Ti-O 

vibrations. This band is deconvoluted into 3 components up to x = 0.18, with an additional 

component for x > 0.18, in the low frequency region which is a clear indication for structural 

changes after x = 0.18. The additional component for 0.18 < x < 0.36 suggests some changes 

in the Ti-O bond for x  0.18. Figure 3.13(a) shows the changes in area under the band in the 

180-400 cm-1 region as a function of BKT concentration. On increasing the BKT 

concentration, the area increases gradually and at higher concentrations the area becomes 

almost constant. However, different regions can be identified in the graph, such as slow 

increase up to x = 0.1, relatively larger slope from x = 0.1 to 0.18, large jump between x = 

0.18 and 0.24 and remains almost constant for x > 0.24. Associated changes are observed for 

the area under the different components. Even though the area under the peak 1(Figure 3.13 

(b)) increases, under peak 2 (Figure 3.13 (c)) decreases and under peak 3 (Figure 3.13 (d)) 

remains almost constant, some visible changes are observed in the regions observed under the 

total area.  

The broad band in the 400-700 cm-1 region in the Raman spectra is associated with 

TiO6 vibrations and the oxygen octahedra. Not much significant changes are observed in the 

characteristics of this band on increasing the BKT concentration. However the effect of 

substitution is clearly observed where a higher frequency shift of the peak is observed on 

increasing the BKT concentration. This region in the spectra is deconvoluted into three 

components and the changes in the total area under the peak as well as the area under the 

individual peaks are shown in Figure 3.14. The total area initially decreases up to x ~0.16 and 

then increases almost linearly. The area under the peak 1decreases up to x = 0.1 and then 

increases linearly, area under peak 2 increases up to x = 0.24 and then becomes independent 

of x, area under peak 3 decreases up to the region x = 0.2–0.24 and then increases. Figure 

3.15 shows that there is a continuous shift in the position of the individual peaks to higher 

wave number under the band in the 400-700 cm-1 region. However, a close analysis shows 

anomalies in the peak positions at concentrations where anomalies are observed under the 

area under the peaks. The positions of all three peaks remain the same for compositions x ≥ 

0.24. A sharp change in the positions of the peaks is observed for 0.16 ≤ x ≤ 0.24, and the 

positions remain almost the same for compositions in the range 0.08 ≤ x ≤ 0.16. All these 

observations are in line with the observed structural changes. 
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Figure 3.15: Changes in the individual peak positions of the Raman band in the 400700 cm-1 region 
as a function of x in (1-x)BNT–xBKT.(a) 1st peak, (b) 2nd peak, (c) 3rd peak. 

The analysis of the Raman spectra of different compositions, thus, confirms changes 

in the local structure for x < 0.18 and major structural changes for x > 0.18 in the                 

(1-x)BNT–xBKT series. An additional band is observed after this composition in the 180-400 

cm-1 region which corresponds to the Ti-O vibrations. This additional mode observed is a 

clear indication for symmetry change after x = 0.18. Moreover, there is a sudden downward 

shift after x = 0.18 in the band position centered ~135 cm-1. Corresponding changes are 

observed for the band in the 180-400 cm-1 region. This indicates that substitution of Na by K 

at the A-site of the perovskite lattice directly affects the Ti-O bonds. Similarly, an upward 

shift in the frequency is observed after x = 0.18 in the peaks present in the region between 

400-700 cm-1. Since the bands in this region corresponds to TiO6 vibrations, the upward 

frequency shift indicates changes in the symmetry of TiO6 octahedra after x = 0.18. Co-
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existence of the monoclinic Cc and tetragonal P4bm structures are observed from the XRD 

studies which correlates very well with the results from the present Raman studies. 

3.5. Solid-state NMR spectroscopy 

SSNMR studies on the (1-x)BNT–xBKT solid solution series have not yet been reported in 

the literature. We have carried out 23Na MAS NMR and MQ MAS NMR studies on different 

compositions in the (1-x)BNT–xBKT series to understand the local symmetry changes on the 

formation of the solid solution and especially  across the MPB region. Figure 3.16(a) shows 

the 23Na MAS spectra of different compositions in the BNT–BKT series and Figure 3.16(b) 

shows the zoomed central transition. An immediate observation is the shift in the position of 

the peak with increasing x and the variation of the peak position as a function of x is shown in 

the inset of Figure 3.16(b). There are four different compositional regions identified in the 

inset figure. The chemical shift varies only a little up to x = 0.06,  sharp increase in the shift is 

observed for 0.06  x  0.16, large increase in the chemical shift is observed for 0.16  x  

0.24, and the chemical shift remains almost constant for x > 0.24. From the spectra of 

different compositions, it is clear that their linewidths are different which is due to the 

changes in   their quadrupolar coupling which also result in an apparent change in the peak 

maxima. The changes in the quadrupolar coupling are due to the changes in the symmetry on 

replacing the smaller ion Na+ by the larger K+ ion. 

To extract the NMR parameters, all the 23Na MAS spectra were fitted using the 

DMFIT program.9 From the lineshape of the 23Na spectra, it is clear that this system has a 

distribution of quadrupolar coupling constants as described in chapter 2 (Section 2.3.2.3). The 

Gaussian isotropic model (GIM) of the ‘Czjzek’ distribution is the simplest and physically 

consistent model90 to simulate a spectrum which has a distribution of quadrupolar coupling 

constants. The ‘Czjzek’ model in the DMFIT program incorporates the Gaussian isotropic 

model which includes a Gaussian distribution of isotropic chemical shift and a distribution of 

electric field gradient which gives a mean isotropic shift (𝛿𝑖𝑠𝑜), a chemical shift distribution 

(∆ 𝑠) and a mean quadrupolar product CQ
*=C + 𝜂 / )1/2, where 𝜂 is the asymmetry 

parameter. The use of ‘Czjzek’ model allows a quantitative decomposition of the spectra and 

the extraction of the quadrupole coupling. After selecting the ‘Czjzek’ model, guess 

parameters for the isotropic shift (𝛿𝑖𝑠𝑜), the distribution of isotropic chemical shift (∆ 𝑠) and 

the quadrupolar coupling CQ
*are used to generate an approximate line shape. Then, the 

simulated lineshape was iterated by changing the NMR parameters and the amplitude until a 
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good match with the experimental spectra is obtained. Figure 3.17 shows the experimental 

and simulated spectra for selected compositions (x = 0, 0.11, 0.2, 0.36) in the (1-x)BNT–

xBKT series. It can be seen that the experimental and the simulated spectra match very well 

for all the compositions. 

 

 

Figure 3.16:  (a) 23Na NMR spectra of the different compositions in the (1-x)BNT–xBKT series, (b) 
Zoomed view of the central region. Spectra are shown for x = 0.02. 
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Figure 3.17: Comparison of the experimental and simulated 23Na NMR spectra of BNT, 0.11BKT, 
0.20BKT, and 0.36BKT in the (1-x)BNT–xBKT series. 

Figure 3.17 shows the variation of the quadrupolar coupling, CQ
*, with concentration 

of BKT in the (1-x)BNT–xBKT series. CQ
* decreases initially with increasing BKT 

concentration and then increases in the concentration range 0.15 ≤ x ≤ 0.24, after reaching a 

minimum value for x = 0.15 and further decreases above x = 0.24. The variation of CQ
* in the 

region x < 0.15 shows two distinct regions, a non-linear region below x < 0.1 and a linear 

region for 0.1 < x < 0.15. Quadrupolar coupling constant is known to be related to the crystal 

symmetry of a material.91 Since the CQ
* decreases initially, it is possible that the 

rhombohedral distortion decreases with increasing BKT concentration and that the distortion 

may be minimum around x = 0.15 and also that phase separation and the MPB region starts 

above this value of x.  This implies that the rhombohedral/monoclinic unit cell of BNT is 

unstable above x = 0.15, because of the larger size of K+ compared to that of Na+, and forms 

the tetragonal unit cell at higher levels of substitution. Thus, from the NMR results, it can be 

considered that the compositional region 0.15 ≤ x ≤ 0.24 may correspond to the MPB region. 

XRD studies showed the onset of the MPB region as x = 0.18. Since solid state NMR studies 

probe the local symmetry changes, compared to the long range ordering probed by XRD, it is 

possible that the onset of the MPB region is x = 0.15.  
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Figure 3.18: Variation of  23Na CQ
* of (1-x)BNT–xBKT series as a function of x. 

XRD studies showed a biphasic MPB region in the (1-x)BNT–xBKT series, for x ≥ 

0.18, with monoclinic (Cc) and tetragonal (P4bm) structures. To verify whether more than a 

single sodium site is present or not, 23Na MQMAS NMR investigations are carried out on a 

few compositions of (1-x)BNT–xBKT solid solution. Figure 3.19 shows the MQMAS spectra 

of four different compositions of (1-x)BNT–xBKT.  

If there were more than one sodium site present in the crystal structure, it would have 

been evident as a separate contour in the MQMAS spectrum.  Since more than one contour is 

absent in the MQMAS spectra, it is clear that only a single sodium site is present in the 

crystal structure of different compositions in the (1-x)BNT–xBKT solid solution, even in the 

MPB region. The MQMAS spectra are contours which are centered around -6 to -7 ppm in 

the x axis and narrows down towards the right hand side as expected for a system with a 

distribution of quadrupolar coupling.111The y co-ordinate of contour is dependent on the 

strength of the quadrupolar coupling CQ
* with the contour shifting down when CQ

* is more. 

From the MQMAS spectrum of 0.11BKT  shown Figure 3.19(b), it can be seen that the y 

coordinate of the contour is less than that of BNT shown in Figure 3.19(a) as expected since 

the CQ
* for this composition is less than that of BNT. Similar trend is seen for the MQMAS 

spectra of other compositions shown. The y co-ordinate of the contour of the spectrum of 

0.36 BKT shown in  Figure 3.19(d) has the least value since this has the lowest CQ
*.  
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Figure 3.19: 23Na MQ MAS NMR spectra of different compositions in the (1-x)BNT–xBKT series;  a) 
BNT, b) 0.11BKT, c) 0.20BKT, and d) 0.36BKT. 

From the 23Na SSNMR studies it may be concluded that the MPB region starts from x 

= 0.15 compositions and the distortion in the crystal lattice is maximum in the composition 

range 0.22 ≤ x ≤ 0.24. Only one sodium site present in the MPB region of BNT–BKT solid 

solution although both monoclinic and tetragonal phase co-exist in the MPB. 

3.6. Scanning electron microscopy 

SEM images of different compositions of (1-x)BNT–xBKT are shown in Figure 3.20. Table 

3.6 shows grains size and density of different compositions in the (1-x)BNT–xBKT series. 

Very large grains of size ~10 m are observed for BNT (x = 0) with large inter and intra-

granular pores. The grain size and porosity are decreased with increasing BKT concentration. 

Individual grains of size in the range 15 m are clearly seen for the composition x=0.14. 

Further increase in the BKT concentration leads to the formation of fused grains, with 

decreasing porosity, for compositions in the range 0.16  x  0.24. These compositions 

correspond to the MPB region as evidenced from the XRD studies. For compositions with x 
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>0.24, individual and well-crystallized small grains are observed. Thus, there is a direct 

correlation between the phase content in the BNT–BKT system obtained from XRD analysis 

and the microstructure of the sintered products 

 

Figure 3.20: SEM images of different compositions in the (1-x)BNT–xBKT system. The scale shown 
is common for all images. 
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Table 3.6: Density and grains size of different compositions in the (1-x)BNT–xBKT series. 

Sample Grain size  

(μm) 

Density  

(g/cm3) 

Theoretical 
Density 
(g/cm3) 

BNT 11.4 4.66 6.00 

0.02BKT 10.0 4.68 6.00 

0.04BKT 9.7 4.77 6.00 

0.06BKT 9.7 4.78 6.00 

0.08BKT 8.5 4.81 6.01 

0.10BKT 5.7 4.81 6.01 

0.12BKT 5.7 4.83 6.01 

0.14BKT 4.5 4.85 6.01 

0.16BKT 5.1 4.90 6.02 

0.18BLT 3.7 4.94 5.93 

0.19BKT 3.7 4.97 5.97 

0.20BKT 3.4 5.10 5.97 

0.22BKT 3.1 5.18 5.98 

0.24BKT 3.7 5.20 5.93 

0.26BKT 3.4 5.07 5.99 

0.28BKT 2.8 5.04 5.97 

0.30BKT 3.1 5.00 5.99 

0.32BKT 2.8 5.00 5.98 

0.34BKT 3.4 5.00 5.97 

 

3.7. Density 

Figure 3.21 shows the variation of sintered density of (1-x)BNT–xBKT with BKT 

concentration. The density is relatively low, compared to that in the previous reports,58,112 and 

this is due to the very lower pressure (8 MPa) used in the present work for compaction of the 

pellets. For example, Yang et al reported a maximum density of 5.66 g/cm3 for x = 0.18 for 

powders compacted at a pressure of 100 MPa and sintered at 1150 oC.58 Similarly, Otonicar et 

al reported a sintered density of 5.86 g/cm3 for BNT powders compacted at a pressure of 750 

MPa and sintered at ~1100 oC.112 In the present work, the sintered density of BNT is (4.6615 

g/cm3) is very low compared to the theoretical density 5.9970 g/cm3, due to the very low 
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compaction pressure used (8 MPa). A comparison of theoretical density and measured 

density is shown in Table 3.6 

 

Figure 3.21: Variation of the sintered density of (1-x)BNT–xBKT solid solution as a function of x. 

The density of (1-x)BNT–xBKT initially increases almost linearly with increasing x, 

suggesting the formation of an ideal solid solution. A large increase in the density is observed 

above x = 0.18 and the density reaches a maximum value in the region 0.   x  0.24. The 

density is decreased above x = 0.24 and reaches almost constant value for x > 0.26. The 

changes in the density correlate very well with the features observed in the microstructure, 

where the grain size and porosity decreases with increasing x up to x = 0.18, fused grains with 

increasing grain size are observed for compositions in the range 0.22 ≤ x ≤ 0.24 and well 

crystallized grains are observed for x ≥ 0.24. 

3.8. Dielectric constant  

Figure 3.22 shows the variation of the dielectric constant of (1-x)BNT–xBKT as a function of 

x, measured at a frequency of 1 kHz. It is observed that, on increasing the BKT concentration, 

the dielectric constant  initially increases almost linearly up to x = 0.17. A large increase in 

the dielectric constant is observed above x > 0.17 and the value reaches a maximum in the 

compositional range 0.20 ≤ x ≤ 0.26, with the highest value of r = 1800 obtained for x = 0.24. 
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A sharp drop in the dielectric constant is observed above x = 0.24 and the dielectric constant 

decreases almost linearly above x = 0.26. 

 
Figure 3.22: Variation the of dielectric constant of (1-x)BNT–xBKT as a function of x. 

For BNT, dielectric constant is obtained as 516, comparable to that reported (536).112 

Otonicar et al have reported a maximum dielectric constant r = 1140 for x = 0.2 where only 

few compositions in the BNT–BKT series are studied (0.17, 0.2 and 0.22, 0.24) in the MPB 

region.112 Yang et al reported a maximum dielectric constant r = 893 at x = 0.18 in the MPB 

region of BNT–BKT solid solution.58 Sasaki et al could achieve a dielectric constant r = 

1100 at x = 0.20 in the BNT-BKT solid solution.72 The changes in the dielectric constant with 

increasing x are almost similar to the variation of the density (Figure 3.20), suggesting the 

correlation with the dielectric constant and microstructure. Even though the densities of the 

present sintered compacts are much less than that reported due to the differences in the 

compaction pressure used, comparable or larger values of the dielectric constant are obtained 

for different compositions in the present work. 
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decreased. Only one peak is observed for compositions with low K+ content (x ≤ 0.10). For 

higher BKT content (0.12 ≤ x ≤ 0.20), an additional peak is observed at a lower temperature. 

 

Figure 3.23: Variation of the dielectric constant of different compositions of (1-x)BNT–xBKT as a 
function of temperature.  

 

Figure 3.24: The first transition temperature (Tt) of (1-x)BNT–xBKT solid solution as a function of x. 
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Figure 3.25: Curie temperature (TC) of (1-x)BNT–xBKT solid solution as a function of x. 

Previous report on the temperature dependent dielectric constant concluded that the 

first peak (Tt) at the lower temperature is due to the rhombohedral ferroelectric to tetragonal 

antiferroelectric phase transition and the second peak (TC) is due to the transition from 

tetragonal antiferroelectric phase to cubic paraelectric phase.58 The first peak at Tt showed a 

low temperature shift with increasing BKT concentration as shown in Figure 3.24. The 

changes in TC as a function of BKT concentration is shown in Figure 3.25. For low K+ 

concentration (x ≤ 0.08) TC decreases with increasing BKT concentration and for higher K+ 

concentrations (0.08≤ x ≤ 0.20) TC increases. The observations in the present investigation are 

slightly different from already reported studies. Yang et al reported that Tt  shifts to low 

temperature and TC shifts to high temperature with BKT concentration.58 Elkechai et al 

studied the temperature dependent dielectric permittivity of selected compositions of BNT–

BKT in the frequency range 100 kHz to 1 MHz and observed a similar behaviour 

characterized by a large maximum of permittivity without frequency dispersion.68 They 

observed a small shoulder at the low temperature side (Tt) for compositions with low BKT 

concentration which diminished and shifted towards the low temperature side with increase in 

BKT concentration. This shoulder at Tt disappeared at x = 0.1 composition. TC of BNT–BKT 

solid solution showed a slight decrease till x = 0.1 composition and then it increased.  

