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ABSTRACT 

The (1-x)BaTiO3–xBaSnO3 perovskite solid solution ceramics were prepared by solid 

state reaction and studied by dielectric spectroscopy. The temperature-composition phase diagram 

of this pseudo-binary system has been established, which delimits the paraelectric, ergodic polar 

cluster, nonergodic ferroeletric and relaxor phases, and indicates a crossover from ferroelectric to 

relaxor behaviour at xc= 0.19. The mechanisms of the dielectric response in different parts of the 

phase diagram are discussed. In particular, the crossover from a diffuse ferroelectric phase 

transition to relaxor behaviour is attributed to the appearance at x > xc of the additional dielectric 

contribution arising from the flipping of the local polarization of the polar clusters.  

The structure and the dielectric and ferroelectric properties of the (1-x)BaTiO3−xAgNbO3 

(BT-AN) solid solution ceramics were investigated. The most interesting feature of this system is 

that it exhibits re-entrant-like phenomenon which means that the relaxor state occurs after the 

para- to ferro-electric phase transition upon cooling, i.e., inside the ferroelectric phase. The 

temperature-composition phase diagram of BT-AN system has been established. This anomalous 

relaxation behaviour can be attributed to compositional segregation into mesoscopic ferroelectric 

regions (with x = 0) and AN-substituted regions (x > 0). This unusual phase transition sequence 

has never been reported in canonical lead-based ferroelectrics.  

In the search for new lead-free materials with high piezoelectric performance, the 

ceramics of (1-x)(K0.5Na0.5)NbO3–xAgNbO3 (KNN−AN) solid solution have been designed and 

prepared. It is shown that they exhibit piezoelectric properties which are comparable or superior 

to the hot-pressed KNN ceramics and other KNN−based systems. In particular, the piezoelectric 

properties exhibit very good thermal stability up to high temperatures, presenting a significant 

improvement from most KNN-based piezoceramics.  

 Novel lead-free solid solutions of (1-x)(Na0.5Bi0.5)TiO3–xAgNbO3 (NBT-AN) were 

prepared and characterized. The dielectric constant was found to be stable in a wide temperature 

range, indicating that this system is promising for such application as ceramic capacitors within a 

wide temperature range, especially at high temperatures. In addition, the transparency of the 

NBT-AN ceramics obtained by sintering in O2 opens a road towards new applications in the field 

of electro-optics.   
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Chapter 1: 

General Introduction 

This thesis work deals with designing and synthesizing novel materials in the 

interest of providing a better understanding of lead-free relaxors, and developing new 

piezoelectrics with high performance and high Curie temperature. 

In this chapter, some basic concepts and background pertinent to the thesis work 

are introduced, which include piezoelectricity, ferroelectricity, perovskite structure, 

relaxor ferroelectrics, and several typical lead-free perovskite ferroelectrics.  

1.1 Piezoelectricity 

Since the discovery of piezoelectricity in 1880 by Jacques and Pierre Curie, the 

piezoelectric effect has successfully found industrial and commercial applications 

including sonar, transducers, medical ultrasound, actuators, and micro-positioners [1]. It 

is also the basis of a number of scientific techniques with atomic scale motion, such as 

the scanning probe microscopies, as well as more mundane uses including gas ignitors, 

microphones, and ink jet printers. 

Piezoelectricity is a linear interaction between electrical and mechanical forces. 

The prefix “piezo-” is derived from the Greek word for “press” [2], therefore, 

piezoelectricity is the generation of electricity as a result of a mechanical pressure, or 

vice versa. 

The basic equations that describe the piezoelectric effects are [3, 4]: 
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�� � ������� � ������                    (Direct effect)           ,         (1.1) 

��� � 	����� ��� � ������             (Converse effect)       ,                   (1.2) 

where Xjk and Xkl are the stress applied to a piezoelectric material, Di the induced charge 

density, El and Em the electric field applied, xij the strain developed, ����  the dielectric 

constant (permittivity) at constant stress, and 	�����  the material compliance at constant 

electric field.  Both ���� and ���� are piezoelectric coefficients of third-rank tensors with 

units of C/N and m/V, respectively.  

 The above equations use the Einstein repeated-suffix tensor notation, and they 

actually describe a set of equations that relate these properties along different orientations 

of the material. Note that most piezoelectric equations use the reduced-suffix notation for 

the piezoelectric coefficients [4]: 

     �� � �����        ,                                           (1.3) 

 �� � �����        ,           (1.4) 

where i = 1, 2, 3 and m = 1, 2, …, 6. Because strain and stress are symmetrical tensors, 

the piezoelectric coefficient tensor is also symmetrical with respect to the same indices, 

i.e.  ��� � ��� . All the given properties in Equations (1.3) and (1.4) are directional 

properties, they are usually specified with subscripts to indentify the conditions under 

which they are determined [1], e.g., d33 indicates the induced polarization generated in 

direction 3 (parallel to the direction in which the ceramic element is polarized) when the 

stress is applied in direction 3, or the induced mechanical strain in direction 3 when the 

electric field is imposed in the same direction.  

 Another important and direct way to characterize the overall strength of the 

electromechanical effect is the electromechanical coupling factor (e.g., k33, kp, or kt), 
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which displays the ability of a piezoelectric material to convert one form of energy to 

another. The general form of the coupling factor k is defined as:        

             
 � ��stored mechanical energy�/�supplied electrical energy�  (1.5) 

or  
 � ��stored electrical energy�/�supplied mechanical energy�   . (1.6) 

k is always less than unity due to incomplete energy conversion [2]. The dimensions of a 

ceramic element dictate unique expressions of k. For a thin disc of piezoelectric ceramic, 

the planar coupling factor (kp) expresses radial coupling between an electric field applied 

parallel to the direction in which the ceramic is polarized (direction 3) and the mechanical 

effects that produce the radial vibrations (direction 1 and 2) [5]. In general, higher d 

coefficients and k values are desirable in the search for new materials for applications.  

1.2  Ferroelectricity 

Among piezoelectric materials, there are a group of materials, pyroelectrics, that 

develop polarization spontaneously (without external stress or electric field) and this 

polarization also changes with temperature. A subgroup of the spontaneously polarized 

pyroelectrics is a very important category of materials known as ferroelectrics. 

Ferroelectrics are defined as materials that exhibit spontaneous polarization (Ps) 

and the direction of Ps can be reorientated between two or more equilibrium symmetry-

equivalent states by application of an appropriate electric field [6]. A ferroelectric crystal 

generally has certain regions which exhibit uniform alignment of electric dipoles, and the 

spontaneous polarization in such regions may be different from one another [7]. Such 

regions with uniform polarization are called ferroelectric domains, which form to 

minimize the electrostatic energy of depolarizing fields and elastic energy associated with 
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spontaneous polarization (Ps). Strictly speaking, in polycrystalline ferroelectric materials, 

because it is impossible to align all the polarizations of the grains of different orientations 

to the same direction of the poling field, the true spontaneous polarization equal to that of 

a single-domain single crystal can never be achieved. The Ps value displayed in Figure 

1.1 is more correctly to be called “saturated polarization” [3]. When the external field is 

removed, some domains do not revert back to their original polarization direction and the 

material possesses a remanent polarization (Pr) at zero electric field. The remanent 

polarization can be removed when an electric field is applied in the opposite direction. 

The critical strength required to reduce the polarization back to zero is called the coercive 

field (Ec). A further increase of the field aligns all the domains in this negative direction 

and the cycle can be completed by switching the field direction once again.  

The spontaneous polarization of a typical ferroelectric usually decreases with 

increasing temperature (T), and it then disappears continuously (second order phase 

transition), or more often discontinuously (first order phase transition), at a critical point, 

which is called Curie temperature (TC) [6]. Ferroelectrics undergo a structural phase 

transition across the Curie point. The phase above TC is called a paraelectric phase. The 

ferroelectric structure is generally believed to be created by breaking the symmetry of the 

paraelectric structure, resulting in more than one possible polarization state in the low 

symmetry ferroelectric phase, as shown in Figure 1.2(a) by the two minima separated by 

a potential energy barrier (∆E) [8]. While in the paraelectric phase (T>TC), only one 

minimum is available and no spontaneous polarization appears. [see Figure 1.2(c)] 
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1.3  Perovskite ABO3 Structure 

 Although a few structures (tungsten-bronze, oxygen octahedral group, pyrochlore, 

bismuth layer-structure, etc.) exhibit ferroelectric properties, the octahedral group 

(perovskite structure) is the most important ferroelectric prototype [11].  

A typical ABO3 perovskite unit-cell is shown in Figure 1.4, and consists of a 

corner-linked network of oxygen octahedra with the B cation occupying the center of the 

octahedral site and the A cation situated in the interstices created by the linked octahedra. 

In ferroelectrics, the small B cations usually are highly charged ions such as Ti4+, Zr4+, 

Sn4+ Nb5+, Ta5+, etc, while A cations are large, lower charged ions such as K+, Ba2+, Pb2+, 

Bi3+, La3+, etc.  

Structural distortions usually exist in perovskites due to the fact that the A and/or 

B cations do not fit exactly in the sites generated by the remainder of the structure. 

Generally, in order to describe the stability of the perovskite structure, the sizes of A and 

B cations are quantified using a tolerance factor, t, which is defined as 

 $ � ����
√������� ,                          (1.8) 

where rA, rB, and rO are the ionic radii of the A, B, and oxygen ions, respectively [12].  It 

was found that stable perovskite structure may be expected within t = 0.88 to 1.09 based 

on A ionic radii with coordination number of 12 [7, 13]. Besides the ionic radii, other 

factors, such as bond character and polarizability, should also be taken into account when 

considering the stability of the perovskite structure.  

 Above TC, the prototype crystal structure of ABO3, e.g., BaTiO3 (BT) and PbTiO3 

(PT), is cubic with point group m3m. Below the TC, the structure is slightly distorted, 

with the B cations displaced relative to the O2- ions, therefore creating a dipole moment. 
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1.4  Relaxor Ferroelectrics 

If the A (and/or B) site of the perovskite ABO3 ferroelectric compound contains at 

least two different kinds of cations, chemical disordering may be introduced, and various 

dielectric behaviours can be observed.    

Ferroelectric materials can be classified into three categories based on their 

dielectric, polarization and phase transition behaviour [11, 14, 15]: (1) normal 

ferroelectrics, such as the pure BT, (2) ferroelectrics with diffused phase transition 

(DPT), and (3) relaxor ferroelectrics (relaxors). Although the latter two display similar 

dielectric behaviour, e.g., both exhibit a broad maximum, relaxor ferroelectrics show 

several other peculiarities. There are three distinct phenomena of relaxors that need to be 

highlighted [11]: 

(1) Relaxors are characterized by a broad maximum in their dielectric permittivity 

versus temperature and by a frequency dependence of the peak temperature of the 

permittivity (Tm), as shown in Figure 1.5. The strong frequency dispersion is 

usually observed on the low-temperature slope of the dielectric peak, and Tm shifts 

to higher temperatures with increasing frequency, following the characteristic 

Vogel-Fulcher (VF) law [16, 17]:  

 % � %�exp'#��/�"� # "���(,                  (1.9) 

where f is the measurement frequency, Ea, TVF and f0 are the parameters. In 

contrast, ferroelectrics with DPT are different from relaxors, as they show no 

significant shift of Tm caused by frequency dispersion. 

(2) Upon cooling, relaxors transform from a non-polar paraelectric phase into an 

ergodic relaxor state at the so-called Burns temperature (TB), which is far above 
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Tm. Below TB, polar regions of nanometer scale with randomly oriented directions 

of dipole moments appear.   

(3) In some relaxors, no breakdown in the macroscopic crystal symmetry can be 

observed down to low temperatures. Thus, no macroscopic phase transition into a 

ferroelectric state really occurs around Tm or TB, not even a “diffused” one.  

Neither birefringence nor macro-polarization can develop without application of 

an external electric field, and the material remains isotropic to long coherent 

probing radiations, such as polarized light, X-ray and neutron beams, down to 

very low temperatures. 

The relaxor behaviour was first observed in the perovskites with disorder of non-

isovalent ions, including the stoichiometric complex perovskite compounds, e.g., 

Pb(Mg1/3Nb2/3)O3 (PMN) [18], and nonstoichiometric solid solutions, e.g., Pb1-xLax(Zr1-

yTiy)1-x/4O3 (PLZT) [19, 20]. Recently, an increasing amount of data reported shows that 

many homovalent substitutions of modified BT-based solid solutions, such as Ba(Ti1-

xZrx)O3 [21] and Ba(Ti1-xSnx)O3 [22], also exhibit relaxor behaviour. Although relaxor 

compounds were first synthesized nearly a half century ago, the structure and properties 

of relaxors are still a fascinating puzzle that attracts a great deal of theoretical and 

experimental attention. 

Various models have been proposed to explain the polarization and relaxational 

behaviour of relaxors. The broad permittivity maximum was initially interpreted by 

Smolenskii [23] and Isupov [24] as an indication of a DPT, and was attributed to the 

chemical inhomogeneity on a microscopic scale due to compositional fluctuations on the 

B-sites with disordered B cations, e.g., Mg2+ and Nb5+ in PMN. Therefore, different polar 
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micro-regions with various B cation compositions give rise to different local Curie 

temperatures, and Tm can be considered as the mean of these local TC [11]. However, it 

was later found out that the dielectric relaxation in relaxors may have nothing to do with 

a true diffuse ferroelectric phase transition, and the chemical inhomogeneity is not the 

only reason that can cause the diffuseness of the transitions [11].  

According to the superparaelectric model proposed by Cross [15], a dielectric 

relaxation occurs due to the thermally activated polarization reorientations of polar micro 

regions between equivalent states, and these regions are considered to be dynamically 

disordered at high temperatures (>Tm).  

Upon cooling, it is expected that the dynamics of the polar regions slow down, 

leading to a freezing of the dipoles caused by the cooperative interactions between dipole 

moments on the nanometer scale [11]. This dipole-glass model describes the temperature 

dependence of the relaxation time (τ) by the Vogel-Fulcher (VF) relation [11]: 

) � *���+�,'��/
�" # "��(,                            (1.10) 

where Ea is the activation energy, k the Boltzmann constant (k=8.617385 eV/K) and Tf the 

freezing temperature, below which a frozen polar state is reached. An additional 

indication of the dipole-glass-like behaviour in relaxors arises from the fact that the 

dielectric relaxation can be described by the VF relationship in terms of f and Tm, as 

shown in Equation 1.9.  

 Alternatively, a random field model, proposed by Kleemann et al. [25], concerns 

the stability of domain states induced by fluctuations of quenched local fields. It is 

pointed out that the relaxor behaviour such as in PMN can be attributed to the strong 

contribution of quenched random fields arising from charged nanodomains and particular 
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compositional fluctuations and chemical textures [26]. Therefore, PMN, by nature, is a 

ferroelectric whose phase transition is smeared by random field interactions [11]. 