At higher BKT concentrations, more cations co-occupy in a single unit cell lattice, 

hence more chemical compositions are possible in the unit cell. As a result, the crystal 
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structure become inhomogeneous in the nanometer level and the relaxor behaviour of the 

ceramics is increased. Consequently the TC of the material is shifted to higher temperatures 

with BKT concentration. The low temperature shift in the TC at low BKT concentrations (x ≤ 

0.08) is due to the local symmetry changes due to the non-uniform distribution of the 

substituted ion in the crystal lattice. The studies on dielectric properties of the BNT–BKT 

solid solution showed that the substitution of larger K+ ion in the BNT lattice caused 

distortions in the unit cell which leads to changes in the dipole moment.  This will induce 

strain in the crystal lattice and a raise in the relaxor behaviour, as suggested.58 

3.9. Polarization 

The P-E hysteresis loops of BNT–BKT solid solution are measured in the voltage range of 

±2000 V. The P-E hysteresis loops of different compositions ofthe BNT–BKT solid solution 

series are shown in Figure 3.26. For a direct comparison of the changes with composition, the 

P-E loops of selected compositions are compared in Figure 3.27.  
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Figure 3.26: P-E hysteresis loop of different compositions in (1-x)BNT–xBKT. 
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Figure 3.27: Comparison of the P-E hysteresis loops of selected compositions of (1-x)BNT–xBKT. 

 

Figure 3.28: Polarisation at 2000 V as a function of x in (1-x)BNT–xBKT. 

Polarization is not saturated for all compositions due to the low electric field used for 

the measurement. However, it is seen that the polarization and the width of the loop increase 

with increasing BKT content. Figure 3.28 shows the variation of polarization at the maximum 

measured field of 2000 V, as a function of x in (1-x)BNT–xBKT. On increasing the BKT 

concentration, the polarization increases almost linearly up to x = 0.16, and a large increase in 

the polarization is observed between x = 0.16 and 0.20. Polarization reaches a maximum in 

the compositional range 0.   x  0.28. The coercive field is found to be maximum for the 

-2000 -1000 0 1000 2000

-8

-4

0

4

8

P
o

la
ri

z
a

ti
o

n
 (
C

/c
m

2
)

Voltage (V)

 BNT

 0.02BKT

 0.10BKT

 0.18BKT

 0.22BKT

 0.28BKT

 0.36BKT

0.00 0.06 0.12 0.18 0.24 0.30 0.36

2

4

6

8

P
o
la

ri
za

ti
o
n
, 

P
 (
C

/c
m

2
)

x in (1-x)BNT-xBKT



Studies on (1-x)B0.5Na0.5TiO3–xB0.5K0.5TiO3 Series 
 

82 

 

compositions x = 0.18 and 0.20, even though the polarisation is not saturated, and hence no 

meaning for the measured coercive field. 

3.10. Structure-property correlations 

The present results show that the changes in the crystal structure, phase content, 

microstructure, sintered density, dielectric constant and polarization of the (1-x)BNT–xBKT 

system follow exactly similar trend. Linear variations of the lattice parameter, density, 

dielectric constant and polarization are observed for 0 ≤ x ≤ 0.17 and maximum values of 

density, polarization and dielectric constant are obtained in the range 0.20 ≤ x ≤ 0.24, where 

the microstructure shows fused grains. These results indicate the direct correlation between 

the changes in the structural, microstructural and performance parameters with increasing 

BKT content in the (1-x)BNT–xBKT system. 

From the Raman and 23Na NMR spectral studies on different compositions in the (1-

x)BNT–xBKT series,  close correlations between the local structural variations and the 

properties of the system have been obtained. For example, Figure 3.29 shows comparison of 

the variation of the dielectric constant and the area under the band in the 200-400 cm-1 region 

of the Raman spectra, as a function of BKT content.  

 

Figure 3.29: Comparison of the dielectric constant and the area under the Raman band in the 200-400 
cm-1 region as a function of x in the (1-x)BNT–xBKT series. 
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The Raman band in this frequency region corresponds to the Ti-O vibrations in the 

perovskite structure. Both parameters show almost similar variation, below x = 0.2. Since 

Raman spectra is sensitive to local structural variations, the similar changes observed for both 

parameters in the same compositional region, suggests the role of minor variations in the 

local structure in determining the ferroelectric properties of the material. 

In fact, better correlation is obtained from the NMR studies. Since SSNMR spectrum 

is known to be very sensitive to local structural variations, additional information is obtained 

from the 23Na NMR spectral studies. Figure 3.30 compares the changes in the 23Na 

quadrupolar coupling constant obtained from the NMR studies and the position of the Raman 

band below 180 cm-1. This band in the Raman spectra corresponds to the Na/K-O vibrations. 

Corresponding changes are observed for both parameters in different compositional regions. 

The quadrupolar coupling constant increases above x = 0.15 and a corresponding large drop 

is observed in the position of the Raman peak. 

 

Figure 3.30: Comparison of the position of the Raman peak below 180 cm-1 and the 23Na quadrupolar 
coupling constant from NMR spectra, as a function of x in (1-x)BNT–xBKT. 

The XRD analysis showed structural phase transition above x = 0.18 in the BNT–

BKT solid solution11 and the SSNMR and Raman parameters showed deviation after x = 0.15 

composition. A large increase in the quadrupolar coupling constant is observed above x = 

0.0 0.1 0.2 0.3 0.4
120

125

130

135

140

W
a
v
e
n
u
m

b
e
r 

(c
m

-1
)

x in (1-x)BNT-xBKT

 Peak centre (cm
-1
)

800

880

960

1040

 C
Q

*
(kHz)

C
Q

*  (
k
H

z
)



Studies on (1-x)B0.5Na0.5TiO3–xB0.5K0.5TiO3 Series 
 

84 

 

0.15. Raman analysis also suggests changes in the parameters above x = 0.15. These indicate 

onset of local symmetry changes for x > 0.15 which are not detectable by the XRD analysis 

since it measures only the long range order of a system. Thus, the results suggests that the 

onset of the MPB region is x = 0.15. Thus, the NMR studies suggest that the MPB region 

corresponds to 0.15 ≤ x ≤ 0.24 in the (1-x)BNT-xBKT solid solution series. A close 

observation of different parameters suggests corresponding changes. For example, large 

increase in the dielectric constant and polarization is observed for x > 0.15, suggesting the 

importance of the local structural changes in determining the properties of the system. Thus, 

solid state NMR studies, along with other characterization techniques, appear to be an 

important tool in predicting the structure-property correlations of the functional ceramic 

systems. 

3.11. Conclusions 

Structural, microstructural, density and dielectric properties of the lead-free ferroelectric 

compositions in the solid solution series (1-x)Bi0.5Na0.5TiO3–xBi0.5K0.5TiO3, are studied to 

understand the correlation between the structure and properties of the system. From Rietveld 

refinement analysis of the powder XRD patterns, it is found that the crystal structure is 

monoclinic for x < 0.18. A biphasic MPB region exists for x ≥ 0.18 with monoclinic and 

tetragonal structures. Some of the Raman spectral parameters showed a deviation after x = 

0.15 suggesting the importance of changes in the local symmetry and structural distortion. 

More information on the importance of local structural changes is obtained from solid state 

NMR studies. The quadrupolar coupling of 23Na NMR showed large deviation above x = 

0.15, confirming changes in the local symmetry above this composition. The properties of the 

solid solution showed corresponding changes. Thus, there is a direct correlation between the 

structure, microstructure, and density of the compositions with the dielectric constant, where 

the properties vary linearly for x < 0.15, deviates above x = 0.15 and reached a maximum in 

the compositional region 0.22 ≤ x ≤ 0.28 where the material shows maximum density.  The 

long range order of the (1-x)BNT–xBKT solid solution is obtained from XRD studies which 

confirmed the existence of a biphasic MPB region above x = 0.18 composition. However the 

local symmetry changes and distortions studied by Raman spectroscopy and SSNMR 

evidenced the structural changes above x = 0.15 composition which can correlate with the 

microstructure and properties of the BNT–BKT solid solution. From the studies, it is 

concluded that the structural phase transition starts around x = 0.15, the MPB region 

corresponds to 0.15 ≤ x ≤ 0.24 as evidenced from solid state NMR studies and better 
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performance parameters are obtained in the MPB region of the (1-x)BNT-xBKT solid 

solution series. 
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4.1. Introduction 

Several studies have been reported in the literature on the modifications of Bi0.5Na0.5TiO3 (BNT) 

in order to improve its piezoelectric properties. Most of these studies are centered on the 

substitution of A or B site of the ABO3 perovskite lattice by other metal ions of comparable size, 

ionic character etc. There are few studies reported in the literature on the substitution of Na+ by 

Li+ in BNT. Lu et al synthesized Bi0.5(Na1-xLix)0.5TiO3 solid solution series by the ceramic 

method and observed that the compositions in the range 0 ≤  x ≤ 0.20 have perovskite structure 

with rhombohedral symmetry.113 The maximum piezoelectric constant 𝑑  and planar 

electromechanical coupling factor Kp are obtained as 110 pC/N and 0.18 at x = 0.15, 

respectively. The unsubstituted BNT has lower piezoelectric coupling constant  𝑑  (80pC/N) 

and planar electromechanical coupling factor Kp (0.14). The mechanical quality factor Qmwas 

found to decrease with increasing Li+ content. Said and Maaoui investigated the relaxor behavior 

of Bi0.5(Na1-xLix)0.5TiO3 solid solution series.114 The ceramics showed relaxor type behavior, with 

diffuse phase transition and high Curie temperature, for low Li+ substitution in the range 0 ≤  x ≤ 

0.20. The variation of permittivity with temperature is found to follow the equation ε - εm = C T − Tm γ where 𝛾 is close to 1.5. The authors explained the relaxor behavior as due to the 

cation disorder in the A site. Lin et al studied Li and K co-substituted Bi0.5(Na1-x-yKyLix)0.5TiO3 

solid solution series and observed that small amount of Li+ substitution improved the sintering 

condition and the piezoelectric properties.115 The properties of Li+ and K+ co-substituted BNT 

solid solution series have also been studied by other researchers.116-118 

There are only few reports in the literature on the Bi0.5(Na1-xLix)0.5TiO3 or                      

(1-x)Bi0.5Na0.5TiO3–xBi0.5Li0.5TiO3 (BNT–BLT) solid solution series. Detailed structural 

characteristics of this solid solution series are not yet reported. Therefore, the objective of the 

present work is detailed structural characterization using Rietveld analysis of the XRD patterns, 

Raman spectroscopy and solid state NMR studies and then to correlate dielectric properties with 

the structural changes. Since the size of Li+ (0.92 Å) is smaller than Na+ (1.39 Å) (values for        

8–fold coordination)119 the substitution of Li+ for Na+ in BNT may cause structural changes and 

phase transition. This is investigated by the Rietveld refinement analysis of the XRD patterns87 

of different close compositions in the (1-x)BNT–xBLT series. Similarly, local structural changes 
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are studied by Raman spectroscopy and solid-state NMR analysis. The solid solutions contain 

two quadrupolar nuclei, 7Li and 23Na, and probing these two by NMR is expected to give 

additional information about the local structural changes. The effect of substitution of Li+ on the 

dielectric properties, density and microstructure of the solid solution are also examined to find 

correlation, if any, with the associated structural changes. 

4.2. Synthesis 

Different compositions in the (1-x)BNT–xBLT solid solution series were prepared by the citrate 

gel method for x ranging from 0 to 0.20 in steps of 0.02. The compositions and the corresponding 

sample codes are specified in Table 4.1. 

Table 4.1: Compositions in the (1-x)BNT–xBLT series and the corresponding sample codes. 

x Composition 

(1-x)Bi0.5Na0.5TiO3-xBi0.5Li0.5TiO3, 

(1-x)BNT–xBLT 

Sample code 

 

0 BNT BNT 

0.02 0.98BNT–0.02BLT 0.02BLT 

0.04 0.96BNT–0.04BLT 0.04BLT 

0.06 0.94BNT–0.06BLT 0.06BLT 

0.08 0.92BNT–0.08BLT 0.08BLT 

0.10 0.90BNT–0.10BLT 0.10BLT 

0.12 0.88BNT–0.12BLT 0.12BLT 

0.14 0.86BNT–0.14BLT 0.14BLT 

0.16 0.84BNT–0.16BLT 0.16BLT 

0.18 0.82BNT–0.18BLT 0.18BLT 

0.20 0.80BNT–0.20BLT 0.20BLT 

 

Solutions of stoichiometric amounts of bismuth nitrate (Bi(NO3)3.5H2O), sodium nitrate 

(NaNO3) and lithium  nitrate (LiNO3) were made separately by dissolving bismuth nitrate in 

dilute nitric acid and the nitrates of sodium and lithium in distilled water. The separate solutions 
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were then mixed together. Stoichiometric amount of titanium isopropoxide (Ti[OCH(CH3)2]4) 

was dissolved in isopropyl alcohol and citric acid was dissolved in this solution with continuous 

stirring. The ratio of citric acid to the total metal ion was taken as 3:1. The mixed metal nitrate 

solution was added to the titanium isopropoxide solution with constant stirring and then 

evaporated at 60 oC on a hot plate until a transparent viscous gel was obtained. The dried gel was 

kept at 150 oC for overnight heating that formed a foam. The foam was crushed using a mortar to 

obtain fine powder. This powder was initially calcined at 400 oC, followed by calcination at 850 
oC and 1000 oC with an intermediate grinding. The powder samples obtained were uniaxially 

pressed into circular discs (10 mm diameter x 3mm height) at a pressure of 8 MPa and sintered at 

1000 oC for 2 hours. All the samples were sintered under identical conditions with heating and 

cooling rates of 5 oC/min.  

4.3. Powder X-ray diffraction  

Crushed sintered pellets of (1-x)BNT–xBLT were used for XRD, Raman spectroscopy and solid-

state NMR studies. The powder XRD patterns of all the compositions in the (1-x)BNT–xBLT 

series are shown in Figure 4.1. The simulated XRD pattern of BNT, using the structural 

parameters reported for the monoclinic space group Cc,105 is also shown in the figure for 

comparison. All the peaks in the XRD patterns of the different compositions match with the 

simulated pattern of BNT, suggesting the formation of single phase compositions. No additional 

peaks are detected in the XRD patterns, suggesting the single phase nature of the different 

compositions. 

Rietveld refinement analysis of all the studied compositions of (1-x)BNT–xBLT are 

carried out using the monoclinic Cc space group. All the compositions gave reasonable good fit 

with low reduced χ  and Rp values. Table 4.2 gives the results obtained from Rietveld 

refinements of (1-x)BNT–xBLT for 0≤ x ≤ 0.20.  Figures 4.2 and 4.3 show the results of the 

Rietveld refinement analysis of all the compositions of (1-x)BNT–xBLT.  
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Figure 4.1:  Powder XRD patterns of different compositions in the (1-x)BNT–xBLT solid solution series. 
Simulated pattern of BNT is shown at the bottom for comparison. 
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Table 4.2: Lattice parameters, reduced χ2 and Rp values of (1-x)BNT–xBLT obtained from Rietveld 
analysis. 

 

Sample Cc χ2 𝐩 (%) 

 a (Å) b (Å) c (Å) β (degrees)   

BNT 9.5263 5.4829 5.5091 125.43 2.065 5.18 

0.02BLT 9.5261 5.4832 5.5089 125.42 3.225 5.46 

0.04BLT 9.5238 5.483 5.5077 125.40 3.121 5.49 

0.06BLT 9.5249 5.4826 5.5064 125.39 3.260 5.65 

0.08BLT 9.523 5.4838 5.5056 125.39 3.562 5.79 

0.10BLT 9.5197 5.4834 5.503 125.36 3.664 5.91 

0.12BLT 9.5159 5.4864 5.4982 125.33 3.679 5.97 

0.14BLT 9.5154 5.4887 5.4955 125.32 3.322 5.65 

0.16BLT 9.5101 5.4904 5.4911 125.29 3.424 5.69 

0.18BLT 9.5081 5.4896 5.4897 125.28 3.789 5.92 

0.20BLT 9.508 5.4897 5.4897 125.27 3.858 5.96 

 

Figure 4.4 shows the variation of the lattice parameters with concentration of BLT and 

the variation of the unit cell volume with BLT concentration is shown in Figure 4.5. On 

increasing the BLT concentration, the lattice parameters ‘a’, ‘c’ and the angle β are decreased 

whereas ‘b’ is slightly increased. The ionic size of Li+ is 0.92 Å and that of Na+ is 1.39 Å, for   

8–fold coordination. When larger Na+ is replaced by the smaller ion Li+
, the unit cell volume is 

decreased. The substitution of Li+ causes contraction of the unit cell, and hence corresponding 

changes are seen in the lattice parameters. The difference between the lattice parameters ‘a’ and 

‘c’ of the maximum doped (x = 0.2) sample compared to that of BNT is approximately 0.02 Å. 

The difference in the monoclinic angle is around 0.15 degrees. Although the lattice parameter ‘b’ 

showed a small increase, the difference is negligible (~0.006 Å). The small increase in the value 

of ‘b’ could be due to the distortion or tilting of the TiO6 octahedra on substitution. 
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Figure 4.2: Results of the Rietveld refinement analysis of (1-x)BNT–xBLT using the monoclinic Cc space 
group, for BNT, 0.02BLT, 0.04BLT, 0.06BLT, 0.08BLT, and 0.10BLT. 
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Figure 4.3: Results of the Rietveld refinement analysis of (1-x)BNT–xBLT using the monoclinic Cc space 
group, for 0.12BLT, 0.14BLT, 0.16BLT, 0.18BLT, and 0.20 BLT.  

10 20 30 40 50 60 70 80
-5.0x10

3

0.0

5.0x10
3

1.0x10
4

1.5x10
4

2.0x10
4

C
o

u
n

ts

2 (degrees)

 Experimental

 Simulated

 Difference

0.12BLT

10 20 30 40 50 60 70 80
-5.0x10

3

0.0

5.0x10
3

1.0x10
4

1.5x10
4

2.0x10
4

C
o

u
n

ts

2 (degrees)

 Experimental

 Simulated

 Difference

0.14BLT

10 20 30 40 50 60 70 80
-5.0x10

3

0.0

5.0x10
3

1.0x10
4

1.5x10
4

2.0x10
4

C
o

u
n

ts

2 (degrees)

 Experimental

 Simulated

 Difference

0.16BLT

10 20 30 40 50 60 70 80
-5.0x10

3

0.0

5.0x10
3

1.0x10
4

1.5x10
4

2.0x10
4

2.5x10
4

C
o

u
n

ts

2 (degrees)

 Experimental

 Simulated

 Difference

0.18BLT

10 20 30 40 50 60 70 80
-7.0x10

3

0.0

7.0x10
3

1.4x10
4

2.1x10
4

2.8x10
4

C
o
u
n
ts

2 (degrees)

 Experimental

 Simulated

 Difference

0.20BLT



Studies on (1-x)Bi0.5Na0.5TiO3–xBi0.5Li0.5TiO3 Series 
 

96 

 

 

Figure 4.4: Variation of monoclinic lattice parameters (a) ‘a’, (b) ‘b’, (c) ‘c’, and (d) angle β of (1-
x)BNT–xBLT solid solution series  as a function of x. 

It is interesting to note that the rates of decrease of the lattice parameters ‘a’ and ‘c’ are 

different above and below x ≈ 0.08. Similarly, the lattice parameter ‘b’ is almost constant till x ≈ 
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constant again at higher Li+ concentrations. Similar changes are observed in the variation of the 

unit cell volume also. Since the change in the lattice parameters is very small, it may be 

concluded that there is no structural phase transformation as observed in the case of BNT–BKT. 

The small change in the variation of lattice parameters around x ≈ 0.1 may be due to local 
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compositional region, even though good fits are obtained in the Rietveld refinement analysis, 

using the monoclinic structure in the entire compositional region studied. 

 

Figure 4.5: Variation of unit cell volume of (1-x)BNT–xBLT solid solution series as a function of x. 
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spectra of BNT–BLT solid solutions. The immediate observation from the Raman spectra is the 

decrease in the area and the downward frequency shift of the peak centered at 135 cm-1. In the 

BNT–BKT solid solution series, an additional band is observed in the 200400 cm-1 region 

(Figure 3.7) which gave clear indication about the symmetry changes and phase transition. Such 

very prominent changes are not observed in the 200400 cm-1 and 400800 cm-1 region in the 

Raman spectra of the BNT–BLT solid solutions. Detailed analysis of the Raman spectra is 

carried out by the deconvolution of each spectrum and the changes in the parameters are studied. 

The Raman spectrum of BNT in the present work is almost the same as to that reported in the 

previous chapter on the BNT–BKT series (Figure 3.7), even though the compound is prepared by 

a different method in the present work. 

 

Figure 4.6: Raman spectra of different compositions of (1-x)BNT–xBLT for 0  x  0.20 (x = 0.02). 

Raman spectra of the different BNT–BLT compositions are deconvoluted in to seven 

Gaussian peaks. The band due to A-O vibrations contains only one peak. The broad bands in the 

200400 cm-1and 400800 cm-1 regions are deconvoluted in to three peaks each. Figure 4.7 and 

4.8 shows the deconvoluted Raman spectra of all the compositions of BNT–BLT solids solution 

series.  
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Figure 4.7: Deconvoluted Raman spectra of BNT, 0.02BLT, 0.04BLT, 0.06BLT, 0.08BLT and 0.10BLT 
in (1-x)BNT–xBLT. The black, red and blue curves correspond to experimental spectra, fitted curves and 
the individual components, respectively. 
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Figure 4.8: Deconvoluted Raman spectra of 0.12BLT, 0.14BLT, 0.16BLT, 0.18BLT, and 0.20BLT in (1-
x)BNT–xBLT. The black, red and blue curves correspond to experimental spectra, fitted curves and the 
individual components, respectively. 
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Figure 4.9 shows the variations in the peak position and area of the band below 200 cm-1. 

A low frequency shift is observed in the A-O band of the BNT–BLT solid solution with Li+ 

substitution.  There is a small shift in the position of the band up to x ≈ 0.1 and a large decrease 

above this composition. However, the area under the peak decreases almost linearly. The low 

frequency shift may be due to the diffusion of small Li+ ions in the crystal lattice which will 

weaken the Li-O bond strength and results in some local symmetry changes. 

 

Figure 4.9: Changes in the (a) peak position and (b) area under the peak of the band below 200 cm-1 in the 
Raman spectra as a function of x in (1-x)BNT–xBLT. 

The Raman band in the 200–400 cm-1 region is due to the Ti-O vibrations. Figure 4.10 

shows the variation of the position of the individual peaks in this region with concentration of 

BLT. On increasing the BLT concentration, the first two components show upward frequency 

shift whereas the third component shows a different trend. For the first two peaks within this 

band, the positions of the peaks remain almost the same for x < 0.08 and x > 0.12, with a drastic 

increase between x = 0.08 and 0.12. Similar changes are observed in the case of the third peak, 

except for a large drop for 0.08 ≤ x ≤ 0.12. Figure 4.11 shows the changes in total area and area 

of the individual peaks of the band in the 200400 cm-1 region. The area under the peaks also 

show a major change between x = 0.08 and x = 0.12 as in the case of the changes in the peak 

positions. Since XRD studies did not show any evidence for a structural phase transition, the 

changes in the peak positions and area under the peaks suggest a probable local structural change 

in this compositional region. 
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Figure 4.10: Changes in the individual peak positions of the Raman band in the 200400 cm-1region as a 
function of x in (1-x)BNT–xBLT. (a) 1st peak, (b) 2nd peak, (c) 3rd peak. 

 Figure 4.12 shows the variation in the positions of the individual peaks of the Raman 

band in the 400800 cm-1 region. This band belongs to the vibration of the TiO6 octahedra. A 

linear increase in the position of the individual peaks is observed on increasing the BLT 

concentration. Figure 4.13 shows the changes in total area of the band in the 400800 cm-1 

region and the area of the individual peaks under this band. Total area and the area under the first 

two peaks increase with increasing BLT concentration whereas the area of the third peak 

decreases with BLT concentration.  The total area increases almost linearly with increasing BLT 

concentration, whereas the changes in the area of the individual peaks show different trends 

below and above x = 0.08. 
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Figure 4.11: Total area and area under the individual peaks of the Raman band in the 200400 cm-1 region 
as a function of x in (1-x)BNT–xBLT., (a) total area, (b) area under the 1st peak, (c) area under the 2nd 
peak, (d) area under the 3rd peak. 
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lattice is reflected on the changes in the Ti-O bonds. Hence, corresponding changes in the 

polarization is expected which may lead to minor variations in the dielectric constant. 

 

Figure 4.12: Changes in the individual peak positions of the Raman band in the 400800 cm-1region as a 
function of x in (1-x)BNT–xBLT.(a) 1st peak, (b) 2nd peak, (c) 3rd peak. 
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O bond lengths and the TiO6 octahedra on the substitution of Li for Na in BNT. Results from the 
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Figure 4.13: Total area and area under the individual peaks of the Raman band in the 400800 cm-1 region 
as a function of x in (1-x)BNT-xBLT, (a) total area, (b) area under the 1st peak, (c) area under the 2nd peak, 
and (d) area under the 3rd peak. 
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position, is observed with increasing BLT concentration. This broadening is likely to be due to 

the local symmetry change and/or distortion of the NaOx polyhedra on substitution of the smaller 

Li+ ion for the larger Na+ ion in the BNT lattice.  

 

 

Figure 4.14: (a) 23Na NMR spectra of the different compositions in the (1-x)BNT–xBLT series, (b) 
Zoomed view of the central region. Spectra are shown for x = 0.02. 
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Table 4.3: Parameters extracted from the 23Na MAS NMR spectra. 

Sample δiso (ppm) CQ
* (kHz) ∆𝐂 (ppm) 

BNT -3.21 1004 3.93 

0.02BLT -3.21 1008 3.99 

0.04BLT -3.10 1007 4.09 

0.06BLT -3.06 1038 4.31 

0.08BLT -3.08 1067 4.22 

0.10BLT -2.83 1144 4.40 

0.12BLT -3.00 1144 4.44 

0.14BLT -3.05 1175 4.46 

0.16BLT -2.89 1174 4.54 

0.18BLT -2.94 1207 4.47 

0.20BLT -3.11 1212 4.64 

 

The NMR parameters are extracted by fitting the experimental spectra using the DMFIT 

program,90 as discussed in the previous chapter ( section 3.5). The line shape of the 23Na MAS 

spectra show that it has a distribution of quadrupolar coupling constant and therefore the 

‘Czjzek’ model in the DMFIT program, which is described in section 3.5 was used. The 

experimental spectra and the simulated spectra for selected compositions of (1-x)BNT–xBLT are 

shown in Figure 4.15 and it can be seen that both experimental and simulated spectra are 

matching very well. The NMR parameters obtained using the DMFIT program for all the 

compositions of BNT–BLT solid solution are shown in Table 4.3. 

Figure 4.16 shows the variation of 23Na CQ
*of (1-x)BNT–xBLT with BLT concentration. 

It can be seen that the quadrupolar coupling has increased with increasing BLT concentration. As 

discussed in chapter 3, in the BNT–BKT solid solution series, CQ
* decreased to a minimum at x = 

0.15 and then increased to a maximum in the range 0.20 ≤ x ≤ 0.26 (section 3.5, Figure 3.17). 

From XRD studies, an MPB region was observed in the BNT–BKT series (Section 3.3). On the 

other hand, in the present case of BNT–BLT series, CQ
* is almost independent of x up to x = 0.04 

and then increases almost linearly for x > 0.04.  CQ
* is related to the local symmetry of a material 
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and systems which have high CQ
* are less symmetric.91 Hence, in the case of BNT–BLT series, 

increasing CQ
* suggests decreasing symmetry of the lattice with increasing BLT concentration. 

The substitution of the larger Na+ ion with the smaller Li+ ion in the BNT lattice causes distortion 

in the symmetry and the distortion increases as the concentration of Li+ is increased.  

 

Figure 4.15: Comparison of the experimental and simulated 23Na MAS NMR spectra of selected 
compositions (BNT, 0.08BLT, 0.14BLT, 0.20BLT) of the (1-x)BNT–xBLT series. 
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Figure 4.16: Variation of 23Na CQ
*of (1-x)BNT–xBLT series as a function of x. 

4.5.2. 7Li NMR 

7Li MAS NMR spectra including the spinning side band profile of all the compositions of BNT–

BLT solid solution are shown in Figure 4.17 (a) and Figure 4.17 (b) shows the zoomed view of 

the central transition. From the full spectra in Figure 4.17 (a), it can be seen that as the BLT 

concentration increases the side bands become prominent which is due to an increase in the 

quadrupolar coupling constant. This is because the sidebands originate from the satellite 

transitions (±1/2 - ±3/2) and the center line from the central transition (+1/2 - -1/2).91 When the 

quadrupolar coupling constant increases, the central transition is not very much affected and it is 

the satellite transition that gets broadened which reflects in the increase in the spread and 

intensity of the spinning sidebands. Therefore, in a powder sample, when the quadrupolar 

coupling is very small, there will be less number of sidebands since spreads of the satellite 

transitions is less. The 7Li NMR parameters are extracted from the spectra using the DMFIT 

program.  
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Figure 4.17: (a) 7Li NMR spectra of the different compositions in the (1-x)BNT–xBLT series, (b) Zoomed 
view of the central region. Spectra are shown for x=0.02. 
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Table 4.4: Parameters extracted from the 7Li MAS NMR spectra and G/L is the ratio of the 
Gaussian/Lorentzian components. 

Sample δiso (ppm) Width (ppm) G/L CQ (kHz) 

0.02BLT 0.29 1.53 0.46 47.03 

0.04BLT 0.30 1.59 0.46 48.03 

0.06BLT 0.31 1.61 0.43 48.28 

0.08BLT 0.33 1.67 0.42 48.80 

0.10BLT 0.36 1.75 0.39 48.80 

0.12BLT 0.31 1.82 0.33 49.80 

0.14BLT 0.35 1.87 0.31 50.47 

0.16BLT 0.31 1.90 0.28 50.68 

0.18BLT 0.30 1.95 0.28 51.18 

0.20BLT 0.34 1.97 0.27 51.35 

 

Since the quadrupolar coupling constant of 7Li is small, which is evident from the sharp 

lines observed from the spectra a model which includes only the first order quadrupolar 

interaction, the ‘quad first’ model in the DMFIT program, is used for fitting.90 This model 

includes a Gaussian distribution of isotropic chemical shift with a mean isotropic shift ( iso), 

quadrupolar coupling constant (CQ) and the Gaussian to Lorentzian ratio (G/L). The 

experimental and simulated 7Li MAS NMR spectra of selected compositions of (1-x)BNT–xBLT 

are shown in Figure 4.18. The parameters extracted from the 7Li MAS NMR spectra for all the 

compositions of BNT–BLT solid solution are listed in Table 4.4. The effect of Li+ substitution is 

seen as a small increase in the quadrupolar coupling constant. The variation in CQ of 7Li spectra 

with BLT concentration is shown in Figure 4.19.  CQ increases with increasing BLT 

concentration indicating a decrease in the symmetry environment around Li+. As observed in the 

variation of the Raman spectral parameters, a small deviation at x = 0.1 is observed in the CQ 

indicating the probable local structural changes around this composition. 

The broadening observed in the 7Li spectra is a combination of Gaussian and Lorentzian 

line shapes and the contribution from each of the components is obtained from the DMFIT 

program and the Gaussian to Lorentzian ratio (G/L) is tabulated in Table 4.4. It is observed that 
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on increasing the BLT concentration, the G/L ratio of the 7Li NMR spectra decreases which 

means that the line shape becomes more Lorentzian. The variations of the Gaussian and 

Lorentzian components with BLT concentration are shown in Figure 4.20. The Gaussian 

component in the spectrum indicates the spread of the chemical shift from the ideal value and the 

Lorentzian component is an indication of the diffusion or mobility of the ions present in the 

crystal lattice.120,121 

 

Figure 4.18: Comparison of the experimental and simulated 7Li MAS NMR spectra of selected 
compositions (0.02BLT, 0.08BLT, 0.14BLT, 0.20BLT) of the (1-x)BNT–xBLT series. 
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that the Gaussian component shows a large slope change at x = 0.1 and at this composition a 

change in the slope is observed for the Lorentzian component also. These changes indicate that 

the local symmetry changes around x = 0.1. The Lorentzian component specifies the diffusion or 

mobility of the ions present in the crystal lattice. 

 

Figure 4.19: Variation of 7Li CQ
 of (1-x)BNT–xBLT series as a function of x. 

 

Figure 4.20: Variations of (a) Gaussian and (b) Lorentzian components of 7Li spectra as a function of x in 
(1-x)BNT–xBLT. 
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The increase in the Lorentzian component indicates the increase in the Li+ ion mobility in 

the crystal lattice with increasing Li content in the solid solution. This can be correlated with the 

downward frequency shift observed in the A-O band of the Raman spectra (Figure 4.8(a)). It is 

evident from the 7Li NMR spectral analysis that the diffusion of Li+ ion increases with BLT 

concentration, which lead to the weakening of the Li-O bond and a downward frequency shift of 

the A-O band in the Raman spectra. 

4.6. Scanning electron microscopy  

 

Figure 4.21: SEM micrographs of different compositions in the (1-x)BNT–xBLT series. The scale shown 
is common for all images. 
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Figure 4.21 shows the SEM micrographs of different compositions of (1-x)BNT–xBLT series.  