A common point of these models is the local distortion of the structure due to 

chemical inhomogeneity, giving rise to polar clusters of nanometer size or polar nano-

sized regions (PNRs). The dominant contribution to the measured relaxor permittivity 

maximum is attributed to the thermally activated reorientation of dipole moments of 

PNRs [27-29] or the vibration (“breathing”) of PNR boundaries [30, 31].  

These clusters or PNRs were confirmed to exist in the classical relaxor, PMN, by 

means of the measurement of optic index of refraction [32], synchrotron X-ray scattering 

[33], diffuse neutron scattering [34], and transmission electron microscopy [35]. 

Although the existence of PNRs in relaxors seems beyond question, the mechanisms of 

their formation are still not thoroughly understood. 

Besides the characteristic dielectric dispersion, which is referred to as the 

“conventional relaxor dispersion” (CRD) [36-39] in the typical relaxors, e.g., PMN and 

0.75Pb(Mg1/3Nb2/3)O3−0.25PbTiO3 (0.75PMN-0.25PT), a new process of dielectric 

relaxation was recently discovered by Bokov and Ye [36-38] to exist in the temperature 

interval around, and above, Tm over a wide frequency range of 10-2
―105 Hz. This 

relaxation process called “universal relaxation” is described by an exponential frequency 

dependence of the dielectric susceptibility (�� � ��� � �����) [36-38]: 

������� � ����,             (1.11) 

��� ��� � tan��/2�������� � ����,    (1.12) 

where n is the temperature-dependent parameter that is close but smaller than unity. It is 

found that the real part of the universal relaxor susceptibility ���  contributes only a 
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comparatively small fraction of the total permittivity ε'; but ����  is the dominant 

contribution to the losses in a wide frequency-temperature region above Tm [38]. The 

universal response in relaxor is believed to be connected with PNRs and is attributed to 

thermally activated reorientations of dipole moments of individual unit cells inside PNRs 

[38]. 

 In relaxors, the total relative permittivity in the temperature range of dielectric 

maximum can be considered the sum contribution of several different field-induced 

polarizations [40]: 

             � � 1 � �� � ��� � �	 � �� � �
� ,   (1.13) 

 where ��, ���, �	, �� and �
� are the susceptibilities describing the electronic, phonon, 

“conventional relaxor polarization”, “universal relaxor polarization” and “low-frequency” 

contributions, respectively. The electronic contribution is small (~10) as compared with 

other susceptibilities in the frequency range of 10 – 109 Hz, where most investigations 

take place. The phonon susceptibility caused by lattice vibrations is active up to the 

frequencies of 1012 – 1014 Hz, and constitutes less than 1% of the total low-frequency 

permittivity measured at Tm. The values of �	 and �� in relaxors are comparably larger 

than other contributions, and give rise to the peculiar relaxor peaks in the temperature 

dependences of permittivity [40]. The conventional relaxor dispersion (CRD) is observed 

at the low temperature slope of permittivity peak, resulting in the frequency dispersion of 

Tm; while the universal relaxor dispersion (URD) is found at temperatures lower, as well 

as higher, than Tm. However, the value of �	�  is much larger than ���  in the radio- and 

audio-frequency ranges [40]. The last term �
� becomes evident at low frequencies, e.g., 

f = 10-2 Hz, and high temperatures. This kind of contribution is most probably caused by 
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the relaxation of mobile charge carriers and has no direct relation to ferroelectric 

phenomena [41, 42]. 

Since �	�  is the dominant contribution giving rise to the diffuse ����� peak, most 

of the dielectric investigations of relaxors actually deal with the conventional relaxor 

polarization. A quadratic formula was recently proposed [43, 44] to describe the high 

temperature slope of the diffuse  �����= �	� ��� maximum in many relaxors: 

��
� � 1 � ������

���              (TA<Tm, εA>εm)  ,                      (1.14)          

where εA, TA, and δ are fitting parameters, which are independent of the frequency of the 

measurements. Therefore, the frequency-independent parameter, δ, can be considered as 

a convenient measure of the degree of the diffuseness of the permittivity maximum in 

relaxors.     

 Adapted from a recent review by Bokov and Ye [40], Figure 1.5 schematically 

shows the temperature evolution of structure and dielectric properties in compositionally 

disordered perovskites: (a) canonical relaxor; (b) crystal with a sharp relaxor-to-

ferroelectric phase transition at TC < Tm. The type of phases and different mechanisms 

contributing at different temperature intervals are identified as well. Upon cooling, the 

phase changes from the non-polar paraelectric (PE) state into the ergodic relaxor (ER) 

state at TB, below which PNRs with randomly distributed directions appear. These mobile 

and ergodic PNRs lose their dynamics dramatically upon further cooling until they freeze 

into a nonergodic relaxor (NR) state at a low enough temperature, Tf, which is typically 

hundreds degrees below TB. The average symmetry of the crystal in the NR state remains 

cubic. When a strong enough electric field is applied, the NR state can be irreversibly 

transformed into a ferroelectric (FE) state below Tf. In many relaxors, the transformation 
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Figure 1.5 (b)], which, in some cases

diffuse relaxor-to-ferroelectric phase transition. 
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1.5  Typical Lead-Free Perovskite Ferroelectrics 

 Among the perovskite ferroelectrics, lead-containing compounds occupy the 

majority of the commercial piezoelectric market because of their excellent piezoelectric 

and ferroelectric properties arising from the peculiar crystal chemistry of Pb2+ ion. The 

stereochemically active 6S2 lone pair in Pb2+ ion and strong structural distortion by Pb2+ 

displacement [45, 46] make it possible to create highly polarizable and electrically active 

materials. 

Lead-based ferroelectric solid solutions, such as Pb(Zr,Ti)O3 (PZT) and 

Pb(Mg1/3Nb2/3)O3–PbTiO3 (PMN-PT), are widely used for piezoelectric actuators, 

sensors and transducers due to their enhanced dielectric and piezoelectric properties [1, 

15, 47]. These are commonly attributed to the formation of morphotropic phase boundary 

(MPB) bridging rhombohedral, tetragonal, and/or monoclinic phases [47-51]. The term 

“morphotropic” was proposed by Jaffe et al. [47] and means literally “the boundary 

between two forms”. The origin of the excellent properties around an MPB region is 

related to the coupling of the different equivalent energy states, allowing optimum 

polarization reorientations/rotations under an electric field [52]. However, the toxicity of 

lead has raised environmental concerns. Legislation towards reducing the use of Pb has 

been enforced in Europe by the draft “Directives on Waste from Electrical and Electronic 

Equipment” (WEEE), “Restriction of Hazardous Substances” (RoHs) and “End-of-Life 

Vehicles” (ELV) [53]. It is thus highly desirable to find more environmental-friendly 

lead-free piezoelectric materials. Moreover, in the solid solution systems of lead-based 

relaxor with PT, such as PMN-PT, the high dielectric and piezoelectric properties are 

achieved as a result of a relatively low TC together with an even lower TMPB, at which a 
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phase transition occurs across the MPB line causing the depoling of the material. In fact, 

most relaxor-PT based systems exhibit a Curie temperature much lower than that of PZT 

(~386 ºC). Low TC and/or TMPB may cause temperature-dependent properties, low 

polarization stability, and aging problems, which will lead to a low thermal stability of 

the device performance.  

In order to replace PMN-PT and PZT systems, a number of lead-free perovskite 

compounds have been investigated. These materials include BaTiO3, KNbO3, 

(K0.5Na0.5)NbO3, (Na0.5Bi0.5)TiO3 and other Bi-based systems. 

 

1.5.1 BaTiO3–Based Systems 

 Barium titanate BaTiO3 (BT) was the first perovskite-type ferroelectric compound 

to be discovered. It was developed as a piezoelectric ceramic transducer, and has found 

new applications as high-dielectric-constant capacitors of discrete and multilayer (MLC) 

types in recent years [1]. BT has a paraelectric phase with cubic symmetry (space group 

Pm3m) for temperatures above TC (~120 oC), and it becomes ferroelectric with tetragonal 

symmetry (space group P4mm) below the TC. As the temperature deceases further, BT 

transforms into structure with orthorhombic symmetry (space group Amm2) and 

rhombohedral symmetry (space group R3m) at 5 oC and -90 oC, respectively.  

 Compared to the lead-based commercial perovskite materials, such as PZT and 

PMN-PT, BT exhibits a relatively low TC and low electromechanical coupling factor, 

which limits its application as a piezoelectric transducer. However, BT has attracted 

renewed interest due to urgent demand for environmental-friendly materials and is now 

considered to be one of the best candidates for lead-free piezoelectrics. Although the 
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majority of the BT-modified systems seem to have a reduced TC, it is recently reported 

that a BT-based solid solution, (1-x)BT-x(Bi0.5K0.5)TiO3, exhibits a TC higher than 200 ºC 

[54, 55].  

Besides their primary application as capacitors, a large number of modified BT-

based materials, including homovalent-substituted [56-59] and heterovalent-substituted 

compounds [59-61], were recently prepared in order to investigate the relaxor behaviour 

of lead-free systems. Despite these studies, little is known about the relaxor behaviour in 

lead-free materials. It is believed that the study of lead-free ferroelectric relaxors will 

help understand the fundamental physics and relaxation mechanisms observed in 

relaxors. 

 

1.5.2 KNbO3– and (K0.5Na0.5)NbO3–Based Systems 

 Potassium niobate KNbO3 (KN) undergoes three successive phase transitions 

similar to BT, but it has a much higher TC (~435 ºC) [6], making it an interesting lead-

free piezoelectric material. Owing to its excellent electro-optical and large 

piezoelectricity, many efforts were devoted to the growth of high quality single crystals. 

A high Ps (30 µC/cm2) and high nonlinear electro-optical coefficients were obtained  [7].  

However, the synthesis of dense KN ceramics has been extremely difficult due to the 

high volatility of K2O during sintering and the deliquescense of KN [62, 63]. Takenaka 

and co-workers [64-67] made significant progress in improving the sinterability and 

piezoelectric properties of KN ceramics by doping them with small amounts of elements, 

such as Mn, Bi, La, and Fe.   
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The solid solution of potassium niobate and sodium niobate, (1-x)KNbO3–

xNaNbO3, was found to exhibit optimum piezoelectric properties around the MPB at x ~ 

0.5, which separates two orthorhombic ferroelectric phases [62, 63]. Therefore, 

K0.5Na0.5NbO3 (KNN) has been recognized as one of the most promising host materials 

for new lead-free piezoelectrics. Hot-pressed KNN ceramics are reported to have good 

piezoelectric properties with d33 = 160 pC/N and kp = 45%, along with a high Curie 

temperature (TC ~ 420 °C) [62, 63]. However, KNN ceramics, facing the similar problems 

as for KN ceramics, are difficult to sinter by conventional solid state sintering 

methodology and are subject to the problem of deliquescence. Many studies have been 

carried out on various KNN-based families, such as KNN−LiNbO3 [68], KNN−LiTaO3 

[69], KNN−LiSbO3 [70], KNN−SrTiO3 [71], KNN−BaTiO3 [72]. Of particular interest is 

the compound (K0.44Na0.52Li 0.04)(Nb0.84Ta0.1Sb0.06)O3 synthesized by Saito et al. [73]. It 

exhibits a high d33 (416 pC/N) in a textured form, which is among the highest d33 values 

in lead-free materials and comparable to that of the PZT ceramics. The enhanced 

dielectric and piezoelectric properties in these systems had initially been attributed to the 

effects of the MPB separating the orthorhombic and the tetragonal phase. It was later 

found out that the enhanced properties are in fact due to a polymorphic phase transition 

[70, 74-76].  In other words, the improved piezoelectric properties result from the 

lowering in temperature of the ferroelectric tetragonal to orthorhombic phase transition 

(TT-O) to ~ room temperature as a result of the chemical substitutions. Such a lowering 

gives rise to drawbacks, such as a sharp temperature dependence of the piezoelectric 

properties (e.g., kp), which is a problem to be addressed before these materials can be 

used as piezoelectric devices. 
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1.5.3 (Na0.5Bi0.5)TiO 3– and (K0.5Bi0.5)TiO3–Based Systems 

 Sodium bismuth titanate (Na0.5Bi0.5)TiO3 (NBT) with a rhombohedral perovskite 

structure was first discovered by Smolenskii et al. [77]. It has also been considered an 

excellent lead-free candidate material for piezoelectric ceramics because of its large 

remanent polarization (Pr = 38 µC/cm2) at room temperature with a relatively high Curie 

temperature (TC = 320 ºC) [78]. However, a high coercive field (Ec = 73 kV/cm) and large 

leakage current at high temperature make it extremely difficult to pole pure NBT 

ceramics. In addition, it is interesting to note that, upon heating, the NBT ceramics 

undergo a low temperature phase transition from a ferroelectric to an antiferroelectric 

phase at ~ 200 ºC (also called the depolarization temperature Td [79]), which limits its 

applications at higher temperatures. A number of NBT-based systems modified with BT 

[79], NaNbO3 [80], BiFeO3 [81], Ba(Cu1/2W1/2)O3 [82],  Bi2O3·Sc2O3 [83], and La2O3 

[84], etc., were studied and shown to exhibit improved piezoelectric performance, with 

the possibility of more complete poling compared with the NBT ceramics. 

 On the other hand, potassium bismuth titanate (K0.5Bi0.5)TiO3 (KBT) is a typical 

ferroelectric material with perovskite structure of tetragonal symmetry at room 

temperature and a relatively high Curie temperature (TC=380 ºC). It is reported that a 

rhombohedral-tetragonal MPB exists in the solid solution of (1-x)NBT-xKBT within the 

composition range of x=0.16-0.20 [85]. Both the electromechanical coupling factors and 

dielectric constant reach maximum values at the MPB. Further studies on a NBT-KBT-

BT ternary system [55, 86] showed that it exhibits high piezoelectric properties, with 

k33=0.58 and d33=181 pC/N, at the compositions close to MPB. Unfortunately, the 

piezoelectric properties (such as d33) and the depolarization temperature (Td) have a trade-
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off relationship [86]: superior piezoelectric performance for compositions close to the 

MPB is achieved at the expense of Td, which is dramatically decreased (~100 ºC).   

  

1.5.4 Bi-Based Systems 

 Since the Bi3+ ion has the same stereochemically active 6s2 lone electron pair as 

Pb2+ ion [46], Bi-based compounds can also exhibit similar, or larger, off-centering ionic 

displacement and thus large ferroelectric polarizations. In fact, very high Ps values (55 

µC/cm2 [87], 150 µC/cm2 [88]) were recently realized for BiFeO3 thin films, which is 

consistent with the result predicted by first principles calculations [89]. BiScO3 was 

proven to be a possible replacement for PbZrO3 in PZT. An MPB was found in the (1-

x)BiScO3-xPbTiO3 system at x = 0.64, where the dielectric and piezoelectric properties 

are enhanced with a high TC of 450 ºC [13, 90]. Other Bi-based lead-reduced solid 

solutions, such as (Bi,La)(Ga0.05Fe0.95)O3–PbTiO3 [91, 92] and Bi(Ga,Sc)O3– PbTiO3 [93, 

94], also exhibit promising properties.  