The grain size of the sintered ceramics decreases with increasing BLT concentration. The 

average grain size of the ceramics is compared with their density in Table 4.5. BNT possesses 

grains of very large size ~7.5 μm and the grain size is gradually decreases with increasing BLT 

concentration. The grain size of the composition with the highest BLT concentration (x = 0.20) 

is ~2.8μm. Fused grains with increased porosity are observed for compositions x = 0.1 and 

above.  

Table 4.5: Density and grains size of different compositions in the (1-x)BNT–xBLT series. 

Sample Grain size (μm) Density  

(g/cm3) 

Theoretical 
Density 
(g/cm3) 

BNT 7.5 3.52 5.97 

0.02BLT 7.5 3.52 5.99 

0.04BLT 5.9 3.59 5.99 

0.06BLT 6.2 3.80 5.99 

0.08BLT 5.6 3.87 6.02 

0.10BLT 5.9 3.90 5.98 

0.12BLT 5.0 3.89 5.98 

0.14BLT 3.7 3.88 5.98 

0.16BLT 3.4 3.90 5.97 

0.18BLT 3.4 3.79 5.98 

0.20BLT 2.8 3.81 6.06 

 

4.7. Density 

Figure 4.22 shows the variation of the sintered density of (1-x)BNT–xBLT compositions with Li+ 

concentration. The density increases initially with BLT concentration and reached a maximum at 

x ≈ 0.1, showing a small decrease in the density above this composition. It is observed from the 

SEM micrographs that the grain size decreases with increasing Li concentration and above x ≈ 

0.1 the nature of the microstructure changed, where grains are fused and more pores are 

observed. The small decrease in the density after x ≈ 0.1 can be correlated with the increased 
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porosity. The changes in the density and microstructure are also correlated with the structural 

changes. The measured densities are ~ 60% of the theoretical densities for all compositions. 

Density of BNT in the BNT-BLT series is 3.15 g/cm3 which is relatively small when compared 

to the density of BNT (4.66 g/cm3) in the BNT-BKT series (Section 3.7, Table 3.6). The 

relatively low density of BNT in the BNT–BLT series is due to the difference in synthetic 

method and the lower sintering temperature (1000 oC) used. A comparison of theoretical density 

and measured density of the ceramics is shown in Table 4.5. The measured densities of the 

ceramics are very low when compared to the literature reports. Lu et al synthesized BNT–BLT 

compositions having density close to the theoretical density.113 They synthesized the BNT–BLT 

series with conventional ceramic fabrication method at a sintering temperature of 1040–1120 oC. 

The relatively low density of the BNT–BLT ceramics in the present study is due to the low 

pressure used for the compaction of the pellets (8 MPa) and the lower sintering temperature 

(1000 oC). 

 

Figure 4.22: Variation of the sintered density of (1-x)BNT–xBLT solid solution as a function of x. 
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small increase up to x = 0.08 which is shown in the inset of Figure 4.23 and an abrupt change in 

the slope is observed above x = 0.08. For x ≥ 0.12, the dielectric constant remains almost the 

same. Although no structural phase transition is observed in the BNT–BLT solid solution series 

up to x = 0.2, the lattice parameter ‘b’ showed a small but drastic increase above x = 0.1. Thus, 

similar changes are observed in the case of the structural parameters, density, microstructure and 

dielectric constant, suggesting that the changes in the structure are responsible for the dielectric 

properties of the BNT–BLT solid solution. 

 

Figure 4.23: Variation of the dielectric constant of (1-x)BNT–xBLT as a function of x, inset showing 
zoomed figure for 0 ≤ x ≤ 0.1. 
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maximum density (~5.2 g/cm3) observed in the BNT–BKT solid solution (Table 3.6) is larger 

than that of BNT–BLT solid solution which is ~4g/cm3. For BNT, reported in chapter 3, 

synthesized by the ceramic method and sintered at 1150 oC, the dielectric constant is obtained as 

516, whereas the value obtained is 318 for the sample synthesized by the citrate method and 

sintered at 1000 oC. Thus, the higher dielectric constant of the BNT–BKT solid solutions is due 

to their larger density. The observed dielectric constants of the BNT–BLT ceramics are relatively 

low when compared to the earlier literature reports.113-114 Lu et al reported a dielectric constant ̴ 

800 for the x = 0.20 composition in the BNT-BLT series.113 This is due to the difference in 

synthesis methods, processing conditions, density, sintering temperature and the pressure used 

for the compaction of pellets.  

4.9. Structure-property correlations 

The present studies on (1-x)BNT–xBLT solid solution series show that same trends are observed 

for the changes in the structural parameters and properties of the system. A linear variation in 

some of the lattice parameters, Raman spectral parameters, NMR parameters and dielectric 

constant is observed for 0 ≤ x ≤ 0.1 and maximum values are observed in the range 0.12 ≤ x ≤ 

0.20. The microstructure of the ceramics also showed changes above x = 0.1 where the grains are 

smaller, fused and porous.  

A close correlation between the structure, local structure and dielectric constant of the  

(1-x)BNT–xBLT solid solution with BLT concentration is obtained from the XRD, Raman and 

SSNMR studies. Figure 4.24 shows a comparison of the variations in the lattice parameter ‘b’, 

area under the first component of the Raman band in the 200-400 cm-1 region and the dielectric 

constant of the solid solutions with increasing BLT concentration. The Raman band belongs to 

the Ti-O vibrations in the BNT–BLT solid solution. All the three parameters show similar 

variation, where the parameters are not changed till x ≈ 0.08, a large increase up to x = 0.12 and 

again independent of x in the range 0.12 ≤ x ≤ 0.20.  Since the Raman parameter shows the 

changes in the Ti-O bond with Li+ substitution, and similar trend is followed by the lattice 

parameter ‘b’, and the dielectric constant, it may be concluded that the changes in the local 

symmetry contribute to the variations in the dielectric constant with Li+ substitution. 
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Figure 4.24: Comparison of lattice parameter ‘b’, dielectric constant ( r) and area under the first 
component of the Raman band in the 200-400 cm-1 region, as a function of x in the (1-x)BNT-xBLT 
series. 

 

Figure 4.25: Comparison of the changes in the Lorentzian component of 7Li NMR spectra, quadrupolar 
coupling constant (CQ

*) of 23Na spectra and dielectric constant ( r) as a function of x in the (1-x)BNT-
xBLT series. 
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Figure 4.26: Comparison of lattice parameter ‘a’, peak centre of the Raman band below 200 cm-1 and 
Gaussian component of the 7Li NMR spectra. 

Figure 4.25 compares the changes in the Lorentzian component of the 7Li spectra, 

quadrupolar coupling (CQ
*) of 23Na spectra and dielectric constant ( r) with BLT concentration. 
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lattice. This is supported by the similar decrease observed in the Gaussian component.  
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Thus, the overall results indicate a direct correlation between the structure, microstructure 

and properties with BLT concentration in the BNT–BLT solid solution. The Rietveld refinement 

analysis, Raman spectroscopy and SSNMR studies confirmed the absence of any structural phase 

transition in the BNT–BLT solid solution series in the range 0 ≤ x ≤ 0.20. However, the 

deviations in the variation of the lattice parameters and Raman spectral parameters indicate some 

effect on the substitution. It is observed from the 23Na NMR studies that the structural distortion 

increases with BLT concentration and this can be correlated with increase in the dielectric 

constant. As the BLT concentration increases, the microstructure of the ceramics is changed. 

Smaller sized, fused and porous grains are observed for x > 0.1. This also correlates with the 

slight decrease in the density above x = 0.1 and the structural changes after this composition. 

4.10. Conclusions 

Solid solutions in the series (1-x)Bi0.5Na0.5TiO3–xBi0.5Li0.5TiO3,  (1-x)BNT–xBLT, in the range 0 

≤ x ≤ 0.20 are prepared by a citrate gel method. The phase formation was studied by powder 

XRD. Rietveld refinement analysis of the XRD patterns was carried out for all the compositions 

of the (1-x)BNT–xBLT solid solution series and the results suggest absence of any phase 

transformation. The changes in lattice parameters with BLT concentration indicated a small 

distortion and local symmetry changes in the crystal lattice. Raman spectroscopy analysis 

supported the results obtained from XRD studies. The changes in the Raman parameters with 

substitution followed the same trend as that observed in the case of crystal structure parameters. 

Solid state NMR studies gave more information about the local symmetry changes. Symmetry of 

the compositions is decreased with increasing BLT concentration as evidenced from the 

quadrupolar coupling. The Lorentzian component in the 7LiNMR spectra is found to increase 

with increasing Li concentration. The SSNMR results are in agreement with the Raman studies. 

The downward frequency shift in the A-O vibration band in the Raman spectra and the increase 

in the Lorentzian component of the 7Li NMR indicate rise in Li+ diffusion with BLT substitution 

in the crystal lattice. Thus the XRD, Raman and SSNMR studies showed clear indication for 

local symmetry changes and small distortions in the BNT lattice with BLT substitution. The 

density and dielectric constant of the compositions increased with BLT concentration. A close 

correlation between the XRD, Raman, SSNMR parameters, microstructure and the properties of 

the ceramics are observed. Variation of all structural and spectral parameters as well as the 
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density, microstructure and the dielectric constant show similar changes with increasing BLT 

concentration, with a change around x = 0.1. This suggests local structural changes because of 

the distribution of Li+ ions in the crystal lattice, indicating the close correlation between 

structure, microstructure, and properties of the ferroelectric compositions in the                         

(1-x)Bi0.5Na0.5TiO3–xBi0.5Li0.5TiO3 solid solution series. 

 

 



Chapter 5 

Studies on (1-x)Bi0.5Na0.5TiO3–(x/2)Bi0.5Li0.5TiO3–
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5.1. Introduction 

Studies on the correlations among the crystal structure, phase transition and dielectric and 

ferroelectric properties of potassium (K+) and lithium (Li+) substituted bismuth sodium titanate 

(BNT) solid solution series are discussed in the previous chapters. The ionic size of K+ (1.64 Å) 

is larger and that of Li+ (0.92 Å) is smaller than that of Na+ (1.39 Å) in BNT and therefore 

structural distortions are expected because of the replacement of Na+ by the larger or smaller 

ions. However, since the average size of Li+ and K+ (1.28 Å) is comparable to that of Na+, partial 

substitution of Na+ by equal amounts of Li+ and K+ is not much expected to alter the structure 

and properties of  BNT. 

There are few reports in the literature on the studies on K+ and Li+ co-substituted BNT 

solid solutions. Lin et al synthesized the solid solution series [Bi0.5(Na1-x-yKxLiy)0.5]TiO3, (0 < 

x+y < 1) by conventional ceramic method.115 The XRD results showed that the ceramics possess 

perovskite structure with a little unknown phase when y ≤ 0.20.115 High piezoelectric coupling 

constant d (~ 8  pC/N) and higher planar electromechanical coupling factor Kp (~35.0 %) are 

obtained for [Bi0.5(Na1-x-yKxLiy)0.5]TiO3 with higher amount of K+ and lower amount of Li+. Lu et 

al studied the phase transition behavior of Li+ and K+ co-substituted BNT ceramics as a function 

of composition and temperature using X-ray diffraction analysis, dielectric and ferroelectric 

characterisation.116 The authors observed that the low frequency permittivity showed a 

remarkable increase at high temperatures and the peak of maximum permittivity vanished due to 

the space charge polarization induced by the conductivity of the ions. The studies on ferroelectric 

hysteresis loops at different temperatures showed that above the depolarization temperature, 

antiferroelectric phase does not exist. Lin et al investigated the structure, electrical properties and 

temperature characteristics of (1-x-y)Bi0.5Na0.5TiO3–xBi0.5K0.5TiO3–yBi0.5Li0.5TiO3 solid solution 

series.117 The authors observed a morphotropic phase boundary in the compositional range 0.15 

≤ x ≤ 0.25 from the XRD analysis. It is reported that the partial substitution of Li+ and K+ in the 

BNT lattice lowers the coercive field (Ec) and increase the remnant polarization (Pr) and as a 

result, large improvement is observed in the piezoelectric properties of the ceramics. The 

piezoelectric properties are maximum in the MPB region (x =0.15-0.25, y= 0.05-0.10). Ming et 

al studied the effect of Li+ substitution and sintering temperature on the properties of Bi0.5(Na, 
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K)0.5TiO3 solid solution.118 The authors observed that not only the Li+ content but also the 

sintering temperature has effect on the piezoelectric properties of the ceramics. 

In the present work we have co-substituted equal amounts of Li+ and K+ ions for Na+ in 

BNT, so that the average ionic size of the substituted ions is comparable to that of Na+. The 

objective is to understand the changes in the crystal structure and properties, if any, due to the 

co-substitution. (1-x)BNT–(x/2)BLT–(x/2)BKT solid solution series, where x = 0, 0.06, 0.12, 

0.18, 0.24 are synthesized and a detailed structural analysis has been carried out by Rietveld 

refinement of XRD patterns and Raman spectroscopy. Local symmetry changes are studied by 

solid state NMR by probing the two quadrupolar nuclei 7Li and 23Na.  

5.2. Synthesis 

Different compositions in the (1-x)BNT-(x/2)BLT-(x/2)BKT solid solution series, where x = 0, 

0.06, 0.12, 0.18, 0.24, were prepared by the citrate gel method, as discussed in the previous 

chapter. Stoichiometric ratios of bismuth nitrate (Bi(NO3)3.5H2O), sodium nitrate (NaNO3), 

lithium  nitrate (LiNO3) and potassium nitrate (KNO3) were taken, their individual solutions 

were prepared and then mixed together. Stoichiometric amount of titanium isopropoxide 

(Ti[OCH(CH3)2]4) was dissolved in isopropyl alcohol and citric acid was dissolved in this 

solution with continuous stirring. The ratio of citric acid to the total metal ion was taken as 3:1. 

The mixed metal nitrate solution was added to the titanium isopropoxide solution with constant 

stirring and then evaporated at 60 oC on a hot plate until a transparent viscous gel was obtained. 

The dried gel was kept at 150 oC for overnight heating that formed a foam. The foam was then 

crushed using a mortar and pestle to fine powder. This powder was initially calcined at 400 oC, 

then at 850 oC and finally at 1000 oC with intermediate grindings. The powder samples obtained 

were uniaxially pressed into circular discs (10 mm diameter x 3 mm height) at a pressure of 8 

MPa and sintered at 1000 oC for 2 hours. All the samples were sintered under identical 

conditions at a heating and cooling rate of 5 oC/min. The prepared compositions and the 

corresponding sample codes are listed in Table 5.1. Crushed and powdered sintered pellets of (1-

x)BNT–(x/2)BLT–(x/2)BKT were used for XRD, Raman spectroscopy and solid-state NMR 

studies. 
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Table 5.1: Compositions in the (1-x)BNT–(x/2)BLT–(x/2)BKT series and the corresponding sample 
codes. 

x Composition 

(1-x)Bi0.5Na0.5TiO3–(x/2)Bi0.5Li0.5TiO3–(x/2)Bi0.5K0.5TiO3 

(1-x)BNT–(x/2)BLT–(x/2)BKT 

0 BNT 

0.06 0.94BNT–0.03BLT–0.03BKT 

0.12 0.88BNT–0.06BLT–0.06BKT 

0.18 0.82BNT–0.09BLT–0.09BKT 

0.24 0.76BNT–0.12BLT–0.12BKT 

 

5.3. Powder X-ray diffraction 

Figure 5.1 shows the XRD patterns of all the compositions of (1-x)BNT–(x/2)BLT–(x/2)BKT 

series. The simulated XRD pattern of BNT using the monoclinic Cc space group is shown in the 

figure for comparison. The XRD patterns of all the compositions of (1-x)BNT–(x/2)BLT–

(x/2)BKT  match very well with simulated pattern of BNT, which confirms the formation of 

single phase compositions. To understand the changes in the crystal structure and any associated 

symmetry changes, Rietveld refinement analysis of the XRD patterns of all the compositions of 

(1-x)BNT–(x/2)BLT–(x/2)BKT have been carried out. Low values of reduced χ  and Rp are 

obtained for all compositions using the monoclinic Cc structure of BNT. Thus, no evidence for 

any structural phase transition is obtained on substitution of equal amounts of Li and K in the 

BNT lattice, in the range 0.0 ≤ x ≤ 0.24 in (1-x)BNT–(x/2)BLT–(x/2)BKT. Figure 5.2 shows the 

results of the Rietveld refinement analysis of all the compositions of (1-x)BNT–(x/2)BLT–

(x/2)BKT. The results obtained from the Rietveld refinement analysis of (1-x)BNT-(x/2)BLT-

(x/2)BKT are summarized in Table 5.2. 

 The lattice parameters obtained from the Rietveld refinement analysis of XRD patterns 

are analyzed. The lattice parameters ‘a’, ‘b’, ‘c’ and the monoclinic angle β showed minor 

changes with substitution. The changes in the lattice parameters with concentration are shown in 

Figure 5.3. Lattice parameters ‘a’ and ‘b’ show a small increase with increase in the 
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concentration of the substituents Li+ and K+ in the BNT lattice whereas the lattice parameter ‘c’ 

and the monoclinic angle β are slightly decreased. 