 In addition, Bi-based compounds usually exhibit considerably higher Curie 

temperatures, resulting in a relatively stable temperature dependence of the properties 

under normal operating conditions. For instance, BiFeO3 has a ferroelectric Curie 

temperature, TC, of 850 ºC [95], and BiAlO3, prepared by high pressure methods, was 

recently demonstrated to be a new lead-free ferroelectric with high TC (>520 ºC) [96]. 

Other Bi-based solid solutions, such as BiInO3-PbTiO3 and BiYbO3-PbTiO3, also display 

a TC value close to or above 600 ºC [13].  

 However, there are several issues limiting the technological application of Bi-

based compounds. For instance, BiFeO3-based materials possess a low electrical 
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resistivity and a very high coercive field, making it extremely hard to pole the samples 

into the piezoelectrically active state. Other systems, like Bi(Me)O3-PbTiO3, where 

Me=Sc3+, In3+, Yb3+, still contain a relatively high content of PbTiO3, i.e. they are not 

truly lead-free.  

 

1.6      Objectives of This Work and Organization of the Thesis 

Although a great deal of work has been carried out in the search for lead-free 

ferroelectric materials based on the most-studied perovskite compounds, such as BT, 

KNN and NBT, it is still important and challenging to design and synthesize new lead-

free systems in the interest of providing a better understanding of lead-free relaxors, and 

developing new lead-free piezoelectrics with high performance and high TC for 

applications. The objectives of this work are the following: 

1) To investigate the ferroelectric to relaxor crossover in the (1-x)BaTiO3–xBaSnO3 

solid solution system and update its dielectric phase diagram; 

2) To synthesize a new lead-free (1-x)BaTiO3–xAgNbO3 solid solution system in the 

form of ceramics, characterize its structure, dielectric and relaxor properties; 

3) To prepare lead-free piezoelectric ceramics derived from a new (1-

x)(K0.5Na0.5)NbO3–xAgNbO3 solid solution system, and examine its dielectric and 

piezoelectric properties and evaluate its thermal stability; 

4) To prepare a new lead-free (1-x)(Na0.5Bi0.5)TiO3–xAgNbO3 solid solution system, 

and analyze its electrical properties; 

The technical rational of each project is given below: 
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1.6.1    (1-x)BaTiO3–xBaSnO3 Solid Solution 

BT, as a well-known normal ferroelectric material, has attracted a revival of 

interest due to its lead-free feature. Chemical substitutions of the B-site have been carried 

out on BT with various cations, such as Zr [56], Hf [97], Ce [57], Y [58], and Sn [98]. 

Partial substitution of Sn4+ for Ti4+ in BT was first reported by Smolenskii and Isupov [98] 

to be a ferroelectric with DPT [23]. It was recently reported that the Sn-substituted BT 

(BTSn) system with high enough concentration of Sn exhibits relaxor behaviour [22], 

which is also observed in several other BT-based solid solutions [56-58]. It is accepted 

that the relaxor behaviour originates from compositional disorder, i.e., the disorder in the 

distribution of different ions over the equivalent crystallographic sites. In most classical 

lead-based complex perovskite relaxors, such as PMN and PZN, the concentration of the 

disordered cations is determined by the chemical stoichiometry and thus cannot be 

changed. Therefore, the possibilities to investigate the relationship between the degree of 

compositional disorder and the relaxor phenomenon are limited. In the solid solutions 

such as BTSn, different concentrations of cations on the B site can be easily tuned, and 

thereby various degrees of compositional disorder can be achieved. It is thus very 

interesting to study the nature of relaxor behaviour through these isovalent substituted 

solid solutions. And it is highly desirable to systematically investigate the detailed 

substitutional effects and the crossover from normal ferroelectric behaviour (e.g., BT) to 

the relaxor behaviour (in compositions with high enough concentration of substituting 

ions).  

Although the dielectric phase diagram of BTSn solid solution system has been 

reported by Smolenskii and Isupov [98] (see Figure 1.6), a detailed description of relaxor 
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behaviour and substitutional effects has not been systematically investigated [22, 99, 100]. 

Therefore, in the first part of this work (Chapter 3), the solid solution between BaTiO3 

and the non-ferroelectric BaSnO3 is prepared by solid state reactions and studied by 

dielectric spectroscopy over a broad frequency region (0.1 Hz–100 kHz) and wide 

temperature range (123–573 K). An updated dielectric phase diagram of BTSn system is 

established, and the mechanisms responsible for the dielectric relaxation discussed.  
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Figure 1.6: Phase diagram of (1-x)BaTiO3–xBaSnO3 solid solution system (adapted 
from Ref. [98]). 

 

 

 



26 
 

1.6.2    (1-x)BaTiO3–xAgNbO3 Solid Solution 

Besides the well-known lead-free systems discussed in section 1.5, silver niobate 

[AgNbO3 (AN)] has attracted renewed interest because it is a lead-free ferroelectric with 

a high TC of 360 ºC [101]. A series of complex structural phase transitions is observed in 

AN. It crystallizes in a prototypic cubic structure at high temperature and undergoes a 

sequence of transitions from tetragonal into five orthorhombic structures with different 

crystallographic orientations [102]. The nature of the low temperature phases are still 

under debate because of the difficulty in obtaining single crystals of the monodomain 

state. Generally, it is accepted that AN is a very weak ferroelectric (Pr=0.041 µC/cm2) 

[103] at room temperature, and possesses a tilted perovskite structure [102]. Theoretical 

calculations have been used for the purpose of finding high performance lead-free 

piezoelectrics. It was predicted using density functional theory calculations that a (1-

x)BaTiO3-xAgNbO3 (BT-AN) solid solution would have two MPBs at x=12.5% and 

37.5%, respectively, and this system would exhibit good piezoelectric properties and a 

high TC [104]. However, no compounds of this solid solution have been prepared 

experimentally. Therefore, the second part of this thesis (Chapter 4) is dedicated to the 

synthesis of the new lead-free (1-x)BT-xAN solid solution in the form of ceramics, and 

the characterization of its structure and the dielectric, relaxor and piezoelectric properties 

by means of high temperature X-ray diffraction, dielectric spectroscopy, differential 

scanning calorimetry (DSC), and piezoresponse force microscopy (PFM). Experimental 

information is obtained in order to establish the first dielectric phase diagram of this solid 

solution system and to investigate the effects of the coupled heterovalent substitutions of 

(Ag+ + Nb5+) for (Ba2+ + Ti4+).  
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1.6.3    (1-x)(K0.5Na0.5)NbO3–xAgNbO3 Solid Solution 

As mentioned earlier (see Sections 1.5.2 and 1.5.3), both KNN and NBT are 

recognized as promising host materials for new lead-free piezoelectrics. Considering the 

lead-free character of AN and its relatively high TC, it is interesting to conceive and 

prepare such solid solutions of (1-x)KNN–xAN and (1-x)NBT–xAN, as they have never 

been reported so far to the best of my knowledge.  

Taking into account the fact that the ionic size of Ag+ [r(VIII Ag+)=1.28 Å] is 

between that of K+ and Na+ [r(VIII K+)=1.51 Å, r(VIII Na+)=1.18 Å, r(XIIK+)=1.64 Å, 

r(XIINa+)=1.39 Å] [105], it is expected that Ag+ can diffuse into the KNN crystal lattice to 

form the solid solution. In addition, the A-site substitution with an ion of similar size may 

cause a smaller shift in temperature of the ferroelectric tetragonal to orthorhombic phase 

transition (TT-O), which is usually lowered to ~ room temperature in other KNN-based 

systems, resulting in a strong temperature dependence of the piezoelectric properties. 

Therefore, the third part of this work (Chapter 5) is to synthesize new lead-free (1-

x)KNN–xAN solid solution in the form of highly densified ceramics in order to develop 

new materials with high piezoelectric performance, high TC, and good thermal stability. 

The crystal structure, ceramic sinterability, dielectric, and piezoelectric properties and 

their thermal stability are investigated using various techniques, including X-ray 

diffraction, dielectric spectroscopy, scanning electron microscopy (SEM), and 

ferroelectric (hysteresis loops) measurements. 
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1.6.4    (1-x)(Na0.5Bi0.5)TiO 3–xAgNbO3 Solid Solution  

Following the concepts described in the previous Section, it becomes a natural 

extension of the work to prepare the (1-x)NBT–xAN solid solution system, which forms 

the topic of the fourth part of the work (Chapter 6). The low melting point of AN 

(1200~1300 ºC) [106] is expected to help densify NBT ceramics. In addition, the weak 

ferroelectric character of AN suggests that a small amount of AN substitution may help 

lower the very high coercive field found in the pure NBT ceramics. The AN-modified 

NBT ceramics are examined in terms of structure and dielectric properties by means of 

X-ray diffraction and dielectric spectroscopy.  

To conclude this work, Chapter 7 provides a general discussion and conclusions. 

Suggestions for future work are summarized with a view towards searching for new lead-

free piezoelectrics and relaxors with better performance. 
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CHAPTER 2: 

Structural & Physical Characterizations of Materials: 

Principles and Techniques 

 

2.1  Introduction 

In this chapter, the basic principles and various experimental techniques used in 

this thesis work are introduced. The characterization techniques include structural 

analysis, dielectric, piezoelectric, ferroelectric and thermal measurements, and domain 

observations. The concepts of these experimental methods and techniques are briefly 

described, including powder x-ray diffraction (XRD), electric impedance spectroscopy, 

ferroelectric hysteresis loop measurement, differential scanning calorimetry, piezoelectric 

measurement and piezoresponse force microscopy (PFM).  

2.2  Powder X-ray Diffraction (XRD) 

2.2.1 Generation of X-rays 

 X-rays are an electromagnetic radiation of short wavelength (~1 Å), and can be 

produced by the sudden deceleration of rapidly moving electrons at a target material or 

anode (usually a piece of copper or molybdenum) [107]. The wavelength range of X-ray 

is approximately 0.1 to 100 Å, but narrowed to 0.6-3.0 Å for the purpose of practical X-

ray crystallography.  
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The impinging electrons excite inner electrons in the target atoms. Electrons from 

higher energy levels fall back to the inner levels, giving two sharp and intense X-ray 

peaks (Kα, Kβ) in the K spectrum.  Kα and Kβ are characteristic of the anode metal, and 

correspond to electrons falling back from the L and M levels to the K shell, respectively 

[108]. The Kα spectrum usually consists of two components of similar wavelength (Kα1 

and Kα2) due to the existence of two slightly different L energy levels. For example, the 

wavelengths of the K radiations for a Cu target are: Kβ=1.3926 Å, Kα1=1.5406 Å and 

Kα2=1.5444 Å [107]. Normally, monochromatic radiation is required in diffraction 

experiments, and the comparably more intense Kα radiation is usually selected. The Kβ 

line is filtered using a thin metal foil, e.g., nickel which effectively filters the Kβ line of 

copper. In some X-ray experiments, Kα1 and Kα2 are not resolved and a single line is 

observed instead of a doublet, e.g., for powder diffractometry at low angles. In this case, 

the average value of 1.5418 Å for Kα is used. If desired, the separate diffraction peaks 

can be resolved when the angle of scattering is large or the weaker Kα2 can be removed 

computationally. 

XRD experiments in our work were performed on either a Rigaku diffractometer 

at room temperature or a Siemens diffractometer within a temperature range of 10–300 

ºC, both using Cu Kα radiation. 

 

2.2.2 Diffraction of X-rays 

The diffraction of X-rays was first demonstrated by Max von Laue using a crystal 

of copper sulfate as the diffraction grating. This discovery was immediately noted by W. 

H. Bragg and W. L. Bragg, who used X-ray diffraction as a means to determine crystal 



 

structures [108]. W. L. Bragg noted that X

from the planes of atoms

conditions for constructive interference are satisfied. Figure 2.1 

reflection from a set of crystal planes with a 

beams must differ by an intergral number of wavelengths in 

interference to occur, which is expressed by the Bragg equation:
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Figure 2.1: Bragg reflection from a set of crystal planes with a spacing 
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. W. L. Bragg noted that X-ray diffraction behaves like 
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by an intergral number of wavelengths in order 

, which is expressed by the Bragg equation: 
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first order reflections from (2h 2k 2l) planes, so that the Bragg equation can be simply 

written as  

� � 2���� ��� �     (2.2) 

 

2.2.3 Principles for Crystal Symmetry Determination 

  A polycrystalline sample or a finely ground crystalline powder contains a large 

amount of small crystals, which are randomly orientated to one another. If such a sample 

is placed in the path of a monochromatic X-ray beam, diffraction occurs only for the 

crystals planes which happen to be orientated at the Bragg angle (θ) to the incident beam. 

The scattered beams from each set of lattice planes (hkl) will be recorded at the 

appropriate 2θ angle as indicated in Figure 2.1. These diffracted beams may be detected 

either by surrounding the sample with a strip of photographic film, as in the case of 

Rigaku diffractometer, or by using a movable detector (such as a Geiger counter) 

connected to a computer, as in the case of the Siemens X-ray diffractometer. 

 A powder XRD pattern gives two characteristic features of the tested material: the 

d-spacings of the lines and their intensity [45]. Of the two, the d-spacing is more useful 

and is directly related to the unit cell parameters of the sample. Compared to the 

reproducibility of the d-spacing, intensities are more difficult to measure quantitatively 

from sample to sample and often vary, especially when preferred orientation exists.  

 In general, a unit cell is characterized by six parameters, a, b, c, α, β, γ, which 

designate the lengths of the unit cell and the interaxial angles, respectively (Figure 2.2). 

The lattice parameters change as a crystal structure undergoes a phase transition. Figure 

2.2 illustrates the lattices of primitive cubic, tetragonal, orthorhombic and rhombohedral 



 

unit cell, and the corresponding lattice parameters.

dhkl, and lattice parameters is given by different equations 
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Figure 2.2: Lattice parameters of a unit cell
primitive cubic, tetragonal, orthorhombic and rhombohedral 
and the corresponding lattice parameters.
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unit cell, and the corresponding lattice parameters. The relationship between 

, and lattice parameters is given by different equations for various unit cell

example, in the case of a tetragonal crystal system [108],  

      (2.3) 

 

ttice parameters of a unit cell and illustration of the lattices of 
primitive cubic, tetragonal, orthorhombic and rhombohedral 
and the corresponding lattice parameters. 

An XRD spectrum can be used to determine a change in crystal symmetry, to 

reaction and its completion or to check the phase purity

crystal structure changes from cubic to tetragonal, the interaxial angles remain 

90º), however, the lengths of the unit cell are no longer all equal, i.e. 

The relationship between d-spacing, 
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crystal symmetry, to 
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90º), however, the lengths of the unit cell are no longer all equal, i.e. a = b 
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≠ c. In terms of the XRD pattern, all the {111} reflections are identical in tetragonal 

symmetry, in the same way as in the cubic structure, and thus no difference can be found 

from {111} diffraction peak, which remains a single peak. However, the originally single 

{001} reflection peak in the cubic phase will split into two: the (100) and (001) 

reflections. Since the lattice parameter a is equal to b in tetragonal symmetry, reflections 

from the (100) plane and the (010) plane are detected at the same 2θ angle, giving rise to 

an intensity of the (100) peak nearly twice that of the (001) diffraction peak. Table 2.1 

summarizes the number of powder XRD peaks from the characteristic {111}, {200} and 

{220} crystallographic planes for the phases of different symmetry. 

 

Table 2.1: Number of powder XRD peaks for the {111}, {200} and {220} 
crystallographic planes for the phases of different symmetry. 

Symmetry 
Number of XRD peaks 

{111} planes {200} planes {220} planes 

Cubic 1 1 1 

Tetragonal 1 2 2 

Orthorhombic 1 3 3 

Rhombohedral 2 1 2 

 

 
2.3   Measurements of Dielectric Permittivity 

In this work, the dielectric permittivity as a function of temperature is measured at 

various frequencies using either an Alpha high resolution dielectric/impedance analyzer 

(NovoControl) or a Solartron 1260 impedance analyzer combined with a Solartron 1296 

dielectric interface, depending on the temperature intervals needed.  

The capacitance (C) of a dielectric material can be expressed by 
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 � � ������/�� ,     (2.4) 

where ε0 is the permittivity of free space, 8.854x10-12 F/m, εr the dielectric permittivity, A 

the area of the plates of the parallel capacitor, and d the thickness of the capacitor [45, 

109]. When an alternating electromotive force Φ with frequency f is applied to a parallel 

capacitor structure, an alternating magnitude of current, i, flows and can be described as 

the following form [7]: 

i=jf εrC0Φ ,      (2.5) 

where j=√�1 ,  �� � ���/�  is the vacuum capacitance. Because of the existence of 

dielectric loss (including the leakage current) in dielectric materials, the dielectric 

permittivity εr has to be written in a complex form: 

 ������ � ����� � �������,    (2.6) 

where ε' is the real part of the dielectric permittivity, usually called the dielectric constant, 

and ε" the imaginary part of the dielectric permittivity. The dielectric loss is related to ε", 

but more frequently described by engineers to be tanδ, the tangent of the dielectric loss 

angle [7]: 

 tanδ=ε"/ε' ,      (2.7) 

 

2.4 Determination of Piezoelectric Properties 

Piezoelectric resonance measurements are carried out to determine the 

electromechanical coupling factor using an Alpha high resolution dielectric/impedance 

analyzer (NovoControl) or a Solartron 1260 impedance analyzer combined with a 

Solartron 1296 dielectric interface. A vibrational state of the piezoelectric sample is 

excited with a frequency near its intrinsic resonance frequency by a small AC electric 



 

signal. The resonance frequency

readily, and most efficiently converts the electric energy input into mechanical energy

output [5]. As the frequency increases, the element’s oscillations first approach a 

frequency at which impedance is minimum (

frequency fn. The resonance

to fm and fn respectively, as shown in Figure 

The electromechanical coupling factor, 

which a piezoelectric material converts electrical e

versa. The unique expressions of 

element. For a thin disc of piezoelectric ceramic, the planar coupling factor (

radial coupling, the coupling between an electric field parallel to the direction in which 

the ceramic element is polarized and mechanical effects that produce radial vibrations

[5]. In this work, kp is obtained by the following equation
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Figure 2.3: Impedance as a function of frequency
antiresonance
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frequency is the frequency at which the sample vibrates most 

iciently converts the electric energy input into mechanical energy

As the frequency increases, the element’s oscillations first approach a 

frequency at which impedance is minimum (fm) and then reaches a maximum value at 

resonance frequency (fr) and anti-resonance frequency (

as shown in Figure 2.3.  

The electromechanical coupling factor, k, is an indicator of the effectiveness with 

which a piezoelectric material converts electrical energy into mechanical energy, and

e expressions of k can be dictated by the dimensions of a ceramic 

element. For a thin disc of piezoelectric ceramic, the planar coupling factor (

radial coupling, the coupling between an electric field parallel to the direction in which 

ramic element is polarized and mechanical effects that produce radial vibrations

is obtained by the following equation [110]: 

�/��      (2.8) 

Impedance as a function of frequency, showing resonance and 
antiresonance. 

is the frequency at which the sample vibrates most 

iciently converts the electric energy input into mechanical energy 

As the frequency increases, the element’s oscillations first approach a 

) and then reaches a maximum value at 

resonance frequency (fa) correspond 

, is an indicator of the effectiveness with 

nergy into mechanical energy, and vice 

can be dictated by the dimensions of a ceramic 

element. For a thin disc of piezoelectric ceramic, the planar coupling factor (kp) expresses 

radial coupling, the coupling between an electric field parallel to the direction in which 

ramic element is polarized and mechanical effects that produce radial vibrations 

 

, showing resonance and 
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The piezoelectric coefficient (d33) was measured by a quasi-static method using a 

Piezo-d33/d31 Meter (ZJ-6B, China). In Chapter 1, d33 is defined by Equations (1.3) and 

(1.4), which can be simplified to: 

��� � �/�
�/� � �

� �  !
�  ,     (2.9) 

where A is the area stressed by the force F, C is the shunt capacitance which is connected 

in parallel with the tested sample. A quasi-static force (about 0.25 Newton with a 

frequency about 110 Hz) was applied on the tested sample and on an internal calibration 

piezoelectric ceramic element, the d33 of which is known [111]. By comparing the 

piezoelectric charges developed from the tested sample and the internal calibration 

element, the value of d33 (in pC/N) of the tested sample was computed and directly 

displayed on the screen.  

2.5   Thermal Analysis by Differential Scanning Calorimetry (DSC) 

In order to investigate the phase transitions of the materials synthesized, the 

temperature dependences of heat flow were measured using a differential scanning 

calorimeter (DSC6200, Seiko Exstar), which is based on the schematic setup shown in 

Figure 2.4 [112]. Samples of ~60 mg obtained from ceramic fragments were used as 

specimens, while α-alumina powder as reference. The heating and cooling rate used in 

this work was 10 ºC/min.  



 

Figure 2.4: DSC measurement setup.

Both the specimen

placed on top of the sample 

conducted from the heat conducting surface 

the sample and reference holders and containers

sample and reference are contr

controlled to maintain a uniform temperature at the heat conducing surface. 

passing through the thermal resistance materials is proportional to the temperature 

difference between the heat 

other end. The measured difference in heat flow through the sample holder and reference 

holder is proportional to the sample and reference temperature differences, and is 

detected by the DSC and ou

a phase transition taking place in the samples.

2.6  Ferroelectric Hysteresis Loop

The ferroelectric

characterized by displaying
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easurement setup. 

specimen and reference were loaded in separate alumina pans, and 

placed on top of the sample and reference holders, respectively. The heat flow is 

conducted from the heat conducting surface through the thermal resistance materials into 

the sample and reference holders and containers. As a result, the temperatures of the 

sample and reference are controlled. The specially designed heat sink is 

controlled to maintain a uniform temperature at the heat conducing surface. 

passing through the thermal resistance materials is proportional to the temperature 

difference between the heat conducting surface on one end and the sample holder on the 

other end. The measured difference in heat flow through the sample holder and reference 

holder is proportional to the sample and reference temperature differences, and is 

detected by the DSC and output as a DSC signal. Such a temperature difference indicates 

a phase transition taking place in the samples. 

Ferroelectric Hysteresis Loops 

erroelectric properties of the materials studied in this work 

displaying the hysteresis loops using an RT66A Standard 

 

and reference were loaded in separate alumina pans, and 

, respectively. The heat flow is 

the thermal resistance materials into 

s a result, the temperatures of the 

he specially designed heat sink is accurately 

controlled to maintain a uniform temperature at the heat conducing surface. The heat flow 

passing through the thermal resistance materials is proportional to the temperature 

conducting surface on one end and the sample holder on the 

other end. The measured difference in heat flow through the sample holder and reference 

holder is proportional to the sample and reference temperature differences, and is 

tput as a DSC signal. Such a temperature difference indicates 

properties of the materials studied in this work were 

tandard Ferroelectric 



 

Testing System (Radiant Technologies Inc.)

based on the principle of Sawyer

alternating voltage V is applied on the surface electrodes of a sample (as a capacitor with 

capacitance Cx, resistance 

is proportional to the field (

series with sample Cx, and this parallel circuit allows compensation for any phase shift 

due to conductivity or dielectric loss in the sample. The voltage

proportional to the charge (

the electrode area and polarization of the sample, respectively). The voltage is monitored 

by the vertical plates of the scope and converted into the polarization of the sample.

Figure 2.5: A modified Sawyer
hysteresis loops 

 

 The electric polarization obtained from ferroelectric hysteresis loop measurement

as shown in Figure 1.1 may

which is proportional to the external electric field without hysteresis [Figure 2.
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ystem (Radiant Technologies Inc.) [113]. A typical ferroelectric measurement is 

based on the principle of Sawyer-Tower circuit, which is shown in Figure 2.

is applied on the surface electrodes of a sample (as a capacitor with 

, resistance Rx and thickness d). The quantity plotted on the 

is proportional to the field (E=V/d) across the sample. An RC circuit is connected in 

, and this parallel circuit allows compensation for any phase shift 

due to conductivity or dielectric loss in the sample. The voltage 

proportional to the charge (Q) of the sample Cx by Vr=Q/Cr=(A/ Cr)P �
the electrode area and polarization of the sample, respectively). The voltage is monitored 

by the vertical plates of the scope and converted into the polarization of the sample.

A modified Sawyer-Tower circuit for the measurement of ferr
hysteresis loops (Adapted from Ref. [6]). 

The electric polarization obtained from ferroelectric hysteresis loop measurement

may comprise three contributions: (1) the dielectric contribution, 

which is proportional to the external electric field without hysteresis [Figure 2.

. A typical ferroelectric measurement is 

Tower circuit, which is shown in Figure 2.5 [114]. An 

is applied on the surface electrodes of a sample (as a capacitor with 

). The quantity plotted on the horizontal axis 

RC circuit is connected in 

, and this parallel circuit allows compensation for any phase shift 

 Vr across Cr is 

� P (A and P are 

the electrode area and polarization of the sample, respectively). The voltage is monitored 

by the vertical plates of the scope and converted into the polarization of the sample. 

 

Tower circuit for the measurement of ferroelectric 

The electric polarization obtained from ferroelectric hysteresis loop measurements 

: (1) the dielectric contribution, 

which is proportional to the external electric field without hysteresis [Figure 2.6 (a)]; (2) 



 

the domain switch contribution, which shows a rectangle shape on the field dependence 

of polarization [Figure 2.

shape of an ellipse with respect to the electric field [Figure 2.

described by the following equation:

 P=(Current x time)/Area

The polarization arising from the leakage current is time dependent and thus 

frequency dependent. The lower the frequency, the 

part to the overall polarization. Therefore, it is important to 

hysteresis loop at high enough frequencies to 

ferroelectric domain switching

 Figure 2.6: Components of a ferroelectric hysteresis loop

2.7   Scanning Electron Microscopy

The microstructure

Scanning Electron Microscopy (SEM, 

widely used to characteriz

of solids. An electron microscope is similar in principle to an optical microscope 

The electron beam is produced by 
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the domain switch contribution, which shows a rectangle shape on the field dependence 

zation [Figure 2.6 (b)]; (3) the leakage current contribution, which displays the 

shape of an ellipse with respect to the electric field [Figure 2.6 (c)]. It 

described by the following equation: 

=(Current x time)/Area    (2.10) 

ization arising from the leakage current is time dependent and thus 

he lower the frequency, the larger the contribution 

part to the overall polarization. Therefore, it is important to display 

loop at high enough frequencies to obtain the true polarization

switching. 

Components of a ferroelectric hysteresis loop. 

Scanning Electron Microscopy (SEM) 

microstructure of the ceramics prepared in this work is examined by a 

Scanning Electron Microscopy (SEM, Strata DB235 FESEM/FIB), which is a technique 

characterize the structure, morphology, surface defects and

. An electron microscope is similar in principle to an optical microscope 

The electron beam is produced by field emission from a sharpened tungsten 

the domain switch contribution, which shows a rectangle shape on the field dependence 

(b)]; (3) the leakage current contribution, which displays the 

 can be generally 

ization arising from the leakage current is time dependent and thus 

contribution of the third 

 the ferroelectric 

polarization from the 

 

is examined by a 

), which is a technique 

structure, morphology, surface defects and crystallite size 

. An electron microscope is similar in principle to an optical microscope [108]. 

tungsten wire, focused 



 

by electrostatic and magnetic field

surface of the sample, as shown in Figure 2.

surface of the sample and emitted secondary electrons are detected to give a map of the

surface topography [115]

electrons, the resolution in the SEM is 3 

with gold to prevent charge building up on the surfaces. 

Figure 2.7: The interaction of an electron beam with a specimen
[115]). 

 

2.8   Piezoresponse Force

 As a novel imaging technique, piezoresponse force microscopy (PFM) has 

emerged as a powerful tool for high

behaviour of the ferroelectric domains 

PFM is based on the 

capability of detecting local piezoelectric deformation of a ferroelectric sample induced 
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magnetic fields in a high vacuum, and then rastered across the 

surface of the sample, as shown in Figure 2.7. As a result, electrons reflected by the 

surface of the sample and emitted secondary electrons are detected to give a map of the

[115].  Due to the very small spot size and short wavelength of 

in the SEM is 3 nm. The ceramics are fractured and then coated 

with gold to prevent charge building up on the surfaces.  

The interaction of an electron beam with a specimen (adapted from Ref. 

Piezoresponse Force Microscopy (PFM) 

As a novel imaging technique, piezoresponse force microscopy (PFM) has 

emerged as a powerful tool for high-resolution characterization of surfaces and the local 

of the ferroelectric domains at the micron and nanometer level

PFM is based on the principle of atomic force microscopy (AFM), and has

local piezoelectric deformation of a ferroelectric sample induced 

in a high vacuum, and then rastered across the 

. As a result, electrons reflected by the 

surface of the sample and emitted secondary electrons are detected to give a map of the 

short wavelength of 

nm. The ceramics are fractured and then coated 

 

dapted from Ref. 

As a novel imaging technique, piezoresponse force microscopy (PFM) has 

resolution characterization of surfaces and the local 

icron and nanometer level. 

mic force microscopy (AFM), and has the 

local piezoelectric deformation of a ferroelectric sample induced 



 

by an external electric field. A conductive tip is brought into

surface, and an AC field

deformation can be in the form of elongation, contraction or shear depending on the 

polarization vector and relative orientations of the applied field, as sh

and (b). For example, in vertical PFM (VPFM), only the out

response (the polarization directions or the components of polarization which are 

perpendicular to the surface plane) can be detected, giving bright 

while those domains with polarization in the plane have no piezoelectric response in the 

VPFM mode, and thus display dark magnitude patterns. In 

pattern, the piezoresponse pattern yields information on the polariza

domains under the tip. For domains with polarization vector pointing downward, the 

application of a positive tip bias results in the expansion of the sample and surface 

vibrations are in phase with the tip voltage, which thus gives a 

domains with polarization vector pointing up, 

 

Figure 2.8: Schematics of the vertical (a) and lateral (b) PFM signal detection
Gruverman 
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by an external electric field. A conductive tip is brought into contact with the sample 

field, with or without a DC bias, is applied [116]

deformation can be in the form of elongation, contraction or shear depending on the 

polarization vector and relative orientations of the applied field, as shown in Figure 

and (b). For example, in vertical PFM (VPFM), only the out-of-plane piezoelectric 

response (the polarization directions or the components of polarization which are 

perpendicular to the surface plane) can be detected, giving bright magn

while those domains with polarization in the plane have no piezoelectric response in the 

VPFM mode, and thus display dark magnitude patterns. In addition to the magnitude 

pattern, the piezoresponse pattern yields information on the polarization direction of the 

the tip. For domains with polarization vector pointing downward, the 

application of a positive tip bias results in the expansion of the sample and surface 

vibrations are in phase with the tip voltage, which thus gives a bright pattern. For 

domains with polarization vector pointing up, a dark piezoresponse pattern is obtained.  