 

Figure 5.1: Powder XRD patterns of different compositions in the (1-x)BNT–(x/2)BLT–(x/2)BKT solid 
solution series. Simulated pattern of BNT is shown at the bottom for comparison. 
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Figure 5.2: Results of Rietveld refinement analysis of (1-x)BNT–(x/2)BLT–(x/2)BKT using monoclinic 
Cc space group, for x = 0.06, x = 0.12, x = 0.18, x = 0.24. 

A small but linear increase in the unit cell volume is observed with substitution of Li+ and 

K+, as shown in Figure 5.4. Thus, due to the comparable average size of Li+ and K+ with that of 

Na+, only a marginal change in the lattice parameters and volume of the unit cell are observed. 

Although structural transformation or symmetry changes is not observed in the         (1-x)BNT–

(x/2)BLT–(x/2)BKT solid solution series, the changes in the lattice parameters indicate minor 

distortion of the BNT lattice for accommodating smaller Li+ ion and larger K+ ions. 
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Table 5.2: Lattice parameters, reduced χ2 and Rp values of (1-x)BNT–(x/2)BLT-(x/2)BKT obtained from 
Rietveld analysis. 

Sample Cc χ2 𝐑𝐩 (%) 

x a (Å) b (Å) c (Å) β (degrees)   

0 9.5263 5.4829 5.5091 125.43 2.065 5.18 

0.06 9.5218 5.4885 5.505 125.34 3.620 5.67 

0.12 9.5303 5.489 5.5086 125.38 3.244 5.49 

0.18 9.5255 5.4927 5.5042 125.29 3.961 6.13 

0.24 9.5298 5.502 5.5021 125.28 3.634 5.78 

 

 

Figure 5.3: Variation of monoclinic lattice parameters (a) ‘a’, (b) ‘b’, (c) ‘c’ and (d) angle β of (1-x)BNT–
(x/2)BLT–(x/2)BKT solid solution as a function of x. 
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Figure 5.4: Variation of unit cell volume of (1-x)BNT–(x/2)BLT–(x/2)BKT solid solution series as a 
function of x. 

5.4. Raman spectroscopy 

Raman spectra of all the compositions of (1-x)BNT–(x/2)BLT–(x/2)BKT are shown in Figure 

5.5.  

 

Figure 5.5: Raman spectra of different compositions of (1-x)BNT–(x/2)BLT–(x/2)BKT. 
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As observed in the Raman spectra of the BNT-BKT (Figure 3.7) and the BNT-BLT 

(Figure 4.6) series, the Raman spectra of (1-x)BNT–(x/2)BLT–(x/2)BKT series also show three 

different regions which are related to the three different vibrations.  

 

Figure 5.6: Deconvoluted Raman spectra of x = 0.06, x = 0.12, x = 0.18 and x = 0.24 in (1-x)BNT–
(x/2)BLT–(x/2)BKT. The black, red and blue curves correspond to experimental spectra, fitted curves and 
the individual components, respectively. 
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(x/2)BLT–(x/2)BKT is the splitting of the band below 180 cm-1 for the x = 0.24 composition. 

Such notable changes are not seen in the 200-400 cm-1 and 400-700 cm-1 region of the Raman 

spectra of (1-x)BNT–(x/2)BLT–(x/2)BKT solid solution series. A detailed Raman analysis has 

been carried out after deconvoluting each spectrum and changes in the parameters are examined. 

Raman spectra of the compositions x = 0, 0.06, 0.12, 0.18 are deconvoluted in to 7 

Gaussian peaks. The band below 180 cm-1 of the Raman spectra of the composition x = 0.24 

showed splitting and hence, for this composition, the spectrum is deconvoluted in to 8 Gaussian 

peaks. The band below 180 cm-1 of the Raman spectra of all the compositions except x = 0.24 is 

fitted with a single peak. The 200-400 cm-1 band is deconvoluted in to three peaks and the 400-

700 cm-1 band is also deconvoluted in to three peaks. The deconvoluted Raman spectra of all the 

compositions of the (1-x)BNT–(x/2)BLT–(x/2)BKT solid solution series is shown in Figure 5.6. 

 

Figure 5.7: Changes in the area under the curve of the band below 180 cm-1 in the Raman spectra as a 
function of x in (1-x)BNT–(x/2)BLT–(x/2)BKT. 
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Hence the observed band below 180 cm-1 is due to Na-O, Li-O, K-O vibrations. The 180 cm-1 

Raman band of all the compositions except that of x =0.24 is deconvoluted to one peak. The 

additional Raman peak observed in the 180 cm-1 band of x = 0.24 is due to the A-site disorder 

resulting from the higher concentration of the co-substituents Li+ and K+ in the BNT lattice. If 

the crystal lattice of the unit cell is co-occupied by more cations, inhomogeneity of the crystal 

structure increases in the nanometer scale. This inhomogeneity leads to local disorder in the A-

site of the crystal lattice in the ABO3 perovskite structure and changes in the A-O vibration band.  

 

Figure 5.8: Changes in individual peak positions under the band in the 200-400 cm-1 region as a function 
of x in (1-x)BNT–(x/2)BLT–(x/2)BKT;(a) 1st peak, (b) 2nd peak, (c) 3rd peak. 
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The changes in the area under the band below 180 cm-1 with concentration of x is shown 

in Figure 5.7. As the concentration of the substituents increase the area under the A-O band has 

decreased. A small increase in area is observed for x = 0.24.  The overall decrease in the area 

with substitution is likely to be due to the diffusion of Li+ ions in the crystal lattice that will 

weaken the Li-O vibrations. When the concentration of the substituents increase, number of Li+ 

ions in the crystal lattice increase which results in the weakening of  the A-O vibrations and 

consequent decrease in the area under the A-O band. 

 

Figure 5.9: Total area and area under the individual peaks under the band in the region 200-400 cm-1 as a 
function of x in (1-x)BNT–(x/2)BLT–(x/2)BKT;(a) total area, (b) area under the 1st peak, (c) area under 
the 2nd peak, and (d) area under the 3rd peak. 
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Figure 5.8 shows the variations in the individual peak positions under the band in the 

200-400 cm-1 region due to Ti-O vibrations, with substitution. The position of the individual 

peaks show only minor changes with substitution. The first and the third peak show random 

changes whereas the second peak shows an upward frequency shift with substitution. Figure 5.9 

shows the changes in total area and the individual area under the band 200-400 cm-1 with 

substitution. Total area under the 200-400 cm-1 band has increased with substitution. The areas 

under the individual peaks also show minor changes with substitution, with an increasing (peak 1 

and peak 3) or decreasing (peak 2) trend. 

 

Figure 5.10:  Changes in the individual peak positions of the Raman band in the 400800 cm-1 region as a 
function of x in (1-x)BNT–(x/2)BLT–(x/2)BKT;(a) 1st peak, (b) 2nd peak, and (c) 3rd peak. 

0.00 0.05 0.10 0.15 0.20 0.25
474

477

480

483

486

489

492

W
a

v
e

n
u

m
b

e
r 

(c
m

-1
)

x in (1-x)BNT-(x/2)BLT-(x/2)BKT

(a)

0.00 0.05 0.10 0.15 0.20 0.25

524

528

532

536

540

544

W
a

v
e

n
u

m
b

e
r 

(c
m

-1
)

x in (1-x)BNT-(x/2)BLT-(x/2)BKT

(b)

0.00 0.05 0.10 0.15 0.20 0.25
590

595

600

605

610

615

620

W
a

v
e

n
u

m
b

e
r 

(c
m

-1
)

x in (1-x)BNT-(x/2)BLT-(x/2)BKT

(c)



 Studies on (1-x)Bi0.5Na0.5TiO3–(x/2)Bi0.5Li0.5TiO3…… 
 

137 

 

The Raman band in the 400-700 cm-1 region is due to the vibrations of the TiO6 

octahedra. Figure 5.10 shows the individual peak positions in the 400-700 cm-1 region. In this 

region the peak positions showed an upward frequency shift with substitution. Figure 5.11 shows 

the changes in total area and individual area in the 400-700 cm-1 region. Changes in area was 

observed with substitution.  

 

Figure 5.11: Total area and area under the individual peaks of the Raman band in the 400-800 cm-1 as a 
function of x in (1-x)BNT-(x/2)BLT-(x/2)BKT, (a) total area, (b) area under the 1st peak, (c) area under 
the 2nd peak, and (d) area under the 3rd peak. 
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180 cm-1 of x = 0.24 concentration indicate distortion in the crystal lattice with substitution that 

correlate with the XRD results. The changes in Raman parameters with substitution specified the 

local symmetry changes. 

5.5. Solid-state NMR spectroscopy  

5.5.1. 23Na NMR 

 

 

Figure 5.12: (a) 23Na NMR spectra of the different compositions in the (1-x)BNT–(x/2)BLT–(x/2)BKT 
series, (b) Zoomed view of the central region. 
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Figure 5.12 (a) shows the 23Na MAS NMR spectra of all the compositions and Figure 5.12 (b) 

shows the zoom part of the central region of the spectra. A gradual increase in the broadening of 

the 23Na NMR spectra is observed as the concentration of the substituent is increased indicating 

local symmetry changes in the BNT crystal lattice. A small shift in the position of the peak is 

also observed.  

 

Figure 5.13: Comparison of the experimental and simulated 23Na MAS NMR spectra of selected 
compositions (x = 0.06, x = 0.12, x = 0.18, x = 0.24) of the (1-x)BNT–(x/2)BLT–(x/2)BKT  series. 
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Gaussian isotropic model (GIM)90 is used for fitting. The NMR parameters, mean isotropic shift 

( iso), chemical shift distribution (∆CS) and a mean quadrupolar product (CQ
*) are extracted from 

the MAS NMR spectra using the DMFIT program and the parameters are listed in Table 5.3. The 

simulated and experimental spectra of the different compositions are shown in Figure 5.13 and it 

can be seen that the experimental and simulated spectra match very well.  

Table 5.3: Parameters extracted from the 23Na MAS NMR spectra using. 

x δiso(ppm) 𝐂∗ (kHz) ΔCS (ppm) 

x = 0 -2.31 1084 3.99 

x = 0.06 -2.49 1136 3.94 

x = 0.12 -2.70 1140 3.91 

x = 0.18 -3.03 1168 3.98 

x = 0.24 -3.43 1179 4.04 

 

 

Figure 5.14: Variation of 23Na CQ
*of (1-x)BNT–(x/2)BLT–(x/2)BKT as a function of x. 
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The variation of the quadrupolar coupling (CQ
*) with substitution is shown in Figure 

5.14. The CQ
* of the (1-x)BNT–(x/2)BLT–(x/2)BKT solid solution increases with substitution 

which is similar to that observed in the BNT–BLT solid solution series (Section 4.5.1, Figure 

4.16). However, in the BNT–BKT solid solution, CQ
* found to decrease initially with increasing 

BKT concentration and reached a minimum at x = 0.15 and then increases to a maximum in the 

range 0.20 ≤ x ≤ 0.26 (Section 3.5, Figure 3.18). Since CQ
* is related to the local symmetry 

environment, higher value of CQ
* indicates lower symmetry.91 The changes in CQ

* with 

substitution indicate that the local symmetry changes in the BNT lattice. Therefore, in the (1-

x)BNT–(x/2)BLT–(x/2)BKT solid solution series, it may be concluded that the symmetry of 

crystal lattice decreases with substitution.  

5.5.2. 7Li NMR 

The 7Li MAS NMR spectra, including the full side band profile, for all the composition of the  

(1-x)BNT–(x/2)BLT–(x/2)BKT are shown in Figure 5.15 (a). Figure 5.15 (b) shows the zoomed 

spectra of the central region. From the spectra it is seen that on substitution there is an increase in 

the prominence of the sidebands and an increase in the line broadening which can be attributed to 

an increase in the quadrupolar coupling constant. The NMR parameters are extracted from the 

spectra using the DMFIT program. The very sharp lines in the spectra suggest that the 

quadrupolar coupling constant of 7Li in (1-x)BNT–(x/2)BLT–(x/2)BKT is small. Therefore, the 

'quad-first' model in the DMFIT program which includes the first order quadrupolar interaction is 

used for generating the lineshape,90 as discussed in chapter 4 (Section 4.5.2). This model includes 

a Gaussian distribution of isotropic chemical shift with a mean isotropic shift ( iso), quadrupolar 

coupling constant (CQ) and a Lorentzian component. The experimental and simulated7Li MAS 

NMR spectra are shown in Figure 5.16. The NMR parameters  extracted from the 7Li MAS 

NMR spectra for all the composition of (1-x)BNT–(x/2)BLT–(x/2)BKT are shown in Table 5.4. 

Very small variations are observed in the quadrupolar coupling constant CQ on substitution. 

The broad peak in the 7Li spectra is a combination of Gaussian and Lorentzian line 

shapes and the contributions from each of the components are estimated from the fitting. The 

Gaussian component of the spectrum indicates the spread of the chemical shift from the ideal 

value and the Lorentzian component is an indication of the diffusion or mobility of the ions 

present in the crystal lattice.120 
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Figure 5.15:  (a) 7Li NMR spectra of the different compositions in the (1-x)BNT–(x/2)BLT–(x/2)BKT 
series, (b) Zoomed view of the central region.  
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Table 5.4: Parameters extracted from the7Li MAS NMR spectra using. 

x δiso (ppm) Width(ppm) G/L CQ(kHz) 

x = 0.06 0.42 1.22 0.80 45.13 

x = 0.12 0.41 1.28 0.68 45.33 

x = 0.18 0.44 1.35 0.62 45.31 

x = 0.24 0.47 1.39 0.61 45.18 

 

 

Figure 5.16: Comparison of the experimental and simulated 7Li MAS NMR spectra of selected 
compositions (x = 0.06, x = 0.12, x = 0.18, x = 0.24) of the (1-x)BNT–(x/2)BLT–(x/2)BKT  series. 
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The Gaussian to Lorentzian component ratio (G/L) obtained from the fit is tabulated in 

Table 5.4. It is observed that on increasing the BLT concentration, the G/L ratio of the 7Li NMR 

spectrum decreases which means that the line shape becomes more Lorentzian. The variations of 

the Gaussian and Lorentzian components are shown in Figure 5.17. The increase in the 

Lorentzian component with BLT concentration indicates the rise in Li+ ion diffusion in the 

crystal lattice. When the concentration of the substituents is increased, the Li+ content in the 

BNT lattice is increased which results in an increase in the mobility of Li+ ions in the crystal 

lattice. This can be correlated with the decrease in the area of the Raman band below 180 cm-1 

with substitution. The decrease in the area is due to the weak Li-O vibrations due to the Li+ ion 

diffusion in the BNT crystal lattice.  

 

Figure 5.17: Variations of (a) Gaussian and (b) Lorentzian components of 7Li spectra as a function of x in 
(1-x)BNT–(x/2)BLT–(x/2)BKT.   

 The increase in 23Na and 7Li quadrupolar coupling constant indicate the increased 

distortion in the BNT crystal lattice with substitution. The increase in Lorentzian component 

indicate an increase in diffusion of Li+ ions in the BNT lattice with substitution and this can be 

correlated to the decrease observed in the area under the 180 cm-1 peak of the Raman spectra. 

5.6. Scanning electron microscopy 

SEM micrographs of different compositions of (1-x)BNT–(x/2)BLT–(x/2)BKT are shown in 

Figure 5.18.  
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Figure 5.18: SEM images micrographs of different compositions in the (1-x)BNT–(x/2)BLT–(x/2)BKT 
series. The scale shown is common for all images. 

Table 5.5: Density and grain size of different compositions in the (1-x)BNT–(x/2)BLT–(x/2)BKT series. 

Sample Grain size 

 (μm) 

Measured Density 

 (g/cm3) 

Theoretical 
density 
 (g/cm3)  

BNT 7.5 3.52 5.96 

x= 0.06 2.6 3.79 5.99 

x=0.12 2.2 3.83 5.99 

x=0.18 1.8 3.97 5.98 

x=0.24 1.2 3.83 5.97 

 

The microstructure of the ceramics has changed with substitution. The grain size is 

decreased with substitution and more pores are observed in the substituted compositions. The 

average grain size of the ceramics and density are compared in Table 5.5. The grain size of BNT 

is ~7.5 μm and with substitution the grain size has decreased. The grain size of maximum 

substituted composition is ~1.2 μm. Compared to the microstructure of BNT, the substituted 

compositions have more fused and porous grains. Relatively large grains of size ~10 m are 

observed for BNT in the BNT–BKT solid solution due to the high sintering temperature       

5µm

BNT x = 0.06 x = 0.12

x = 0.18 x = 0.24
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(1150 oC) used and the difference in synthetic methods (Section 3.6). In BNT–BKT solids 

solution the grains are reasonably larger in size and less porous. In the BNT–BLT solid solution 

also relatively larger grains are observed (Section 4.6). 

5.7. Density 

The variation in the density as function of x is shown in Figure 5.19. The density of the ceramics 

has increased with substitution. It is observed from the microstructure analysis that the grain size 

of the ceramics decreased with substitution and this led to increase in the density. Comparison of 

theoretical and measured densities of the ceramics is shown in Table 5.5.  

 

Figure 5.19: Variation of the sintered density of (1-x)BNT–(x/2)BLT–(x/2)BKT as a function of x. 