Schematics of the vertical (a) and lateral (b) PFM signal detection
Gruverman [116]). 

contact with the sample 

[116]. The sample 

deformation can be in the form of elongation, contraction or shear depending on the 

own in Figure 2.8(a) 

plane piezoelectric 

response (the polarization directions or the components of polarization which are 

magnitude patterns, 

while those domains with polarization in the plane have no piezoelectric response in the 

to the magnitude 

tion direction of the 

the tip. For domains with polarization vector pointing downward, the 

application of a positive tip bias results in the expansion of the sample and surface 

bright pattern. For 

dark piezoresponse pattern is obtained.   

 

Schematics of the vertical (a) and lateral (b) PFM signal detection (after 
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In this work, both the magnitude and piezoresponse images are combined to 

investigate the local ferroelectric properties of the ceramic samples. The cantilever 

vibrations are converted into an electric signal by the position sensitive detector of the 

AFM system (Veeco ThermoMicroscopes) and extracted from the global deflection 

signal by using a lock-in amplifier (SRS 810, Stanford Research Instruments). Local 

hysteresis loops are measured by positioning the PFM tip at the interesting sites and 

measuring the PFM signal as a function of DC voltage superimposed on the imaging 

voltage. 
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CHAPTER 3: 

Ferroelectric to Relaxor Crossover and Dielectric Phase 
Diagram in the (1-x)BaTiO3–xBaSnO3 Solid Solution System 

 

The following chapter is a revised version of the paper published in Journal of 
Applied Physics by C. Lei, A. A. Bokov, and Z.-G. Ye, (J. Appl. Phys., 101, 
084105, 2007). The use of this article is permitted by the American Institute of 
Physics, the publisher. 

3.1 Abstract 

The (1-x)BaTiO3–xBaSnO3 (0 ≤ x ≤ 0.30) perovskite solid solution ceramics were 

prepared by solid state reaction and studied by dielectric spectroscopy. The complex 

dielectric permittivity was measured as a function of frequency (0.1 Hz – 100 kHz) in the 

temperature (T) range of 123 K to 573 K. The transition from the high-temperature 

paraelectric state where the dielectric constant obeys the Curie-Weiss law to the ergodic 

cluster state is found to occur at the same temperature of 485 K in all the compositions 

with x ≥ 0.04 and at lower temperatures in those with a smaller x. For 0 ≤ x ≤ xc = 0.19, 

the temperature of the dielectric peak, Tm, corresponding to the diffuse transition from the 

ergodic polar cluster state to the ferroelectric state, decreases with increasing x and does 

not depend on frequency. The diffuseness of the peak gradually increases. For x > xc, the 

permittivity exhibits relaxor behaviour with the frequency-dependent Tm satisfying the 

Vogel-Fulcher law. The temperature variation of the permittivity on the high-temperature 

slope of the peak (T > Tm) is characterized by the characteristic Lorenz-type quadratic 

law for relaxors, with the diffuseness increasing with the increase of x. The mechanisms 
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of the dielectric response in different parts of the phase diagram are discussed. In 

particular, the crossover from diffuse ferroelectric phase transition to relaxor ferroelectric 

behaviour is attributed to the appearance at x > xc of the additional dielectric contribution 

arising from the flipping of the local polarization of the polar clusters. The temperature-

composition phase diagram of the Ba(Ti1-xSnx)O3 system has been established, which 

delimits the paraelectric, ergodic polar cluster, nonergodic ferroeletric and relaxor 

phases(states), and indicates the crossover from ferroelectric to relaxor behaviour at x = 

xc. 

3.2 Introduction 

Relaxor ferroelectrics (relaxors), characterized by a broad maximum in their 

dielectric permittivity versus temperature response and by the frequency dependence of 

the temperature of the permittivity peak (Tm), have attracted much attention both for 

fundamental research and for technological applications [11, 15, 40]. In relaxors, a strong 

frequency dispersion is usually observed on the low-temperature slope of the dielectric 

peak, and Tm shifts to higher temperatures with increasing frequency, following the 

characteristic Vogel-Fulcher (VF) law [16, 17]. The very high dielectric permittivity in 

relaxors around the maximum makes them excellent materials for multilayered ceramic 

capacitors. Relaxors, such as Pb(Mg1/3Nb2/3)O3 (PMN), also exhibit very high 

electrostrictive effect [117]. 

In some relaxors, no breakdown in the macroscopic crystal symmetry can be 

observed down to low temperatures. Thus, no ferroelectric (FE) phase transition occurs 

around Tm or below. However, a ferroelectric phase can be induced by the application of 

an external electric field [118]. It should be noted that ferroelectrics with “diffuse phase 
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transition” (DPT) are different from relaxors. They show no significant shift of Tm caused 

by frequency dispersion [14]. Several models have been proposed to explain the 

relaxational behaviour in relaxors [14, 25, 32, 38, 119-121]. A common point of these 

models is the local distortion of the structure due to chemical inhomogeneity, giving rise 

to polar clusters of nanometer size. These clusters were confirmed to exist in the classical 

relaxor, PMN, by means of the measurement of optic index of refraction [32], 

synchrotron X-ray scattering [34], diffuse neutron scattering and transmission electron 

microscopy [33, 35]. 

Many lead-based complex perovskites, such as PMN, Pb(Zn1/3Nb2/3)O3 and 

(Pb,La)(Zr,Ti)O3 (PLZT) [15, 16, 119], are known to exhibit relaxor behaviour. However, 

lead is an environmental unfriendly element. Thus, lead-free materials are highly 

desirable, and barium titanate, BaTiO3 (BT), a well-known normal ferroelectric material 

widely used as ceramic capacitors, has now attracted great interest. This revival of 

interest is mainly due to its lead-free character. Chemical substitutions on the B-site have 

been carried out on BT with various cations, such as Zr [56], Hf [97], Ce [57], Y [58], 

and Sn [98]. The partial substitution of Sn4+ for Ti4+ in BT was first reported by 

Smolenskii [98] to result in a ferroelectrics with DPT [23]. The relaxor behaviour of Sn-

substitution BT (BTSn) system with high enough concentration of Sn was studied 

recently.[22] Similar relaxor properties are observed in some other BT-based solid 

solutions [56-58]. It is clear that the relaxor behaviour originates from compositional 

disorder, i.e. the disorder in the distribution of different ions over the similar 

crystallographic sites (e.g., Ti4+ and Sn4+ ions in BTSn or Mg2+ and Nb5+ ions in PMN). 

In most classical relaxors of lead-containing complex perovskite structure, the 
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concentration of the disordered ions is prescribed by the chemical stoichiometry and thus 

cannot be changed. Therefore the possibilities of investigating the relation between 

compositional disorder and relaxor phenomenon are limited. In the solid solutions with 

isovalent substitution (like BTSn), different concentrations of ions and thereby various 

degrees of compositional disorder can be achieved. Consequently these solid solutions 

become very interesting for the study of the nature of relaxor ferroelectricity. Detailed 

and systematic investigations of substitutional effects and the crossover from the normal 

ferroelectric behaviour in one of the end members of the solid solution to the relaxor 

behaviour in compositions with large enough concentration of substituting ions is highly 

desirable. In the present work, the solid solution between BaTiO3 and the non-

ferroelectric BaSnO3 has been studied to illustrate these effects. 

3.3  Experimental procedure 

The ceramics of (1-x)BaTiO3−xBaSnO3 (x = 0 − 0.30, abbreviated as BT for x=0 

and BTSn100x for x>0) solid solution were prepared by solid state reactions. The starting 

materials, BaCO3 (99.9%), TiO2 (99.9%,), and SnO2 (99.9%) were mixed according to 

the stoichiometric compositions. After grinding, the mixed powder was pressed into disk-

shape pellets and calcined at 1100 oC for 4 h. The calcined pellets were pulverized, 

ground with addition of a small amount of polyvinyl alcohol, and pressed into pellets of 

10 mm in diameter. The pellets were then sintered at 1400 oC for 4 h. Dense ceramics of 

good quality (with 92 − 97% of the theoretical density) were obtained.  

X-ray diffraction experiments were performed on a Rigaku diffractometer using 

Cu-Kα radiation. Both circular surfaces of the samples were finely polished with 

diamond paste (down to 3µm), and then sputtered with gold layers to form electrodes for 
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dielectric measurements. The complex dielectric permittivity was measured as a function 

of frequency (0.1 Hz − 100 kHz) using a computer-controlled Alpha dielectric analyzer 

(NovoControl). The measurements were carried out in the temperature range between 

573 K and 123 K upon cooling with an accuracy better than 0.03 K. The measuring field 

strength was about 2 V/mm.  

 

3.4 Results and analysis 

3.4.1 XRD Patterns 

Figure 3.1 shows the X-ray patterns of the (1-x)BaTiO3−xBaSnO3 ceramics with 

the selected compositions of x =0, 0.06, 0.12, 0.18, 0.24, 0.30. It is revealed that all 

ceramics show a clean perovskite phase completely free of impurities. Apparently, the 

symmetry of the phase changes from tetragonal to cubic upon Sn-content increases from 

x=0 to 0.30.   
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Figure 3.1: XRD patterns for the (1-x)BaTiO3−xBaSnO3 ceramics with x=0, 0.06, 
0.12, 0.18, 0.24 and 0.30. 

 
 

3.4.2 Dielectric Permittivity Measurements 

The temperature dependences of the real part of dielectric permittivity (ε') 
measured at 100 kHz for the ceramics with selected concentrations x are shown in Figure 

3.2. Based on the peak temperatures obtained from dielectric measurements, the phase 

diagram of the system has been established, as shown in Figure 3.3. In the compositions 

of small x, the same dielectric anomalies as in pure BT are observed [9], corresponding to 

the cubic to tetragonal (Tm), tetragonal to orthorhombic (T2) and orthorhombic to 

rhombohedral (T1) phase transitions. As the Sn-content increases, Tm decreases while T1 

and T2 increase and merge into Tm. This phase diagram basically agrees with the data 

reported in Ref. [98] and with the recently published data in terms of structural phase 
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transition temperatures [22, 100]. Tm decreases linearly with increasing x, except for an 

inflexion at about x=0.19. The decreasing rate, dTm/dx, was found to be 7.6 K per mol% 

when x < 0.19, but 9.5 K per mol% when x > 0.19. The different states indicated in the 

phase diagram of Figure 3.3 will be discussed in detail in the following text. 
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Figure 3.2: Temperature dependence of the dielectric constant (ε') measured at 100 
kHz for the (1-x)BaTiO3−xBaSnO3 solid solution ceramics with x=0, 
0.06, 0.12, 0.18, 0.24 and 0.30. 
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Figure 3.3: Solid state phase diagram of (1-x)BaTiO3–xBaSnO3 system established 
from dielectric spectroscopic analysis. Tm, T1 and T2 are the 
temperatures of ε'(T) anomalies at 100 kHz. TVF and TCW are the 
characteristic temperatures obtained from Eqs. (3.1) and (3.3), 
respectively. Td is the temperature below which deviation from the 
Curie-Weiss law, Eq. (3.3), occurs. TQ  is the temperature above which 
deviation from Eq. (3.2) occurs. The ferroelectric to relaxor crossover 
concentration of xc=0.19 is indicated by the dash-dot line. 

 

The temperature dependences of ε' and imaginary part of permittivity (ε") for BT, 

BTSn06, BTSn20 and BTSn30 at selected frequencies are shown in Figure 3.4. At high 

temperatures, both the real and imaginary parts of the permittivity increase significantly, 

especially at low frequencies, indicating a strong dispersion. This dielectric contribution 

appears at ~300 K at 0.1 Hz in all the samples. Such kind of contribution is often 
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observed at high temperatures in perovskite ceramics. It is most probably caused by the 

relaxation of mobile charge carriers and has no immediate relation to the ferroelectric 

phenomena. Therefore, this dispersion will not be discussed in the present work.  

As expected in the case of classical first-order displacive ferroelectric phase 

transition, pure BT shows a sharp ε'(T) peak at the Curie point TC=Tm without significant 

dielectric dispersion (at Tm, tanδ is about 0.8% at 1 kHz). Very large dispersion is 

observed around and below Tm in the samples with large x [see Figure 3.4(d) as an 

example], strongly resembling the behaviour in relaxor ferroelectrics. This crossover to 

relaxor-like behaviour induced by increasing x is investigated here in detail.  
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Figure 3.4: Temperature-dependences of the real and imaginary parts of the 

dielectric permittivity of (a) BT, (b) BTSn06, (c) BTSn20 and (d) 
BTSn30 ceramics measured at different frequencies upon cooling. 

 

3.4.3 Vogel-Fulcher Law Characterization 

The empirical VF law is used to characterize the frequency dispersion of Tm in 

relaxors [16, 17]:  

� � ��exp����/
�� � ���� ,                            (3.1) 

where f is the measurement frequency, and Ea, TVF and f0 are the parameters. Figure 3.5 

shows the frequency dependence of the reciprocal of Tm for the BTSn30 sample. The 

temperatures of both real and imaginary permittivity maxima, Tm and Tmi, fit well to the 

VF law. Similar fit was obtained for other compositions with large x. The parameters TVF 

from the Tmi fitting was found to be about 10 degrees lower than that from the 
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corresponding Tm fitting (which is characteristic of relaxors). The difference, ∆Tm 

=Tm(100 kHz) – Tm(0.1 Hz), is 23.6 K in BTSn30, while it is only 1.9 K in BTSn20. For 

the compositions with x ≤ xc = 0.19, ∆Tm is close to zero (< 0.5 K), thus the VF fitting 

becomes irrelevant. Figures 3.3 and 3.6 show the parameters TVF, Ea and f0, as a function 

of Sn-content. The difference between TVF and Tm (100 kHz) gradually increases from 4.5 

K for BTSn20 to 59.3 K for BTSn30, which reflects the same trend as the parameter ∆Tm. 

Similar relation between TVF and Tm temperatures with changing x was observed also in 

the other BT–based solid solution systems, Ba(Ti1-xZrx)O3 and Ba1-x/2(Ti1-xNbx)O3, and the 

merging point of the TVF(x) and Tm(x) curves was considered as the ferroelectric-relaxor 

crossover composition [21]. However, it was found in those cases, that the Vogel-Fulcher 

line TVF(x) (at x > xc) was the best extrapolation of the ferroelectric line Tm(x) (at x < xc). 