Higher densities are reported for Li+ and K+ co-substituted BNT solid solution series 

(>  5.5) which is almost comparable to that of the theoretical density of the ceramics.118 The 
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used for making pellets and the low sintering temperature (1000 oC) in the present study. In 
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solution is comparable (Section 4.7). The comparable density observed may be due to the same 

synthetic method and sintering temperature (1000 oC) used for BNT–BLT and BNT–BLT–BKT 

solid solution whereas higher sintering temperature (1150 oC) and different synthetic method 

changed the microstructure nature of BNT–BKT solid solution and a consequent increase in the 

density of the ceramics. 

5.8. Dielectric constant 

The dielectric constant of all the compositions of (1-x)BNT–(x/2)BLT–(x/2)BKT are measured at 

1 kHz and the variation of the dielectric constant with substitution is shown in Figure 5.20. The 

dielectric constant of the ceramics gradually increased with the degree of substitution.  

 

Figure 5.20: Variation of the dielectric constant of (1-x)BNT–(x/2)BLT–(x/2)BKT as function of x. 
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processing conditions are the same, the difference in the dielectric constants is due to the 

structural distortion caused by the larger K+ ions in the (1-x)BNT–(x/2)BLT–(x/2)BKT series. 

However, compared to the BNT–BKT solid solution series (Chapter 3, Section 3.8), the 

dielectric constant of the (1-x)BNT–(x/2)BLT–(x/2)BKT solid solution is relatively low. This 

could be due to the higher sintering temperature used for the BNT–BKT solid solution; and 

hence the compositions possess higher density. Additionally, larger distortion caused by the K+ 

ion in the BNT lattice results in the formation of MPB region in the BNT–BKT solid solution 

series leading to a more polarized crystal structure. The reported dielectric constants for the                                            

(1-x)BNT–(x/2)BLT–(x/2)BKT compositions are larger than that obtained in the present 

study.115,116,118 In all the reported studies, the synthesis methods are different and high sintering 

temperatures (1100-1200 oC) are used. Moreover, the pressure used for the compaction of the 

pellets is higher (160 MPa) in the literature reports, compared to the low compaction pressure 

used in the present study (8 MPa) which led to higher density and dielectric properties. 

5.9. Structure-property correlations 

Detailed XRD studies on all the compositions of (1-x)BNT–(x/2)BLT–(x/2)BKT suggested the 

absence of any phase transition in this solid solution series. However, the minor changes in the 

lattice parameters and cell volume indicated slight distortions in the crystal symmetry with 

substitution which led to changes in the microstructure and hence an increase in the density. The 

additional mode observed in the Raman band below 180 cm-1 for the composition x = 0.24 and 

the increase in the quadrupolar coupling constant of the 23Na MAS NMR spectra with 

substitution specify the distortion and polarization in the crystal lattice. The increase in the 

dielectric constant is due to the increased polarization and density with substitution. 7Li NMR 

studies showed an increase in the Lorentzian component with substitution that can be correlated 

with the decrease in the area of the Raman band below 180 cm-1. 

All the studies on (1-x)BNT–(x/2)BLT–(x/2)BKT showed a close correlation between the 

structure and the properties. Changes in some of the structural parameters and properties with Li+ 

and K+ co-substitution show similar trends. Figure 5.21 compares the changes in the lattice 

parameter ‘b’, dielectric constant and the area under the Raman band in the region 200-400 cm-1. 

All the three parameters increased with substitution and show similar trend in the variation with 

substitution indicating that the changes in the dielectric constant is related to the structural 
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changes. Figure 5.22 compares the density, quadrupolar coupling constant of 23Na MAS NMR 

and the position of the 2nd peak in the Raman band in the 200-400 cm-1 region with Li+ and K+ 

co-substitution. All the three parameters show similar trend in the changes with substitution and 

increased with substitution. The changes in lattice parameter, ‘b’, specifies the structural 

changes. 200-400 cm-1 region of the Raman band is associated with the Ti-O vibration and 

hence, the changes in the area of this band and position of individual peaks within this band, with 

substitution, show the changes in the Ti-O bonds. The increase in CQ
* is an indication of a 

decrease in the local symmetry. The changes in Ti-O bond with substitution contribute to the 

symmetry changes and density of the ceramics. Hence, it may be concluded that the structural 

changes and the changes in the Ti-O bonds with substitution has affected the polarization of the 

(1-x)BNT–(x/2)BLT–(x/2)BKT solid solution that contributed to the dielectric properties. Figure 

5.23 compares the changes in the Li NMR Gaussian component and the area under the peak 180 

cm-1 in the Raman spectra. Both the parameters decreased with the co-substitution of Li+ and K+ 

in the BNT lattice and showed similar changes. As the concentration of Li+ increased with 

substitution the diffusion of the Li+ ions in the crystal lattice increased as a result the area under 

the 180 cm-1 Raman band and the Gaussian component decreased.   

 

Figure 5.21: Comparison of lattice parameter ‘b’, dielectric constant ( r) and area under the Raman band 
in the 200-400 cm-1 region. 
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Figure 5.22: Comparison of density, quadrupolar coupling of 23Na and the peak centre of the second band 
in the 200-400 cm-1region of the Raman spectra. 

 

Figure 5.23: Comparison of 7Li NMR Gaussian component and the area under the peak below 180 cm-1in 
(1-x)BNT-(x/2)BLT-(x/2)BKT solid solution. 
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5.10. Conclusions 

Rietveld refinement analysis of the XRD patterns of all the compositions of                                

(1-x)BNT–(x/2)BLT–(x/2)BKT confirmed the formation of all the compositions under the 

monoclinic Cc space group of BNT, without any phase transition. The changes in lattice 

parameters and cell volume with substitution suggested minor distortions in the crystal lattice. 

Raman spectral analysis also supports the conclusions drawn from the Rietveld refinement 

analysis of the XRD patterns. The additional band observed below 180 cm-1 of the composition 

with x = 0.24 is an indication for distortions in the crystal lattice. The decrease in the area of the 

band below 180 cm-1 with substitution suggests Li+ ion diffusion and local symmetry changes. 

Evidence for local symmetry changes is further obtained from the NMR studies of the              

(1-x)BNT–(x/2)BLT–(x/2)BKT solid solution. Evidence for structural distortion and decrease in 

the local symmetry are evident from the observed increase in the quadrupolar coupling of 23Na 

MAS NMR. The 7Li NMR studies proved the diffusion of Li+ ions in the crystal lattice. The 

microstructure of the ceramics changed with substitution, and hence the density of the ceramics 

is found to be increasing with x. A corresponding increase in the dielectric constant is observed 

with increasing degree of substitution. This is due to the local structural changes as evidenced 

from the solid-state NMR studies.  
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6.1. Introduction 

Bi0.5Na0.5TiO3(BNT) shows excellent piezoelectric and ferroelectric characteristics, which 

initiated studies on its application as a lead-free piezoelectric material for various applications. 

BNT’s extended strain under an applied electric field goes beyond that of PbTi1-xZrxTiO3 

(PZT).110 In BNT, Pb2+in PbTiO3 is replaced by the (Bi0.5
3+Na0.5

1+) combination. In BaTiO3, 

ferroelectricity arises from the distorted TiO6 octahedra, while in the case of PbTiO3, in addition 

to the contribution from the TiO6 octahedra, hybridization between Pb 6s and O 2p states cause 

large tetragonal distortion which results in high electromechanical properties.122 Similarly, in the 

related ferroelectric materials containing Bi, the role of Bi3+ for the origin of ferroelectricity is 

very well established. For example, in BiMnO3, the 6s2 lone pair of the Bi3+ ion is responsible for 

ferroelectricity.123 The 6s2 lone pair of Bi3+ ion tends to hybridize with oxygen 2p orbital and this 

improves the ferroelectricity by pushing the Bi3+ ions towards the oxygen atom. Similarly in 

BiFeO3, the lone pair orbital in Bi3+ is steriochemically active and it causes distortion in the 

crystal structure. The polarization caused by the 6s2 lone pair is responsible for the 

ferroelectricity in BiFeO3.
124 

It is possible that in Bi0.5Na0.5TiO3, the 6s2 lone pair present in the Bi3+ ion also contribute 

to ferroelectricity apart from the contribution from the distorted TiO6 octahedra. The effective 

way of understanding the role of the 6s2 lone pair in Bi3+ ion is to replace Bi3+ with an ion which 

has almost comparable size and charge. Hiruma et al found that the rhombohedral-tetragonal 

phase transition temperature (Td) decreases and the temperature at which maximum dielectric 

constant is observed (Tm) increases, from the studies on the substitution of La3+, Nd3+, Ho3+ and 

Yb3+ in BNT, for the cation deficient compositions (Bi50.Na0.5)(1-1.5x)LnxTiO3, and it is found that 

the changes depend on the ionic size of the substituent.125 Cheah et al observed that addition of 

La in the BNT structure caused lattice distortions and the symmetry changed from tetragonal to 

hexagonal in (Bi50.Na0.5)(1-1.5x)LaxTiO3.
126 Also, La-substitution is found to increase the 

densification of BNT and suppress its ferroelectricity. Yi et al investigated the sintering and 

electrical characteristics of La-modified BNT ceramics and observed that doping reduced the 

grain size by suppressing the grain growth and enhancing the densification process.127 Aparna et 

al carried out dielectric, impedance and admittance spectroscopy studies of La doped BNT, 

Na0.5(LaxBi1−x)0.5TiO3 for x = 0, 0.1, 0.15, 0.2, in a particular temperature range (from room 
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temperature to 550 oC)  and in the frequency range of 100 Hz to 1 MHz and correlated the 

structural phase transition with the changes in the composition, frequency and temperature.128 

The authors observed a decrease in the electromechanical coupling coefficient with La-doping. 

Aparana et al, in another study, observed that the incorporation of La3+ in the BNT lattice causes 

lattice distortion and the properties show relaxation due to the changes in the structure.129 The 

authors also observed that the dielectric constant decreased with La substitution.  

The main objective of the present work is to study the structural changes on substitution 

of Bi3+ in BNT by La3+ using Raman and solid state NMR spectroscopy as well as Rietveld 

refinement analysis of powder XRD patterns. Since the ionic radii of Bi3+ and La3+ are almost the 

same (Bi3+ = 1.17 Å, La3+ = 1.16 Å, for eight fold coordination), distortion in the TiO6 octahedra 

and any structural phase transformation are not expected. Hence, any changes in the dielectric 

properties could be associated with the 6s2 lone pair present in Bi3+ ion. 

There are various studies on the crystal structure and properties of La0.5Na0.5TiO3. Early 

structural studies reported that La0.5Na0.5TiO3 has a R3̅c structure with the a–a–a– tilt system. 

Later studies on the La0.5Na0.5TiO3 crystal structure reported better refinements with space group 

Pnma with the a– b+ a– tilt system.130 Li et al reported that La0.5Na0.5TiO3 crystallizes in the 

tetragonal space group I4/mcm.131 Geneste et al studied the structural and dynamical properties 

of La0.5Na0.5TiO3 and suggested that La0.5Na0.5TiO3 is a quantum paraelectric and its ferroelectric 

instabilities are weaker than SrTiO3.
132 They also predicted a strong anisotropy in the dielectric 

response of La0.5Na0.5TiO3. Investigations on the structural and dielectric properties of 

La0.5Na0.5TiO3 using X-ray and neutron diffraction experiments and density functional 

calculation revealed the high temperature paraelectric character of it dielectric constant.133 The 

chemical disorder in the A site of La0.5Na0.5TiO3 decrease the magnitude of the structural 

distortion and lowers the dielectric response. Low ferroelectricity and quantum paraelectric 

nature is due to the weak ferroelectric instabilities observed in the La0.5Na0.5TiO3. Inaguma et al 

observed that the dielectric constant of La0.5Na0.5TiO3 is independent of frequency in the range 5-

600 kHz and for T < 30 K the dielectric constant is independent of temperature which proves the 

quantum mechanical stabilization of the paraelectric phase below 30 K.133 
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Different compositions of the solid solution series (1-x)Bi0.5Na0.5TiO3xLa0.5Na0.5TiO3 

(0≤ x ≤0.4) are synthesized and the structural changes probed. Dielectric properties, density and 

microstructure are studied and correlated with the structural changes. 

6.2. Synthesis 

Different compositions in the (1-x)Bi0.5Na0.5TiO3xLa0.5Na0.5TiO3 (0≤ x ≤ 0.04) solid solutions 

were prepared by the citrate-gel method, where x = 0, 0.1, 0.2, 0.3, and 0.4. 

Table 6.1: Compositions in the (1-x)Bi0.5Na0.5TiO3xLa0.5Na0.5TiO3 series and the corresponding sample 
codes. 

x Composition 

(1-x)Bi0.5Na0.5TiO3xLa0.5Na0.5TiO3 

(1-x)BNTxLNT 

Sample code 

0 BNT BNT 

0.1 0.9BNT0.1LNT 0.1LNT 

0.2 0.8BNT0.2LNT 0.2LNT 

0.3 0.6BNT0.3LNT 0.3LNT 

0.4 0.8BNT0.4LNT 0.4LNT 

 

Solutions of stoichiometric amounts of bismuth nitrate (Bi(NO3)3.5H2O), sodium nitrate 

(NaNO3) and lanthanum nitrate (LaNO3.6H2O) were made separately by dissolving bismuth 

nitrate in dilute nitric acid and the nitrates of sodium and lanthanum in distilled water and mixed 

together. Stoichiometric amount of titanium isopropoxide (Ti[OCH(CH3)2]4) was dissolved in 

isopropyl alcohol and citric acid was dissolved in this solution with continuous stirring. The ratio 

of citric acid to total metal ion was taken as 3:1. The mixed metal nitrate solution was added to 

the titanium isopropoxide solution with constant stirring and then evaporated at 60 oC on a hot 

plate until a transparent viscous gel was obtained. A foam was obtained after heating the dried 

gel overnight at 150 oC. The foam was then crushed using a mortar to fine powder. This powder 

was initially calcined at 400 oC, and then at 850 oC and 1000 oC with intermediate grindings. The 

powder samples obtained were uniaxially pressed into circular discs (10 mm diameter x 3 mm 

height) at a pressure of 8 MPa and sintered at 1200 oC for 2 hours. All the samples were sintered 
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under identical conditions at heating and cooling rates of 5 oC/min. The sintered pellets were 

crushed in to fine powder and used for XRD, Raman spectroscopy and solid-state NMR studies.  

The synthesized compositions and the corresponding sample codes are listed in Table 6.1. 

6.3. Powder X-ray diffraction 

All the samples are initially characterized by powder XRD to verify formation of single phase 

compositions. Figure 6.1 shows the powder XRD patterns of all the compositions and the 

simulated pattern of BNT using the structural parameters of the monoclinic Cc space group.105 

All peaks in the XRD patterns of the different compositions match very well with the simulated 

pattern of BNT, without any additional peaks, indicating formation of single phase compositions. 

Table 6.2: Lattice parameters, reduced χ2 and Rp values of (1-x)BNT–xLNT obtained from Rietveld 
analysis. 

Sample Cc χ2 𝐑𝐩 (%) 

 a (Å) b (Å) c (Å) β (degrees)   

BNT 9.5261 5.4832 5.5089 125.42 2.065 5.18 

0.1LNT 9.5102 5.4907 5.4911 125.26 2.959 5.46 

0.2LNT 9.509 5.484 5.495 125.30 2.765 5.28 

0.3LNT 9.5142 5.4857 5.4847 125.25 2.336 5.04 

0.4LNT 9.5098 5.4843 5.4838 125.21 2.399 5.15 

 

Detailed structural analysis has been carried out by Rietveld refinement of the XRD 

patterns of all the compositions of the BNTLNT series. Reasonable agreement is obtained with 

the experimental and simulated patterns, with low reduced χ2 and Rp values as shown in Table 

6.1, using the monoclinic Cc space group of BNT. Figure 6.2 shows the results of the Rietveld 

refinement analysis of all the studied compositions in the (1-x)BNTxLNT series. The refinement 

results confirmed the formation of all the compositions under the monoclinic Cc space group. 

Aparna et al reported a phase transition at x ̴ 0.075 in the BNT-LNT solid solution and observed 

an anomaly in the dielectric constant in this region.129 Cheah et al observed that the crystal 

symmetry of BNT changed from hexagonal to tetragonal with La substitution in the cation 

deficient compositions (Bi50.Na0.5)(1-1.5x)LaxTiO3.
126 The authors reported that the solubility of La 
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in the BNT lattice reached its limit at 10 mol% and a secondary phase of Bi2Ti2O7 formed at 

higher La compositions. 

 

Figure 6.1:  Powder XRD patterns of different compositions in (1-x)BNTxLNT solid solution series. 
Simulated pattern of BNT is shown at the bottom for comparison. 
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Figure 6.2: Results of the Rietveld refinement of (1-x)BNT–xLNT using monoclinic Cc space group, for 
BNT, 0.1LNT, 0.2LNT, 0.3LNT, 0.4LNT. 
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compositional range, with monoclinic structure and without any structural phase transition. This 

is expected because of the comparable ionic sizes of Bi3+ and La3+. 