This is evidently not the same case in the Ba(Ti1-xSnx)O3 system (see Figure 3.3).  
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Figure 3.5: The inverse temperatures of both the real and imaginary permittivity 
maxima, Tm and Tmi, as a function of frequency for the BTSn30 
ceramics. Solid curves represent the fitting to the Volgel-Fulcher law. 
Tmi in the frequency range of 0.1 Hz to 10 Hz is beyond the temperature 
range measured. 
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Figure 3.6: Fitting parameters, Ea and f0 [from Eq. (3.1)], as a function of the 

Sn−content in the BT−BSn system. Filled and open symbols represent 
the fitting parameters for Tm and Tmi, respectively. 

 

3.4.4 Quadratic Formula Analysis 

A quadratic formula was recently proposed to describe the dependence of the 

permittivity on temperature at T >Tm in relaxors [43, 44]:  

��
� � 1 � �������

���              (TA<Tm, εA>εm) ,                        (3.2) 

where εA, TA, and δ are the parameters. The results of fitting to this law for the BTSn30 

sample are shown in Figure 3.7 as an example. An excellent fit is achieved in the 

temperature range from 164 K (slightly higher than Tm = 156 K) to 240 K. The deviation 

from the quadratic law near Tm is due to the conventional relaxor dispersion [43, 44], 

which becomes significant below 164 K, while the discrepancy at high temperatures 

results from the gradual change to the Curie-Weiss (CW) law (see below). TA was 

typically 2 − 8 K lower than Tm. The variation of TQ [the temperature above which the 

deviation from Eq. (3.2) occurs] as a function of Sn-content is plotted in Fig. 3.3. TQ is 
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slightly different in different samples of the same composition, probably due to slight 

variation in the sample quality. Therefore, the average TQ values were used to describe 

the variation of TQ in Figure 3.3. It shows that TQ increases linearly with decreasing x, 

and can be extrapolated to merge into TC in pure BT. The frequency-independent 

parameter δ can be used to characterize the width (diffuseness) of the permittivity peak. 

The variation of δ as a function of x is displayed in Figure 3.8(b). For the compositions 

with x < 0.14, fitting to Eq. (3.2) is insensitive because the temperature range in which it 

is supposed to be valid becomes too narrow (< δ). Therefore, to characterize the 

diffuseness some other way is needed. The width of the peak at 2/3 maximum is the 

alternative for this purpose. Since the peaks are evidently asymmetric, I introduce two 

parameters, W2/3M-L and W2/3M-H, defined as the difference between Tm and the 

temperature where ε' reaches 2/3 of the maximum value from the low-temperature and 

the high-temperature sides of the peak, respectively, as shown in Figure 3.8(a). The 

variations of these two parameters as a function of x are plotted in Figure 3.8(b). One 

may notice that W2/3M-H is close to, but slightly lower than δ, and this can be explained 

by the fact that the fitting parameters, εA and TA, are close to εm ≡ ε'(Tm) and Tm, 

respectively, as shown in Figure 3.7. For x ≤ xc, W2/3M-L increases proportionally with 

increasing x, while W2/3M-H remains almost unchanged, and both parameters increase 

steeply in the relaxor region with x > xc. To analyze this behaviour more closely, the 

normalized permittivity (ε'/εm) of selected compositions is plotted as a function of (T-Tm) 

in Figure 3.8(a). One can see that the sharpness of the peak gradually decreases with 

increasing x not only on the low-temperature side, but also on the high-temperature side. 

At some compositions with non-zero x, W2/3M-H can be even smaller than at x = 0. This 
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is because the Curie-Weiss-like shape in pure BT changes to quadratic-like shape in the 

compositions with large enough x. Given that W2/3M-H is non-zero even for the pure BT, 

it is thus more meaningful to use W2/3M-L as the parameter characterizing the 

diffuseness of ferroelectric DPT. Similar to the parameter δ, it describes the width of the 

temperature peak of the static dielectric permittivity. At x > xc the dispersion appears and 

the measured permittivity is no longer static. This is the possible reason (or one of the 

reasons) why W2/3M-L increases more sharply at x > xc. 
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Figure 3.7: Dielectric permittivity at 100 kHz vs temperature for the BTSn30 
ceramics. Solid line represents the fitting to the quadratic law, Eq. (3.2). 
Upward arrows indicate the lower and upper temperatures from which 
the dielectric permittivity starts to deviate from Eq. (3.2). 

 
 

The other empirical formula, namely 
��
�� � 1 � �� � ���	  (1<γ<2), was 

sometimes used to describe the temperature variation of ε' at DPT. In particular, this 

formula has been applied to the BTSn solid solution [99]. Analysis of our experimental 

data for all concentrations x > 0 does not confirm the satisfaction of this relation in any 
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reasonably wide temperature interval.  
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Figure 3.8: (a) Normalized real part of dielectric permittivity ( ε'/ εm) at 100 kHz as a 

function of (T-Tm), and (b) Parameters W2/3M-L, W2/3M-H and δ as a 
function of the Sn−content in the (1-x)BT−xBSn system. 

 

3.4.5 Curie-Weiss Law Analysis 

It is well accepted that for normal ferroelectrics the CW law is satisfied at T>Tm 

[9, 10]:  

	
 � 	� � 
/�� � ���,         (T>TCW)                        (3.3) 

where TCW is the Curie-Weiss temperature, C the Curie constant, and ε∞ the parameter 

representing the possible temperature-independent (non-ferroelectric) contribution to the 
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permittivity (including the contribution of high-energy phonon modes and electronic 

polarization). The CW law is observed also in relaxor ferroelectrics [40], but at 

temperatures much higher than Tm. In BTSn, the additional non-ferroelectric polarization 

mechanism contributes to the dielectric permittivity at high temperatures and low 

frequencies (see above). Since this contribution is strongly temperature-dependent, it 

cannot be described by the parameter ε∞ and thus can lead to a large error in the 

determination of the CW parameters. High enough frequencies at which this parasitic 

contribution becomes negligible are required to examine the CW law. Our data reveal that 

at temperature as high as 570 K (the highest temperature used), the value of ε' decreases 

with increasing frequency and then the dependence flattens when f >1 kHz, indicating 

that the data at f >1 kHz are suitable for investigation. The reciprocal of (ε'- ε∞) as a 

function of temperature at 100 kHz and the fitting to Eq. (3.3) for selected compositions 

are shown in Figure 3.9(a). Td is defined as the temperature below which the deviation 

from the CW law occurs. In order to illustrate the quality of fitting and to obtain the exact 

values of Td, the fitting residuals, (ε'cal-ε')/ε', (where ε'calc is the trend given by the CW 

law), are shown in Figure 3.9(b). It can be seen that the CW law is satisfied in all samples. 

Both parameters, TCW and C, decrease smoothly with increasing Sn-content, as shown in 

Figure 3.3 and Figure 3.9(a) (Inset), respectively. ε∞ is found to be zero in BT but range 

from 20 to 166 in the Sn-substituted samples. Figure 3.3 also shows the variation of Td as 

a function of x. Even in pure BT, a slight but noticeable deviation from the CW law is 

observed within a temperature interval of about 60 K above TC, in agreement with the 

previous studies of BT ceramics[122, 123] (in pure BaTiO3 crystals a departure from the 

CW law was found only in the interval of a few degrees above Tm [124, 125]). 
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Interestingly, Td increases slightly from BT to BTSn04, and then remains constant at 

about 485 K.  
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Figure 3.9: (a) Reciprocal of dielectric constant [1/(ε'-ε∞)] as a function of 
temperature at 100 kHz for the BT, BTSn10, BTSn20 and BTSn30 
ceramics. Solid lines are the fittings to the CW law, Eq. (3.3). Upward 
arrows indicate the temperature Td below which ε' starts to deviate 
from the CW law. Inset is the CW parameter C as a function of the 
Sn−content x. (b) Residuals of the fitting to the CW law for selected 
compositions. 
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Note that the CW behaviour in the BTSn ceramics was reported in several works 

with contradictory values of the CW parameters [22, 98, 99]. For example, for x= 0.12 

the value of C was reported to be (1.5, 1.7 and 3.35)×105 K in Refs. [22], [98] and [99], 

respectively. The reason for this discrepancy is that in all these studies the data were 

fitted to the CW law at too low temperatures (lower than Td), which as we have shown is 

not accurate. Consequently the parameters obtained should depend on fitting the 

temperature interval (which was actually different for the different works cited above). 

3.5 Discussion 

 Let me now discuss the possible mechanisms of dielectric response and doping-

induced crossover from the DPT to relaxor behaviour in the BTSn system. The fact that 

the CW law is valid in the paraelectric phase (i.e. at T >Td) of all solid solutions and the 

parameters of the law change smoothly with x, suggests that the origin of the paraelectric 

permittivity (or at least the origin of the dominating contribution to the permittivity) is the 

same as in the paraelectric phase of the pure BT. The lattice (soft phonon) contribution to 

the dielectric constant is responsible for the CW-type paraelectric permittivity in BT [126, 

127], and so it is in BTSn. Note that in this respect the behaviour of BTSn can be 

considered similar to that of perovskite relaxors: lattice permittivity is also found to 

dominate in the paraelectric phase of PMN [128, 129]. The deviation from the CW law in 

relaxors is usually explained by the existence of small spontaneously polarized clusters 

(in PMN they have a size of a few nm) which appear below Td. The same explanation is 

suitable for BTSn. Microscopically the formation of polar clusters can be understood in 

terms of the model of ferroelectric phase transitions in disordered crystals developed in 

Ref. [130]. The existence of the polar clusters in BTSn is also confirmed by the 
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transmission electron microscopy [131] and by the observation of the ferroelectric-type 

hysteresis loops at temperatures much higher than Tm [22, 132]. One may further extend 

the analogy with classical relaxors by noticing that Td is constant in a wide range of x 

(Figure 3.3) even though Tm varies considerably. The similar behaviour has been reported 

in PLZT solid solution system by Burns and Dacol [133] (the temperature of polar 

regions formation Td was determined in this work from the temperature dependence of 

the optic index of refraction) and in the solid solutions between PMN and PbTiO3 [134]. 

Therefore the state in the BTSn solid solution with x > 0 is analogous at T < Td to the 

ergodic relaxor state in classical relaxors. Nevertheless, we use the term “ergodic polar 

cluster state” to describe it (see Figure 3.3), because on further cooling only compositions 

with large x become relaxors. The ergodicity becomes broken at some temperatures 

higher than Tm as confirmed by the appearance of the ferroelectric hysteresis loops [22, 

132] and the piezoelectric effect in pre-poled samples [98] not only at T <Tm but also in 

some temperature interval above Tm. 

While the polarization mechanism contributing to the dielectric response at high 

temperatures seems to be the same for all the BTSn compositions studied, and thus the 

concentration dependences of the dielectric parameters of the paraelectric phase (TCW, C, 

Td) do not show any anomalies, the low-temperature behaviour is very different. It is 

obvious that the onset of strong dielectric dispersion leading to Tm(f) dependence as well 

as the anomalies on the Tm(x) and W2/3M-L(x) curves indicate the same borderline of xc≈ 

0.19, above which the BTSn system starts to show relaxor behaviour. The question thus 

arises how the single polarization mechanism contributing to the dielectric response in 

the paraelectric phase evolves upon cooling.  
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Different approaches were used in the literature to study the nature of the 

dielectric response in the vicinity of Tm in BTSn. The ε'(T) peaks in the compositions 

with moderate concentration of Sn is much higher than in pure BT (see Figure 3.2). This 

was explained as the consequence of the change from the first-order phase transition in 

BT to the second-order transition in BTSn with x ~ 0.1 [22]. In the case of second-order 

transition Tm is known to coincide with TCW (such kind of coincidence was really found 

for BTSn10 in Ref. [22]) and according to the CW law the dielectric constant should 

diverge at Tm =TCW. The other evidence for the second-order phase transition presented in 

Ref. [22] was the absence of latent heat at Tm. However, our data do not confirm the 

fulfillment of the relation Tm =TCW for x ~ 0.1 or larger (see Figure 3.3 and the discussion 

above). Besides, the absence of noticeable latent heat is the characteristic feature of all 

diffuse ferroelectric phase transitions regardless of the order.[135] 

 The other approach, which we believe is more realistic, was suggested by Isupov 

[136], who considered the dielectric constant of BTSn in the range of DPT as being 

composed of two contributions: the lattice susceptibility (the same as at T>Td) and the 

susceptibility related to the relaxation of polar regions (which appear at T<Td as 

discussed above). This scheme can explain the dependence of εm on x. The lattice 

contribution at Tm is expected to decrease when x increases to approach to the relaxor 

compositions (in classical relaxors the lattice contribution to εm is known to be very small 

[11, 128]), but the contribution of polar clusters may increase (for the reasons to be 

discussed below). The total value of εm is defined by the balance of these two 

contributions and appears to have the maximum at x ≈ 0.1 – 0.2. 

 To account for the ferroelectric-to-relaxor crossover we consider more closely the 
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possible mechanisms of the dielectric relaxation of the polar clusters. Two such kinds of 

mechanisms are often discussed in the literature on relaxor ferroelectrics: reorientation of 

spontaneous dipole moments of clusters between the directions allowed by the crystal 

symmetry and the motion (“breathing”) of the cluster’s boundaries. The first mechanism 

can be realized only if the clusters are very small. Since the activation energy of the 

reorientation of the clusters is roughly proportional to their volume [15], the large clusters 

cannot be reoriented by thermal motion and thus do not contribute to the (linear) 

dielectric response. According to the kinetic theory of the diffuse phase transitions in the 

compositionally disordered crystals [137], the size of a newly-appearing polar cluster is 

determined by the correlation length of phase transition order parameter (polarization in 

our case) and the correlation length is larger in ordered crystal than in disordered one 

[137]. Therefore the size of polar clusters in the BTSn solid solution with x < xc (small 

compositional disorder) is expected to be so large that the relaxation frequency resulting 

from the cluster reorientations is much smaller than the measurement frequency. As a 

result, only the relaxation of their boundaries contributes to the dielectric response. One 

may also expect that the characteristic time of this relaxation is significantly shorter than 

the highest frequency of 1MHz used in our experiments (in relaxor PMN it is ~ 100 MHz 

or higher in the temperature range between Tm and Td [128]). Therefore, we observe the 

static value of the cluster boundary susceptibility (χb0) without any dispersion. It should 

be defined by the concentration of polar cluster boundaries in the bulk of the material 

which increases upon cooling because the size and number of clusters increase [137]. At 

low enough temperature the polar regions fill the major part of the crystal, some clusters 

merge into larger domains, some others form the domain walls with neighboring polar 
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regions which leads to the decrease of the concentration of the interfaces between clusters 

and surrounding non-polar matrix and thus to the maximum in the χb0(T) and ε(T) 

dependences. 

 With increasing x the relaxation time of the polar clusters reorientation at T~Tm 

decreases due to the decrease of their average size and becomes comparable with the 

inverse measurement frequency for x > xc. The dielectric dispersion appears as a result. 

Therefore, the crossover between the DPT and the relaxor ferroelectric behaviour is 

attributed to the appearance at x > xc of the additional dielectric contribution related to the 

flipping of the local polarization of polar clusters.  

Note that, using a picosecond soft x-ray laser speckle technique, comparatively 

large (~ 1 µm) polarization clusters were recently observed even in pure BT up to 

temperatures as high as Tm + 20 K [138]. These clusters are presumably responsible for 

the deviation from linearity of the temperature dependence of the index of refraction 

below Tm + 180K, which was discovered in BT crystals previously [139]. However, these 

clusters do not influence noticeably the dielectric permittivity. Indeed, the deviation from 

the CW law in the BT crystals was observed only in the very narrow vicinity of Tm (see 

discussion above) and therefore, the significant deviation found in the BT ceramics must 

have other origins. We speculate that dielectric response of the different types of polar 

clusters is different because the clusters observed in pure BT are fluctuating, i.e., they are 

not stable and their relaxation time (which is estimated in the range of nanoseconds [138]) 

is their lifetime. In contrast, in BTSn with x > 0 (i.e. in compositionally disordered 

material), the stable polar clusters are theoretically possible [137] and practically realized. 

Their relaxation time is related to the thermally activated flipping of their dipole 
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moments between different directions separated by the energy barriers and to the 

breathing of the boundaries of the polar regions. These processes give rise to the 

deviation from the CW law. As for the pure BT ceramics, the small deviation from the 

CW law in the interval of several dozens of degrees above Tm can be related to the 

dislocations, grain interfaces and other structural defects, the concentration of which is 

expected to be larger in ceramics than in crystals. Such kind of defects can initiate the 

formation of polar regions at T>Tm, giving rise to the diffusion of the phase transition 

[130]. The relaxation of the boundaries of these regions can also account for the dielectric 

dispersion in the GHz frequency range in the same temperature interval where the 

deviation from the CW law is observed in the BT ceramics [123].  

In conventional relaxors such as PMN, TVF determined from the temperature 

dependences of the permittivity using Eq. (3.1) corresponds to the temperature of the 

freezing of the dynamics of PNRs due to cooperative interactions between their moments 

[16, 17]. This is confirmed in particular by the fact that the parameters TVF, f0 and Ea 

coincide with the other parameters, Tf, fc0 and Ua, respectively, determined from the 

frequency dependences of the permittivity using the other equation,  

�� � ���exp����/
�� � ���,            (3.4) 

where fc is the characteristic frequency [17, 39, 140]. The parameters Ea = Ua  and f0 = fc0 

stand for the activation energy and the attempt frequency of the dipole reorientation, 

respectively. In the case of BTSn with x ~ xc the parameters Ea and f0 are too small (see 

Fig. 3.6) to be interpreted in the same manner. On the other hand, the correspondence 

between the parameters of Eq. (3.1) and Eq. (3.4) should not necessarily exist, and such a 

situation is even theoretically predicted in which Eq. (3.1) holds but Eq. (3.4) does not, 
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e.g., the freezing of the dipole dynamics is absent [141]. This situation is possible if the 

static permittivity has a temperature maximum and the relaxation spectrum broadens on 

cooling [141]. These conditions are satisfied in BTSn. Therefore, we can conclude that 

the temperature TVF has no direct relation to the glass-like freezing of the dielectric 

spectrum at least in the BTSn system with comparatively small x. To find out if the 

freezing really takes place in this system the frequency dependences of the permittivity 

should be properly analyzed.  

The prominent feature of the BTSn solid solution is the gradual increase of the 

diffuseness of the ε(T) peak and thus the diffuseness of ferroelectric phase transition with 

increasing x starting from x=0. Even a small amount (x=0.02) of Sn leads to the 

noticeable smearing of the peak (see Figure 3.8a). This is in contrast to the classical lead-

containing complex perovskite relaxors and their solid solutions in which the relatively 

diffuse maximum with its Tm obeying the VF law may be accompanied by a very sharp 

and frequency independent change of ε at temperatures several degrees below Tm [142-

144]. This discrepancy may also be explained by the large average size of polar clusters 

in the ergodic state (as suggested above). In the classical relaxors where the size of polar 

clusters is much smaller, the sharp change of ε related to the spontaneous relaxor-to-

ferroelectric phase transition is explained by the sudden growth of some metastable polar 

clusters at a well-defined temperature (the same for every cluster) [137, 145]. Many other 

(stable and dynamic) clusters merge into the growing ones to form macroscopic 

ferroelectric domains. In BTSn with small x the clusters are not dynamic (due to their 

large size) and the neighboring clusters having different directions of dipole moment 

cannot form the large (single) domains, in other words, the expansion of the growing 
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cluster is hindered by the neighboring clusters. Other clusters begin to grow at different 

temperatures and consequently, the transition becomes diffuse.  

3.6 Conclusions 

Based on the dielectric spectroscopic studies, the T−x phase diagram of the (1-

x)BaTiO3-xBaSnO3 (x= 0−0.30) solid solution system has been established to reflect the 

ferroelectric and relaxor properties, as shown in Figure 3.3. At high temperatures (in the 

paraelectric phase) the dielectric constant follows the CW law (3.3) with the value of TCW 

linearly decreasing with increasing x. The CW behaviour in the paraelectric phase is 

presumably related to the softening of the lattice vibration mode, similar to the cases of 

the pure BT and the prototypical relaxor ferroelectric PMN. The deviation from the CW 

law is observed below the temperature Td which is found to be the same (485 K) in all the 

compositions with x ≥ 0.04 and slightly lower (460 K) in the pure BT. This deviation can 

be related to the formation at T < Td of dynamic and/or static polar regions embedded into 

nonpolar surroundings. Therefore, the state of the material in this temperature range, 

which is called ergodic polar cluster state, is analogous to the relaxor ergodic state in 

classical relaxors. In agreement with this analogy, the characteristic Lorenz-type 

quadratic law (3.2) of relaxors is valid in the compositions with large x, on the high-

temperature slope of ε'(T) peak between TQ << Td and T≈Tm. The interval of TQ – Tm 

decreases with decreasing x, and for x smaller than ~0.1, becomes too small for 

unambiguous fitting with the quadratic law. While the dielectric behaviour at T > Tm is 

qualitatively the same for all compositions, in the close vicinity of Tm and below, very 

different behaviour is observed in the samples with small and large x. At x < xc=0.19, Tm 

does not depend on frequency and the dielectric dispersion is comparatively small (except 
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at very low frequencies where it is caused by the relaxation of mobile charges and 

thereby not ferroelectricity-related). The solid solution with x > xc exhibits relaxor 

behaviour with the frequency-dependent peak temperature Tm satisfying the VF law (3.1). 

Therefore, the critical composition xc indicates the crossover from the diffuse 

ferroelectric phase transition to the relaxor behaviour as the Sn-content increases.  

At this critical composition the anomaly (change of slope) in the linear Tm(x) 

dependence is observed. At x < xc, the parameter W2/3M-L (proposed to describe the 

diffuseness in the ferroelectrics with DPT) increases linearly with increasing x, indicating 

that the sharp phase transition is observed only in pure BT and the ε'(T) peak broadens 

gradually as the Sn−content increases. This is in contrast to the behaviour known in lead-

containing complex perovskite relaxors where the diffuse (and sometimes dispersive) ε'(T) 

maximum can be followed on cooling by the sharp drop of permittivity caused by the 

relaxor to ferroelectric phase transition. The dominating contributions to the ε'(T) peak at 

x < xc are suggested to arise from the crystal lattice vibrations and from the relaxation of 

the boundaries of polar clusters. When x increases above xc (in the relaxor part of the 

phase diagram) the additional dispersive contribution related to the reversal of polar 

cluster dipole moments appears. In classical relaxors the dipole dynamics related to the 

similar contribution freezes on cooling and the dipole-glass-like state appears at 

temperatures below TVF. In BTSn, however, the VF shift of Tm has no direct relation to 

the glass-like freezing at least in the compositions with moderate x. The differences in the 

relaxor behaviour between the BTSn solid solution and the lead-containing complex 

perovskite relaxors is explained in the framework of the kinetic theory of the diffuse 

phase transitions in the compositionally disordered crystals.  
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CHAPTER 4: 

Re-Entrant-Like Relaxor Behaviour and Dielectric Phase 
Diagram in the New (1-x)BaTiO3–xAgNbO3 Solid Solution 

 

Part of this chapter is a revised version of the paper published in Journal of 
Physics: Condensed Matter by C. Lei, and Z.-G. Ye, (J. Phys.: Condens. 
Matter, 20, 232201, 2008). The use of this article is permitted by the publisher of 
Institute of Physics. 

4.1 Abstract 

The (1-x)BaTiO3−xAgNbO3 (0≤ x ≤0.10) perovskite solid solutions were prepared 

and experimentally studied for the first time. The ceramics were manufactured by solid 

state reaction. The structure and dielectric and ferroelectric properties were investigated. 

The complex dielectric permittivity was measured as a function of frequency (0.1 Hz–1 

MHz) in the temperature (T) range of 123–573 K. It is found that, with increasing 

AgNbO3 amount (x) in the solid solution, the para- to ferro-electric phase transition takes 

place between 393 and 407 K upon cooling, which is associated with the cubic to 

tetragonal phase transition in pure BaTiO3 (BT). The other two dielectric peaks, 

corresponding to the low temperature phase transitions in BT, tend to merge and become 

a single peak in the compounds with x≥0.03. These peaks show dielectric relaxation 

satisfying the Vogel-Fulcher law, indicating typical relaxor behaviour. The Curie-Weiss 

law in the paraelectric phase applies to all the compositions up to a composition-

independent temperature of Td, below which the deviation occurs. The most interesting 

feature of this solid solution system is that it exhibits re-entrant phenomenon which 
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means that the relaxor state occurs after the para- to ferro-electric phase transition upon 

cooling, i.e., inside the ferroelectric phase. The temperature-composition phase diagram 

of the (1-x)BaTiO3−xAgNbO3 system has been established, which delimits the 

paraelectric phase, ferroelectric phase, a mixture of the ferroelectric and relaxor phase (or 

paraelectric phase). The mechanisms of the dielectric response in different phases are 

discussed. This anomalous relaxation behaviour is attributed to compositional segregation 

into mesoscopic ferroelectric regions (with x=0) and AN-substituted regions (x>0), with 

the latter possibly evolving into polar nano-sized regions (PNRs) for compositions with 

x≥0.03. This unusual phase transition sequence has never been reported in lead-based 

ferroelectrics. 

4.2 Introduction 

Conventional lead-based ferroelectrics, represented by PbZr1-xTixO3 (PZT), 

Pb(Mg1/3Nb2/3)O3−PbTiO3 (PMN−PT), have been widely used for piezoelectric actuators, 

sensors and transducers owing to their excellent piezoelectric properties [146, 147]. 

However, for the environmental concerns, it is highly desirable to search for new lead-

free materials with high piezoelectric performance and high Curie temperature [73].  

The well-known normal ferroelectric material, barium titanate BaTiO3 (BT), has 

therefore attracted greater interest than ever. Various chemical substitutions have been 

carried out on BT [56-58, 97, 98]. It was recently reported that another lead-free 

ferroelectric silver niobate AgNbO3 (AN) can exhibit an extremely large polarization 

(Ps=52µC/cm2) if the A-site driven strong ferroelectricity is unlocked by a strong external 

electric field or by chemical substitutions [148]. On the other hand, theoretical 

calculations were also performed to search for high performance lead-free piezoelectrics. 
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It was recently predicted using density functional theory calculations that the (1-

x)BaTiO3-xAgNbO3 (BT-AN) solid solution would exhibit two morphotropic phase 

boundaries at 12.5% and 37.5%, respectively, and this system would have favorable 

piezoelectric properties and a high TC [104]. However, no compounds of this solid 

solution have been prepared experimentally. 

Both lead-based and lead-free relaxors are characterized by a broad permittivity 

maximum versus temperature response and by the frequency dispersion usually observed 

on the low temperature slope of the dielectric peak. The peak temperature (Tm) shifts to 

higher temperatures with increasing frequency, following the characteristic Vogel–

Fulcher law [15, 40, 149, 150]. Upon cooling, the succession of phase transitions is 

normally from a paraelectric to an ergodic relaxor state and then to a nonergodic relaxor 

or a long-range ordered ferroelectric (FE) state, i.e. the relaxor state always appears 

before a FE phase [40]. Accordingly, the dielectric anomaly at the ferroelectric phase 

transition (which can be rather sharp) was always observed at a temperature below the 

temperature of the broad and dispersive permittivity maximum.  However, in magnetic 

materials a thermodynamically favorable sequence of phases with long-range and glassy 

order may be very different. Sherrington and Kirkpatrick [151] theoretically predicted the 

“re-entrant” disordered phase, which was later found in many amorphous metallic 

magnets and magnetic spin glass (SG) alloys [152]. The term “re-entrant” actually means 

here that the cluster-glass state “re-enters” the disordered phase from the ferromagnetic 

(FM) state (instead of re-entering the normal (i.e. paramagnetic) state) at the FM-SG 

phase transition temperature (Txy) [153], as shown in Figure 4.1. Recent results reveal that 

the FM order does not collapse across Txy, leading to coexisting FM and SG orderings 
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4.3  Experimental Procedure 

The ceramics of (1-x)BaTiO3−xAgNbO3 (x=0−0.10, abbreviated as BT for x=0 

and BTAN100x for x>0) solid solution were prepared by solid state reactions and 

sintering. The starting materials, BaCO3 (99.9%), TiO2 (99.9%), Ag2O (99.9%) and 

Nb2O5 (99.9%), were mixed according to the stoichiometric compositions. After 

thorough grinding, the mixed powder was pressed into disk-shaped pellets and calcined at 

1000 oC for 6 h. The calcined pellets were pulverized, and pressed into pellets of 10 mm 

in diameter. The pellets were then sintered at 1350~1400oC for 3 h. Dense ceramics of 

good quality (with a density higher than 94% of the theoretical density) were obtained. 

X-ray diffraction experiments were performed on a Rigaku diffractometer using Cu-Kα 

radiation. The structural change as a function of temperature was studied within the 

temperature range of 283 to 573 K using a Siemens X-ray diffractometer. The data 

collecting speed was 10 second/step, with a step size of 0.02º. 

Both circular surfaces of the samples were finely polished using a series of 

diamond-coated papers, and then sputtered with gold layers to form electrodes for 

dielectric measurements. The complex dielectric permittivity was measured as a function 

of frequency (0.1 Hz − 1 MHz) using a computer-controlled Alpha dielectric analyzer 

(NovoControl). The measurements were carried out in the temperature range between 

573 K and 123 K upon cooling with an accuracy better than 0.03 K. The measuring field 

strength was about 2 V/mm.  

The ferroelectric property was characterized by the measurements of polarization 

as a function of bipolar electric field, P(E), in the temperature range of 473 K to 123 K 

using an RT66A Standard Ferroelectric Testing System (Radiant Tech.). Differential 
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Scanning Calorimetry (DSC) analysis was carried out using DSC6200 (Seiko Exstar). 