 

Figure 6.3: Variation of monoclinic lattice parameters (a) ‘a’, (b) ‘b’, (c) ‘c’ and (d) angle β of (1-x)BNT–
xLNT  solid solution as a function of x.  
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from the Rietveld refinement analysis, as a function of La3+ concentration in (1-x)BNTxLNT, 

are shown in Figure 6.3.Very small decrease in all the lattice parameters and unit cell volume are 

observed. This is due to the minor difference in the ionic sizes of Bi3+ and La3+ as well as the 

reduced contribution from the 6s2 lone pair in the Bi3+ ion which is absent in the La3+ ion.  
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Figure 6.4: Variation of unit cell volume of (1-x)BNTxLNT solid solution series as a function of x. 

6.4. Raman spectroscopy 

Raman spectra of different compositions of (1-x)BNTxLNT are shown in Figure 6.5. As the 

concentration of La increased, the band below 180 cm-1 has broadened. The bands in the 
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Figure 6.5: Raman spectra of different compositions of (1-x)BNTxLNT. 

The phonon in the 200400 cm-1 region is associated with the A-site cation displacement. 

The high frequency region (400700 cm-1) belongs to the oxygen movements in the TiO6 

octahedra. Thus, the additional peak in the band below 200 cm-1 is likely to be due to the 

contribution from Ti-O vibrations, caused by the presence of La in the structure. It is possible 
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all the compositions are shown in Figure 6.6. The changes in the Raman spectra of BNT on 

substitution of La could be due to the local symmetry changes caused by the reduced effect of 

6s2 lone pair with La substitution and the large difference in the atomic mass of Bi and La.  

Due to the high mass of bismuth, the Bi-O vibrations are expected in the low frequency 

region.70 Hence, the band below 180 cm-1 is due to the La/Na-O vibrations. In BNT, this band is 

deconvoluted to one peak which belongs to the Na-O vibrations whereas in La substituted 

compositions (x = 0.1, 0.2, 0.3, 0.4), this band is deconvoluted into two peaks.  
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Figure 6.6: Deconvoluted Raman spectra of BNT, 0.1LNT, 0.2LNT, 0.3LNT, and 0.4LNT in (1-
x)BNTxLNT. The black, red and blue curves correspond to experimental spectra, fitted curves and the 
individual components, respectively. 
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Figure 6.7: Changes in the area under the curve of the band below 180 cm-1 in the Raman spectra as a 
function of x in (1-x)BNT–xLNT. 

 

Figure 6.8:  Changes in the area under the 200400 cm-1 band in the Raman spectra as a function of x in 
(1-x)BNT–xLNT. 
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The additional modes observed in the region below 180 cm-1 of the La-substituted 

compositions could be due to the La-O/Ti-O vibrations and also due to the local symmetry 

changes resulting from the 6s2 lone pair. As the concentration of La increased effect of 6s2 

decreased, this led to local symmetry changes and changes in the A-O vibrations. In the case of 

LNT, the distortion contributed by the 6s2 lone pair is zero which leads to a low frequency shift 

of the Ti-O band below 180 cm-1. The area under the band below 180 cm-1 is plotted against La 

concentration and shown in Figure 6.7. The area is increased with La-substitution.  

 

Figure 6.9: Changes in the area under the 400-700 cm-1 band in the Raman spectra as a function of x in (1-
x)BNT–xLNT. 
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The 400700 cm-1 region of the Raman spectra belongs to the TiO6 octahedra. In BNT 

and La substituted compositions (x = 0.1, 0.2, 0.3, 0.4), this region is deconvoluted to three 

Raman modes, as observed in the case of K- and Li-substituted compositions, as discussed in the 

previous chapters. The changes in the area under the band in the 400700 cm-1 region as function 

of x is shown in Figure 6.9. The area increased with increasing La concentration, suggesting 

minor changes in the TiO6 octahedra on substitution of La for Bi in BNT. 

6.5. Solid-state NMR spectroscopy 

In (1-x)BNTxLNT, all the nuclei are NMR active. Out of them, two quadrupolar nuclei, 23Na 

and 139La are most sensitive and SSNMR of these two nuclei are carried out to obtain insights 

into the local structural changes in the solid solution series with La concentration. 

6.5.1. 23Na NMR 

23Na MAS NMR spectra of different compositions of (1-x)BNT–xLNT are shown in Figure 6.10 

(a) and Figure 6.10 (b) shows the zoomed part of the central region of the spectra. It is observed 

that all the spectra have line shapes characteristic of the systems which have a distribution in 

quadrupolar coupling constant (Section 2.3.2.3). The 23Na NMR parameters are extracted from 

the 23Na MAS NMR spectra of the different compositions of BNT–LNT using the DMFIT 

program. The 'Czjzek' model in the DMFIT program, which includes the Gaussian isotropic 

model (GIM), is used for generation of the lineshape since the experimental spectra of all the 

compositions showed a lineshape typical to a system which has a distribution of quadrupolar 

coupling constant, as discussed in Chapter 3 (Section 3.5).90 The NMR parameters extracted 

from the 23Na MAS spectra are shown in Table 6.2. The experimental and simulated 23Na spectra 

of selected compositions of BNT–LNT are shown in Figure 6.11. For all compositions, the 

simulated spectra match exactly with the experimental data.  

Figure 6.12 shows the variation of the quadrupolar coupling (CQ
*) with La substitution. It 

is observed that the CQ
* initially increased from x = 0 to x = 0.1 and then decreased almost 

linearly with increasing La concentration. Since the CQ
* is related to the crystal symmetry of the 

material, materials having higher crystal symmetry possess low values for CQ
* and materials with 

low crystal symmetry possess higher values for CQ
*.91  
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Figure 6.10: (a) 23Na NMR spectra of the different compositions in the (1-x)BNT–xLNT series, (b) 
Zoomed view of the central region. 
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Figure 6.11: Comparison of the experimental and simulated 23Na MAS NMR spectra of selected 
compositions (0.1LNT, 0.2LNT, 0.3LNT, 0.4LNT) of (1-x)BNT–xLNT.  
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Table 6.3: Parameters extracted from 23Na MAS NMR spectra.  

Sample δiso (ppm) 𝐂∗ (kHz) ΔCS (ppm) 

BNT -3.02 1058 4.36 

0.1LNT -3.06 1152 4.37 

0.2LNT -3.08 1126 4.15 

0.3LNT -3.11 1111 4.14 

0.4LNT -3.32 1079 3.92 

 

 

Figure 6.12: Variation of the 23Na CQ
*of (1-x)BNT–xLNT as a function of x.  
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Figure 6.13: (a) 139La NMR spectra of the different compositions in the (1-x)BNT–xLNT series, (b) 
Zoomed view of the central region. 
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since the experimental spectra of all the compositions showed a quadrupolar frequency 

distribution.  The NMR parameters extracted from the 139La MAS spectra are shown in Table 

6.3. The experimental and simulated 139La spectra of different compositions of BNT–LNT are 

shown in Figure 6.14. For all compositions, the simulated spectra match exactly with the 

experimental data.   

 

Figure 6.14: Comparison of the experimental and simulated 139La MAS NMR spectra of selected 
compositions (0.1LNT, 0.2LNT, 0.3LNT, 0.4LNT) of (1-x)BNT–xLNT.  
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Table 6.4: Parameters extracted from 139La MAS NMR spectra. 

Sample δiso (ppm) 𝐂∗ (MHz) ΔCS (ppm) 

0.1LNT 278.40 26.77 85.01 

0.2LNT 278.37 24.66 78.07 

0.3LNT 276.00 23.69 81.95 

0.4LNT 269.57 23.76 75.07 

 

 

Figure 6.15: Variation of the 139La CQ
*of (1-x)BNT–xLNT as a function of x. 
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6.6. Scanning electron microscopy 

SEM images of all the compositions of BNT–LNT solid solution are shown in Figure 6.16. It is 

clearly visible that the microstructure of the ceramics changed with the substitution of La3+ ions.  

 

 

Figure 6.16: SEM micrographs of different compositions in the (1-x)BNT–xLNT series. The scale shown 
is common for all images.  

 

Table 6.5: Density and grain size of different compositions in the (1-x)BNT–xLNT series. 

Sample Grain size  

(μm) 

Measured density 

 (g/cm3) 

Theoretical density  

(g/cm3) 

BNT 11.8 4.69 5.96 

 0.1LNT 9.7 4.79 5.91 

0.2LNT 7.9 4.03 5.81 

0.3LNT 6.5 3.98 5.72 

0.4LNT 5.3 3.93 5.62 
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As the concentration of La3+ ions are increased in the compositions, grain size of the 

ceramics is decreased along with increasing number of pores. The average grain size of the 

ceramics is compared with the measured density in Table 6.4. Large grains of size ~12 μm are 

observed for BNT. The larger grain size observed for BNT in the BNT–LNT solid solution series 

compared to the grain size of BNT in the BNT–BKT (Figure 3.20), BNT–BLT (Figure 4.21) and 

BNT–BLT–BKT (Figure 5.18) solid solutions is due to the relatively higher sintering 

temperature (1200 oC) in the present case. The grain size of the ceramics decreased with 

La3+substitution. 

6.7. Density 

Figure 6.17 shows the variation of the density of the BNT–LNT compositions with La 

concentration. There is an initial increase in the density for x = 0.1 compared to the density of 

BNT and the density further decreases with increasing La concentration. A large drop in the 

density is observed between x = 0.1 and 0.2. 

 

Figure 6.17: Variation of the sintered density of (1-x)BNT–xLNT as a function of x.  
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 It is observed from the SEM images that as the La-substitution is increased, the grain 

size has decreased with increasing porosity. Thus, the changes in the density with increasing La 

content in the compositions are well correlated with the microstructure. The theoretical and 

measured densities of the ceramics are compared in Table 6.4. The measured density is~70 % of 

the theoretical density whereas in the reported studies ~92 % of the theoretical density is 

obtained. This is probably due to the difference in synthesis method, processing conditions, 

compaction pressure and sintering temperature. For example Aparna et al
129

 reported ~90 % of 

the theoretical density for samples synthesized by solid state reaction and for powders compacted 

at a pressure of 5 ton/cm2 (~100 MPa) and a sintering temperature of 1100 oC,  compared to the 

compaction pressure of 8 MPa used in the present work. 

6.8. Dielectric constant 

Dielectric constant of all the compositions of the (1-x)BNT–xLNT solid solution series is 

measured at 1 kHz. Figure 6.18 shows the variation of the dielectric constant with La 

concentration. The dielectric constant values are comparable to that reported in the literature.129 

 

Figure 6.18:  Variation of the dielectric constant of (1-x)BNT–xLNT as a function of x.  
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The dielectric constant of x = 0.1 is larger than that of BNT. On further increasing the La 

concentration, the dielectric constant has decreased. All the compositions, except x = 0.1, show 

lower dielectric constant than that of BNT. Variation of the dielectric constant is very well 

correlated with the changes in the structural parameters as well as the microstructure and density. 

Both La3+ and Bi3+ ions have almost the same size and charge, hence the variation in the lattice 

parameters is due to the effect of 6s2 lone pair present in the Bi3+ ions. 6s2 lone pair causes more 

distortion and polarization in the crystal lattice. As the concentration of La3+ ions is increased, 

the effect of 6s2 lone pair is reduced, and hence the polarization in the crystal lattice has 

decreased. As a result, the dielectric constant of the ceramics is reduced with La-substitution. 

The relatively larger dielectric constant of the composition with x = 0.1 could be due to the local 

inhomogeneous distribution of La atoms in BNT crystal lattice, as well as due to the relatively 

larger density of this composition 

6.9. Structure-property correlations 

The present studies on (1-x)Bi0.5Na0.5TiO3xLa0.5Na0.5TiO3 solid solutions showed a close 

correlation between the structural parameters and the properties of the system. Similar trends are 

observed in the changes of some of the Raman and NMR spectral parameters as well as the 

properties of the solid solution on La-substitution.  

Figure 6.19 compares the changes in CQ
* of 139La and the unit cell volume with La 

concentration. Both the parameters showed similar variations with substitution. Figure 6.20 

compares the changes in the 23Na quadrupole coupling (CQ
*), area under the Raman band in the 

200-400 cm-1 region, dielectric constant and density of the solid solutions. All the four 

parameters show similar trend in the variation with La-substitution. All the parameters showed a 

small increase from x = 0 to x = 0.1 and then decreased with increasing degree of La-substitution. 

Even the area under the Raman bands below 200 cm-1 and in the 400700 cm-1 regions showed 

some anomaly for x = 0.1, indicating some local structural changes on substitution. 
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Figure 6.19: Comparison of the changes in the 139La NMR quadrupolar coupling (CQ
*) and the unit cell 

volume as a function of x in (1-x)BNT–xLNT. 

 

Figure 6.20: Comparison of the changes in the 23Na NMR quadrupolar coupling (CQ
*), dielectric constant 

(εr), density and the area under the band in the 200-400 cm-1 region in the Raman spectra, as a function of 
x in (1-x)BNT–xLNT. 
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Since the Raman and NMR spectral parameters are related to local symmetry changes, 

the results indicate that the local symmetry changes greatly influence the dielectric constant and 

density of BNT–LNT. The Raman band in the 200-400 cm-1 region is associated with Ti-O 

vibration. The changes in area under this band indicate changes in the Ti-O bond with 

substitution. The decrease in the CQ
* of  23Na MAS spectra with La-substitution indicates 

increase in local symmetry with substitution. The changes in the Ti-O bond with La-substitution 

alter the symmetry of the system which affects the polarization that contributed to the dielectric 

constant. 

6.10. Conclusions 

Detailed structural analysis of (1-x)Bi0.5Na0.5TiO3xLa0.5Na0.5TiO3 solid solutions, for 0 ≤ x ≤ 

0.4,  has been carried out by Rietveld analysis of powder XRD patterns as well as Raman and 

NMR spectroscopy. Rietveld analysis confirmed the formation of all the compositions under 

monoclinic structure with Cc space group without any phase transition. Solid state NMR studies 

showed that the quadrupolar coupling obtained from both 23Na and 139La spectra decrease with 

increasing La concentration, indicating higher symmetry for La-rich compositions. Raman and 

NMR studies indicated anomalous values for the derived parameters around x = 0.1. Similar 

changes around this composition are observed in the dielectric constant and density. On 

increasing the La concentration, the dielectric constant and density are found to decrease, along 

with increased porosity. The decrease in the dielectric constant and density is due to the less 

polarization due to the reduced distortion of the Bi-O and La-O polyhedra, as evidenced from 

NMR studies. The studies on (1-x)BNT–xLNT solid solutions clearly showed the effect of Bi3+ 

6s2 lone pair in deciding the structure and properties. From the present studies, it is concluded 

that contribution to the ferroelectric properties of BNT is not only from the distorted TiO6 

octahedra but also from the Bi3+ 6s2 lone pairs. 
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7.1. Conclusions 

The widely used high performance piezoelectric ceramics, lead zirconatetitanate,            

PbZr1-xTixO3, have been excluded from many commercial applications due to the toxic effect 

of lead. Studies have been carried out to develop an effective alternate for PbZr1-xTixO3. 

Bismuth sodium titanate, Bi0.5Na0.5TiO3 based solid solutions are lead free piezoelectric 

material with properties comparable to that of PbZr1-xTixO3. Understanding of structure-

property correlation will help to improve the physical properties of Bi0.5Na0.5TiO3 based solid 

solutions. This work is an attempt to study the changes in the local structure and symmetry 

and to correlate these changes with the properties of Bi0.5Na0.5TiO3 (BNT) based solid 

solutions. Structure-property correlations of the solid solutions of Bi0.5Na0.5TiO3–

Bi0.5K0.5TiO3 (BNT–BKT), Bi0.5Na0.5TiO3–Bi0.5Li0.5TiO3 (BNT–BLT), Bi0.5Na0.5TiO3–

Bi0.5Li0.5TiO3–Bi0.5K0.5TiO3 (BNT–BKT–BLT), and Bi0.5Na0.5TiO3–La0.5Na0.5TiO3 (BNT–

LNT) have been studied. The structural parameters are studied using powder XRD and 

Raman spectroscopy, and local structural variations are studied using solid-state NMR. The 

microstructure as well as density and dielectric properties of the solid solutions are correlated 

with the structural changes. 

The main motivation to choose A-site substitution in the ABO3 perovskite structure of 

Bi0.5Na0.5TiO3with alkali metal ions (substitution of Na+ by Li+ and K+) is based on the 

reported improvement in the piezoelectric properties in the Bi0.5Na0.5TiO3–Bi0.5K0.5TiO3 solid 

solution series. The solid solution formed between Bi0.5Na0.5TiO3 and Bi0.5K0.5TiO3 could 

overcome some of the drawbacks of Bi0.5Na0.5TiO3 such as high conductivity and large 

coercive field. A high performance region is observed in a certain compositional region in the 

Bi0.5Na0.5TiO3–Bi0.5K0.5TiO3 solid solution. There are various differing reports on the 

Bi0.5Na0.5TiO3–Bi0.5K0.5TiO3 solid solution, related to its crystal structure, structural phase 

transition, existence of the morphotropic phase boundary (MPB) region and the 

compositional range of the MPB region. Hence to understand the changes in the structure and 

properties, a detailed analysis of the solid solutions of (1-x)Bi0.5Na0.5TiO3–xBi0.5K0.5TiO3 in 

the compositional range 0 ≤ x ≤ 0.36, with close compositions, is carried out in this work. 

Similarly, since the ionic radius of K+ (1.64 Å) is larger than that of Na+ (1.39 Å) , the role of 

cation size on the structure and properties of Bi0.5Na0.5TiO3–Bi0.5K0.5TiO3 solid solution is 

studied by substituting Na+ (1.39 Å) by a smaller ion Li+ (0.92 Å ) in the (1-x)Bi0.5Na0.5TiO3–

xBi0.5Li0.5TiO3 solid solutions in  the range 0≤ x ≤ 0.20 and the co-substitution of Li+ and K+ 

in the (1-x)Bi0.5Na0.5TiO3–(x/2)Bi0.5Li0.5TiO3–(x/2)Bi0.5K0.5TiO3 (where the average size of 
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Li+ and K+ is comparable to that of Na+). The structure and properties of the different solid 

solutions are analysed and the changes in the structure and local symmetry are correlated with 

the dielectric properties of the solid solutions. Similarly, the effect of bismuth 6s lone pair of 

electrons on the ferroelectric properties of Bi0.5Na0.5TiO3 is investigated by substituting Bi3+ 

with La3+ (both ions having comparable ionic size) in the Bi0.5Na0.5TiO3–La0.5Na0.5TiO3 solid 

solution series. A detailed structure property analysis of (1-x)Bi0.5Na0.5TiO3–xLa0.5Na0.5TiO3 

series is carried out and the effect of bismuth lone pair on the properties is investigated. 

Both rhombohedral structure with R3c space group and monoclinic structure with Cc 

space group are reported for Bi0.5Na0.5TiO3. From the Rietveld refinement analysis of the 

XRD pattern of Bi0.5Na0.5TiO3 using rhombohedral R3c and monoclinic Cc, The Rietveld 

refinement analysis using the monoclinic Cc space group gave a reasonable agreement with 

the simulated pattern with relatively low values of reduced χ2 and RP, suggesting that the 

correct space group of Bi0.5Na0.5TiO3 is monoclinic Cc.  

The crystal structures of different close compositions of (1-x)Bi0.5Na0.5TiO3–

xBi0.5K0.5TiO3 in the range 0 ≤ x ≤ 0.36 are investigated using the Rietveld refinement of 

XRD patterns, Raman spectroscopy and solid-state NMR. The Rietveld refinement of XRD 

patterns showed that single phase compositions with monoclinic Cc space group are formed 

below x < 0.18. A biphasic MPB region with monoclinic Cc and tetragonal P4bm structures 

is observed in the compositional region with 0.18 ≤ x ≤ 0.36. The Raman analysis of the     

(1-x)Bi0.5Na0.5TiO3–xBi0.5K0.5TiO3 solid solution series showed major structural changes for x 

> 0.18. An additional band observed in the 200-400 cm-1 region in the spectra for x >0.18 

indicated structural changes and changes in the Ti-O bonds. Moreover, for x > 0.18, a drastic 

downward frequency shift in the position of the band below 180 cm-1 and an upward 

frequency shift of individual components of the band in the 400-700 cm-1 region are observed 

which specify the structural changes above x = 0.18. Thus, the results obtained from both the 

powder XRD and the Raman analysis showed major structural changes above x = 0.18 in the 

Bi0.5Na0.5TiO3–Bi0.5K0.5TiO3 solid solution. 23Na MQMAS NMR experiments indicated that 

only one sodium site is present in the Bi0.5Na0.5TiO3–Bi0.5K0.5TiO3 solid solution series in the 

range 0 ≤ x ≤ 0.36. 23Na solid-state NMR studies also showed that the quadrupolar coupling 

(CQ
*) decreases up to x = 0.15, increases above this composition up to x = 0.22 and then 

decreases again at higher compositions. The microstructure analysis showed that fused and 

less porous grains is formed in the MPB region. Some of the Raman spectral parameters also 

showed deviation at above x = 0.15. These results suggested that the onset of the MPB region 
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is likely to be x = 0.15, due to local symmetry changes on substitution, and the MPB region 

corresponds to 0.15 ≤ x ≤ 0.24. Maximum density, polarization and dielectric constant are 

observed for the Bi0.5Na0.5TiO3–Bi0.5K0.5TiO3 solid solution in the MPB region. Thus, the 

present studies gave detailed information on the onset and compositional range of the MPB 

region in the Bi0.5Na0.5TiO3–Bi0.5K0.5TiO3 solid solution series and the close correlations 

between the structure, microstructure, density and dielectric constant. 

Changes in structure and properties on substitution of Li+ for Na+ in the solid solution 

series (1-x)Bi0.5Na0.5TiO3–xBi0.5Li0.5TiO3 in the compositional range 0 ≤ x ≤ 0.20 are studied. 

Rietveld refinement analysis of the XRD patterns showed that all the compositions are 

formed under the monoclinic Cc space group as that of Bi0.5Na0.5TiO3, suggesting the absence 

of any phase transition and MPB region. The distortion in the Bi0.5Na0.5TiO3 crystal lattice 

due to the substitution of the smaller ion Li+ is less compared to the distortion caused by 

substitution of the larger K+ ion. Though no phase transformation is detected, changes in the 

lattice parameters indicated minor structural distortion and local symmetry changes in the 

Bi0.5Na0.5TiO3 lattice with Li substitution. Raman analysis also supported the results obtained 

from the XRD studies. Compared to the BNT–BKT series, increase in the 23Na quadrupolar 

coupling (CQ
*) with Li substitution indicated increasing local symmetry. The Lorentzian 

component in the 7Li NMR spectra increased with Li substitution. This showed the increased 

mobility of the Li+ ions in the crystal lattice with increasing Bi0.5Li0.5TiO3 concentration. The 

downward frequency shift of the Raman band below 180 cm-1 also indicated the increased Li+ 

mobility in the Bi0.5Na0.5TiO3 lattice. Thus, XRD, Raman and NMR parameters showed 

similar trends in the changes with increasing Bi0.5Li0.5TiO3 concentration. All the three 

parameters showed deviation above x = 0.1, evidencing local symmetry changes and small 

distortion at this composition. The variations in the microstructure, density and dielectric 

constant of the Bi0.5Na0.5TiO3–Bi0.5Li0.5TiO3 solid solution series also showed similar trends, 

suggesting close correlation between the structure and properties. 

Phase transition and MPB region are not observed in the Li+ and K+ co-substituted  

(1-x)Bi0.5Na0.5TiO3–(x/2)Bi0.5Li0.5TiO3–(x/2)Bi0.5K0.5TiO3 solid solution series. All the 

compositions are formed under the monoclinic Cc space group. The lattice parameters and 

cell volume of the solid solutions changed a little with substitution, indicating distortions in 

the crystal lattice. Raman spectroscopy analysis supported the results from XRD studies, 

where the effect of substitution is found to be reflected in the variations of the Raman spectral 

parameters. Evidence for increased mobility of Li+ ions in the Bi0.5Na0.5TiO3 lattice is also 
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obtained from the Raman studies. This observation is also supported by the 7Li SSNMR 

results where the Lorentzian component showed increase with substitution. A small increase 

in the quadrupolar coupling (CQ
*) of 23Na NMR suggested local symmetry changes. The 

microstructure of the solid solutions changed with substitution which is reflected in the 

density. A small increase in the dielectric constant is observed with increasing substitution, 

suggesting the role of minor structural changes due to the comparable size of the co-

substituted ions with that of Na.  

 

Figure 7.1: Comparison of the variation of dielectric constants of Bi0.5Na0.5TiO3–Bi0.5K0.5TiO3 (BNT–
BKT), Bi0.5Na0.5TiO3–Bi0.5Li0.5TiO3 (BNT–BLT), Bi0.5Na0.5TiO3–Bi0.5Li0.5TiO3–Bi0.5K0.5TiO3 (BNT–
BLT–BKT) and Bi0.5Na0.5TiO3–La0.5Na0.5TiO3 (BNT–LNT) solid solutions. 

A detailed structural analysis of (1-x)Bi0.5Na0.5TiO3–xLa0.5Na0.5TiO3 solid solution 

series for 0 ≤ x ≤ 0.4 has been carried out, where Bi3+ and La3+ have comparable ionic sizes. 

Rietveld refinement analysis of the XRD patterns of all the compositions showed that they 

are formed under the monoclinic Cc space group without any phase transformation. The 23Na 

and 139La SSNMR studies showed that the local symmetry increased with La substitution that 

indicated the reduced effect of 6s2 lone pair contribution to the crystal lattice. The Raman and 

NMR parameters showed deviations around x = 0.1. Density and dielectric constant of the 

ceramics also showed similar deviations around x = 0.1. The decrease in the dielectric 

constant indicated decrease in the polarization. From the studies on the Bi0.5Na0.5TiO3–

La0.5Na0.5TiO3 solid solution series, it is concluded that the distortion in the crystal lattice 

decreased due to the decreased effect of Bi 6s2 lone pair with La concentration.  
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The variations of the dielectric constant with composition of the different 

Bi0.5Na0.5TiO3 based solid solutions are compared in Figure 7.1. A large increase in the 

dielectric constant is observed for Bi0.5Na0.5TiO3–Bi0.5K0.5TiO3 with K+ substitution, 

compared to the other solid solutions. Larger dielectric constant is observed in the MPB 

region. The highest dielectric constant observed in the MPB region is almost four times that 

of the unsubstituted composition (BNT). The difference in the magnitude of the dielectric 

constant of BNT in the different substituted compositions is due to the difference in the 

sintering temperature. Bi0.5Na0.5TiO3–La0.5Na0.5TiO3 solid solution series showed a decrease 

in the dielectric constant with increasing La3+ due to the decreased contribution from the 6s2 

lone pair contribution from Bi. 

 

Figure 7.2: Comparison of the 23Na quadrupolar coupling constant (CQ
*) of Bi0.5Na0.5TiO3–

Bi0.5K0.5TiO3 (BNT–BKT), Bi0.5Na0.5TiO3–Bi0.5Li0.5TiO3 (BNT–BLT), Bi0.5Na0.5TiO3–Bi0.5Li0.5TiO3–
Bi0.5K0.5TiO3 (BNT–BLT–BKT) and Bi0.5Na0.5TiO3–La0.5Na0.5TiO3 (BNT–LNT) solid solutions. 

Comparison of the 23Na quadrupolar coupling constant of Bi0.5Na0.5TiO3–

Bi0.5K0.5TiO3, Bi0.5Na0.5TiO3–Bi0.5Li0.5TiO3, Bi0.5Na0.5TiO3–Bi0.5Li0.5TiO3–Bi0.5K0.5TiO3 and 

Bi0.5Na0.5TiO3–La0.5Na0.5TiO3 solid solutions is shown in Figure 7.2. In the Bi0.5Na0.5TiO3–

Bi0.5K0.5TiO3 series, the quadrupolar coupling (CQ
*) showed an initial decrease and then an 

increase to a maximum indicating the changes the in local symmetry with K+ substitution. 

However, for the other substituted compositions, Bi0.5Na0.5TiO3–Bi0.5Li0.5TiO3 and 

Bi0.5Na0.5TiO3–Bi0.5Li0.5TiO3–Bi0.5K0.5TiO3, the quadrupolar coupling (CQ
*) increased with 

substitution whereas for the Bi0.5Na0.5TiO3–La0.5Na0.5TiO3 solid solution series, the 
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quadrupolar coupling (CQ
*) decreased with substitution. This shows that the effects of  local 

symmetry variation with substitution of K+, Li+, La3+ and the co-substitution of Li+ and K+ 

are different that are reflected in the changes in quadrupolar coupling. This is probably due to 

the difference in the ionic sizes of the substituted ions, which affect the local symmetry in 

different ways. In the case of Bi0.5Na0.5TiO3–La0.5Na0.5TiO3, the role of the 6s2 lone pair of 

Bi3+ is very important.  

 

Figure 7.3: Comparison of the density of Bi0.5Na0.5TiO3–Bi0.5K0.5TiO3 (BNT–BKT), Bi0.5Na0.5TiO3–
Bi0.5Li0.5TiO3 (BNT–BLT), Bi0.5Na0.5TiO3–Bi0.5Li0.5TiO3–Bi0.5K0.5TiO3 (BNT–BLT–BKT) and 
Bi0.5Na0.5TiO3–La0.5Na0.5TiO3(BNT–LNT) solid solutions.   

The variation of the densities of Bi0.5Na0.5TiO3–Bi0.5K0.5TiO3, Bi0.5Na0.5TiO3–

Bi0.5Li0.5TiO3, Bi0.5Na0.5TiO3–Bi0.5Li0.5TiO3–Bi0.5K0.5TiO3 and Bi0.5Na0.5TiO3–La0.5Na0.5TiO3 

solid solution series are compared in Figure 7.3. The large difference in the densities of BNT 

in the different series is due to the difference in the sintering temperature. The density of 

Bi0.5Na0.5TiO3–Bi0.5K0.5TiO3 solid solution increased to a maximum with K+ substitution and 

then decreased. The maximum density obtained is 5.3 g/cm3. Bi0.5Na0.5TiO3–Bi0.5Li0.5TiO3, 

Bi0.5Na0.5TiO3–Bi0.5Li0.5TiO3–Bi0.5K0.5TiO3 solid solution series showed initial increase in the 

density with substitution but relatively low values are observed when compared to 

Bi0.5Na0.5TiO3–Bi0.5K0.5TiO3 solid solution. Density of Bi0.5Na0.5TiO3–La0.5Na0.5TiO3solid 

solution decreased with La3+ substitution. 

From the results of the different studies carried out in this thesis, it may be concluded 

that structural phase transition and MPB region exist only in the Bi0.5Na0.5TiO3–Bi0.5K0.5TiO3 
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solid solution series and relatively higher density and dielectric constants are observed in the 

MPB region in Bi0.5Na0.5TiO3–Bi0.5K0.5TiO3 solid solution. All the four solid solution series 

that were studied showed a deviation around x = 0.1 in the quadrupolar coupling, density and 

dielectric constant, indicating the role of local symmetry changes, which is evidenced from 

NMR studies. Thus, it can be concluded that solid state NMR studies on the ferroelectric 

compositions can give convincing and important information on the correlation between 

structural changes and properties of the compositions. 

7.2. Future perspectives 

The changes in the structure and some of the properties of the Bi0.5Na0.5TiO3 and Li+, Na+, 

K+, La3+ substituted Bi0.5Na0.5TiO3 solid solution are studied in the present work. However, 

the ferroelectric properties such as P-E hysteresis loop measurements, piezoelectric properties 

such as piezoelectric constant and electromechanical coupling constant and the temperature 

dependence of dielectric constant of these ceramics are not measured and analysed. The P-E 

hysteresis loop measurements of Bi0.5Na0.5TiO3–Bi0.5K0.5TiO3 solid solution are limited to ± 2 

kV only, where the polarization is not saturated and hence only the minor loops are traced. It 

is expected that detailed studies on ferroelectric polarization of all the solid solutions, at high 

fields, will give a clear picture of the correlation between the local structural changes and the 

ferroelectric properties as well as the extent of polarization in the solid solutions. Similarly, 

measurements of the piezoelectric constant and electromechanical coupling constant of all the 

solid solutions are need to be studied to get detailed information on the correlation between 

these values and the local structural variations. Temperature dependent dielectric constant 

studies of the ceramics will give more information on the phase transition temperatures and 

the temperature limit of the materials for practical applications. All the compositions in the 

present study are having very low densities, due to the low compaction pressure used for 

making the pellets. Densities close to the theoretical values are required for practical 

applications. Hence, detailed studies on high density ceramics may shed more light on the 

structure-property correlations. 

The studies in this thesis are limited to a single sintering temperature. The effect of 

sintering temperature and conditions such as heating/cooling rate, sintering time, etc, on the 

structure and properties of the solid solution are not examined. Hence, the present work can 

be extended to ceramics synthesized and processed under different conditions to optimize 

higher values of density and ferroelectric parameters for practical applications.  
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Although the quadrupolar nuclei Na+, Li+ and La3+ are probed and their NMR spectral 

characteristics are analysed, 47/49Ti NMR and the Li relaxation studies are not carried out. 

Since the ferroelectric characteristics are related to the changes in the TiO6 octahedra in the 

perovskite lattice, more structural information are expected from 47/49Ti NMR studies using a 

high field spectrometer. Such studies can identify the minor distortions and symmetry 

changes in the TiO6 octahedra of Bi0.5Na0.5TiO3 based solid solutions with Bi- and Na-site 

substitutions. Temperature dependent relaxation studies on Li+ nuclei can provide more 

information on the nature of Li+ migration in the crystal lattice. 

Thus, the preliminary results on the correlation between local structural variations and 

the dielectric constant, based on the solid state NMR studies reported in this thesis, are only 

an indication and it is expected that more detailed studies as mentioned may shed more light 

on the various aspects of the ferroelectric compositions studied in the present thesis. 
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