The piezoresponse force microscopy (PFM) experiments were carried out on a modified 

atomic force microscopy (AFM) system (Veeco ThermoMicroscopes) with a PFM 

extension. The conducting AFM tip had a force constant of 40 N/m. The ac signal had a 

frequency of 45 kHz and an amplitude of 0.5 V. Local hysteresis loops were measured by 

positioning the PFM tip at the interesting sites and measuring the PFM signal as a 

function of dc voltage superimposed on the imaging voltage. 

4.4 Results and Analysis 

4.4.1 XRD Patterns and Lattice Parameters 

Figure 4.2(a) shows the X-ray diffraction patterns of the (1-x)BaTiO3−xAgNbO3 

ceramics with the compositions of x=0−0.10, confirming that all the ceramics prepared 

are of pure phase with perovskite structure. It is well known that the most characteristic 

evidence for the formation of a solid solution is the variation of the lattice parameters 

with the composition. In order to determine accurately the lattice parameters of the BT-

AN solid solution, LaB6 power was used as an internal reference and mixed with the BT-

AN samples to calibrate the instrumental shift. Afterwards, the lattice parameters were 

calculated using PeakFit software and plotted as a function of the AN content (x), as 

shown in Figure 4.2(b). It can be seen that an amount of AN as small as 1% has already 

changed the lattice parameters of the tetragonal phase of pure BT significantly: a is 

increased and c is decreased, i.e. the tetragonality of pure BT is reduced dramatically. 

More interestingly, the solid solution system undergoes a structural transformation from 

tetragonal to pseudocubic at room temperature when x reaches around 0.03. The unit cell 

volume is found to increase linearly as the AN content increases. These crystal structural 
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data clearly indicate that the Ag+ and Nb5+ ions have indeed diffused into the BT lattice to 

form the solid solution of BT-AN, rather than staying at grain boundaries.  
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Figure 4.2: (a) XRD patterns at room temperature of (1-x)BT−xAN (x=0−0.10) 
ceramics and (b) Lattice parameters as a function of the AN 
concentration x. 
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4.4.2 Dielectric Permittivity Measurements and Phase Diagram 

Figure 4.3 shows the temperature dependences of the real part of the dielectric 

permittivity (ε') and loss tangent (tanδ) of selected compositions measured at various 

frequencies upon cooling. The pure BT shows a sharp ε'(T) peak at the Curie point TC 

without significant dielectric dispersion, as expected in the case of classical first-order 

displacive ferroelectric phase transition. The dielectric peak at the para-to-ferroelectric 

phase transition was gradually impaired as x increases. TC already decreases when only a 

trace amount of AN (x=0.005) is added. It then increases linearly but slightly from 393 to 

407 K with x increasing to 0.10 (see Fig. 4.3), confirming the formation of the solid 

solution of BT-AN. It is interesting to note that the other two dielectric anomalies, 

corresponding to the tetragonal to orthorhombic (T2), and orthorhombic to rhombohedral 

(T1) phase transitions in pure BT, have been significantly smeared out when only 1% AN 

was substituted [see Figure 4.2(b)]. In addition, another dielectric peak with small 

frequency dispersion appears at 367 K in BTAN01. For x ≤ 0.03, the temperature of this 

local dielectric peak (Tmax) decreases as the AN content increases while T1 and T2 increase, 

and Tmax finally merges with T1 and T2 into a single peak with stronger frequency 

dispersion. Tmax decreases at a lower rate when x>0.03. Very large frequency dispersion is 

observed around and below Tmax in the samples with large x [see Figure 4.3(d) for an 

example]. Based on the dielectric measurement results, the solid state phase diagram of 

this new solid solution system has been established, as shown in Figure 4.4. The different 

parameters and states delimited by the phase diagram will be discussed in detail in the 

following sections. 
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Figure 4.3: Temperature dependences of the real part of the dielectric permittivity 
and loss tangent of (a) BT, (b) BTAN01, (c) BTAN06 and (d) BTAN10 
ceramics measured at different frequencies upon cooling. 
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Figure 4.4: Phase diagram of (1-x)BT-xAN system established from dielectric 
spectroscopic analysis. TC, Tmax, T1 and T2 are the temperatures of ε'(T) 
anomalies at 100kHz. TVF and TCW are the characteristic temperatures 
obtained from Eqs. (4.1) and (4.2), respectively. Td is the temperature 
below which deviation from the Curie-Weiss law, Eq. (4.2), occurs.  
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4.4.3 Vogel-Fulcher Law Characterization 

The empirical Vogel-Fulcher (VF) law is usually used to describe the frequency 

dispersion of Tmax in relaxors [16, 17]:  

 � � ��exp����/
���� � ����,                            (4.1) 

where f is the measurement frequency, and Ea, TVF and f0 are the parameters. Figure 4.5 

shows the frequency dependence of the reciprocal temperatures of both the real and 

imaginary permittivity maxima, Tmax and Tmax_i for the BTAN10 sample. Solid curves 

represent the fitting to the VF law. Tmax_i, in the frequency range of 0.1 Hz to 10 Hz is 

beyond the temperature range studied. As can be seen, the data can be well fitted into the 

VF relationship with the parameters of f0= 6.21x1014 Hz, Ea = 0.0836 eV and TVF =153.7 

K for the real part data, and f0= 6.91x1010 Hz, Ea = 0.0639 eV and TVF =98.1 K for the 

imaginary part. The parameters from the Tmax_i fitting were found to be lower than those 

from the corresponding Tmax fitting, which is characteristic of ferroelectric relaxors. 

Similar fit was obtained for the compositions of lower x. The difference in Tmax, ∆Tmax 

=Tmax(1 MHz) – Tmax(0.1 Hz), is 21.0 K in BTAN10, while it is only 3.4 K in BTSn03. 

For the compositions with x < 0.03, in order to locate accurately Tmax, a down-sided 

parabola curve was used to fit the left part of this dielectric anomaly. The equation can be 

described by  ��
�, �� � �
���� � ��
���� � �
�� , where a(f) and b(f) are the fitting 

parameters. The difference between TVF and Tmax (1 kHz) for the compositions of x≥0.03 

gradually increases from 5.0 K for BTAN03 to 36.7 K for BTAN10. Similar trend of 

difference between the TVF and Tmax temperatures with changing x was also observed in 

other BT–based solid solution systems, such as Ba(Ti1-xSnx)O3 and Ba1-x/2(Ti1-xNbx)O3 [21, 

149], and the merging point of the TVF(x) and Tmax(x) was considered as the ferroelectric-
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relaxor crossover composition.  
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Figure 4.5: The inverse temperatures of both the real and imaginary permittivity 
maxima, Tmax and Tmax_i, as a function of frequency for the BTAN10 
ceramic. Solid curves represent the fitting to the Volgel-Fulcher law. 
Tmax_i in the frequency range of 0.1 Hz to 10 Hz is beyond the 
temperature range measured. 

 

 

4.4.4 Curie-Weiss Law Analysis 

In normal ferroelectrics, such as the pure BT, the Curie-Weiss (CW) law 

�� � �	 � �/
� � �
��,         (T>TCW)                   (4.2) 

is known to describe the high temperature slope of the permittivity peak, where TCW is the 

Curie-Weiss temperature, C the Curie constant and ε∞ the parameter representing the 

possible temperature-independent (non-ferroelectric) contribution to the permittivity 

(including the contribution of high-energy phonon modes and electronic polarization) [9, 
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10]. The CW law is also observed in relaxors at temperatures much higher than Tm. In 

order to eliminate the possible parasitic contributions from non-ferroelectric polarization 

mechanisms at high temperatures and low frequencies, the data at high enough frequency 

(=100 kHz) were chosen to examine the CW law. The reciprocals of dielectric constant as 

a function of temperature for selected compositions are shown in Figure 4.6(a). In order 

to illustrate the quality of fitting and to obtain the exact values of Td, the fitting residuals, 

(ε'cal-ε')/ε', (where ε'calc is the trend given by the CW law), are shown in Figure 4.6(b). It 

can be seen that the CW law is satisfied in all samples. Both parameters, TCW and C, 

decrease smoothly with increasing AN content, as shown in Figure 4.4 and inset of Figure 

4.6(a). The temperature Td, below which ε' starts to deviate from the CW law is found to 

be practically constant (~ 450K for all compositions). ε∞ is zero in BT but varies from 20 

to 95 in the AN-substituted samples. A slight but noticeable deviation from the CW law is 

also observed in pure BT within a temperature interval of about 60 K above TC, in 

agreement with the previous studies of BT ceramics [122, 123, 132]. 
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Figure 4.6: (a) Reciprocal of dielectric constant [1/(ε'-ε∞)] as a function of 
temperature at 100 kHz for the BT, BTAN02, BTAN06 and BTAN10 
ceramics. Solid lines are the fittings to the CW law, Eq. (4.2). Upward 
arrows indicate the temperature Td below which ε' starts to deviate from 
the CW law. Inset is the CW parameter C as a function of the AN-
content x. (b) Residuals of the fitting to the CW law for selected 
compositions. 
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4.4.5 Calorimetric Analysis 

Differential Scanning Calorimetry (DSC) analysis was carried out on BT-AN 

ceramics and the results are shown in Figure 4.7. The pure BT ceramic displays three 

sharp exothermic peaks upon cooling, corresponding to the cubic-to-tetragonal (C-to-T), 

tetragonal-to-orthorhombic (T-to-O) and orthorhombic-to-rhombohedral (O-to-R) phase 

transitions, respectively. The heat flow involved in these phase transitions as a function 

of AN concentration x is plotted in the inset of Figure 4.7. It can be seen that a trace 

amount of AN substitution (e.g., x=0.005) has significantly decreased the intensity of the 

thermal anomalies initially observed in pure BT sample. This also confirms that Ag+ and 

Nb5+ ions have diffused into the BT lattice to form a solid solution. The absence of 

thermal anomalies with exothermic peaks upon cooling in the samples with x≥0.08 is 

probably due to the very weak (or diffuse) structural change which cannot be detected by 

DSC. Note that the structure does not change across the relaxor peak (as discussed below 

in Section 4.4.6), which explains the absence of thermal peak around temperatures (Tmax) 

where dielectric anomalies have been observed in the dielectric spectrum, e.g., no thermal 

anomaly around 373 K in DSC was found for the sample BTAN01. This confirms that 

the dispersive dielectric anomaly at Tmax arises from relaxor behaviour, as is the case for 

canonical relaxors, like PMN [11]. It is also found out that the onset temperature of DSC 

peak corresponding to the Curie point decreases first from 399 K for the pure BT to 393 

K for BTAN005, and then increases linearly but slightly when AN was further 

introduced, which is consistent with the variation of the temperature of the dielectric peak 

[see Figure 4.7 and Figure 4.4]. This variation of the phase transition temperature for the 
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BTAN100x (x>0) samples also confirms that a solid solution has been formed in the BT-

AN system. 
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Figure 4.7: DSC measurements of (1-x)BT−xAN ceramics with selected 
compositions as a function of temperature upon cooling. Inset shows the 
variation of the heat involved in the phase transitions as a function of x.  

 
 
4.4.6 Phase Analysis 

In order to investigate the phase evolution upon cooling, specific diffraction peaks, 

e.g., {200} and {220}, were examined by high temperature XRD. Figure 4.8 shows the 

experimental XRD patterns of the {200} reflection for the BTAN01 and BTAN02 

samples at various temperatures upon cooling from 573 K to 283 K. The overlapping 

{200} reflection peaks were then deconvoluted into different phase components using 
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Peakfit software, as shown in Figure 4.9. The convolution of both Gaussian and 

Lorentzian functions is used to describe the XRD peak profile. The principles of 

crystallographic phase analysis described in Section 2.2.3 and Table 2.1 are used to 

analyze the phase components. Above TC (i.e. T =573 and 423 K), the {200} reflection 

appears as a single peak, indicating the cubic structure [Figure 4.8(a) and 4.9(a)]. As the 

temperature decreases just across the Curie point, the full width at half maximum 

(FWHM) of {200} reflection increases noticeably and the shape becomes slightly 

asymmetrical [Figure 4.8(a)]. A tetragonal distortion was revealed at 383 K by reflection 

peaks located at 2θ=44.73º and 44.93º, respectively [Figure 4.9(b)], indicating a 

tetragonal distortion. Note that an additional diffraction peak was found at 2θ=45.02º, 

implying the existence of a second phase at this temperature. Upon further cooling, the 

tetragonal distortion is further enhanced across the temperature of the relaxor permittivity 

maximum (Tmax) as the tetragonal split of {200} peak becomes clearer [Figure 4.8(b) and 

4.9(c)]. The {200} reflection at 283 K consists of three peaks, indicating the 

orthorhombic splitting. This confirms that the permittivity anomaly around 298 K is 

related to the structural phase transition between the tetragonal and orthorhombic phases, 

consistent with the DSC results. BTAN02 displays a similar evolution of phase transitions 

upon cooling, except that the tetragonal distortion is much weaker on the XRD patterns, 

as shown in Figure 4.8(d).  
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Figure 4.8: Powder XRD patterns of the (200) peak in BTAN01 (a-c) and BTAN02 
(d) ceramics recorded at selected temperatures. 
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Figure 4.9: Deconvolution of the XRD peak profile of the {200} peak in BTAN01 

ceramics at different temperatures indicating different phase 
components: cubic (a), tetragonal (b and c) and orthorhombic (d). 

 

4.4.7 Ferroelectric Properties 

The ferroelectric properties of the (1-x)BT−xAN ceramics were characterized by the 

measurements of polarization (P) as a function of a bipolar electric field (E) upon cooling. 

Figure 4.10 (a) shows the P-E hysteresis loops of (1-x)BT−xAN ceramics at selected 

compositions displayed at room temperature at 10 Hz. From the P-E hysteresis loops, the 

variation of remnant polarization (Pr) of selected compositions as a function of 

temperature is shown in Figure 4.10(b). It can be seen that upon cooling the polarization 

in pure BT increases sharply across the TC, displaying the well-known first-order phase 
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transition behaviour, while all of the AN-modified samples display a smooth increase of 

polarization upon cooling, and Pr decreases when more AN was introduced. This 

indicates that the first order paraelectric-to-ferroelectric phase transition in pure BT has 

been significantly impaired and changed as the AN concentration x increases. 

 

-20 -10 0 10 20

-10

-5

0

5

10 (a)

at room temperature

BTAN10

BTAN06

BTAN03
BTAN01
BT

P
 (
µC

/c
m

2 )

 E (kV/cm)
 

150 200 250 300 350 400 450
0

1

2

3

4

5

6

7

8

9

(b)

T
C

P
r (
µF

/c
m

2 )

T (K)

 BT
 BTAN01
 BTAN03
 BTAN06
 BTAN10

 

Figure 4.10: (a) P-E hysteresis loops of (1-x)BT−xAN ceramics at selected 
compositions displayed at room temperature at 10 Hz. (b) Remnant 
polarizations as a function of temperature (solid lines are for eye-guide). 
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4.4.8 Local Domain Observations and Piezoelectricity 

Figure 4.11 displays the representative domain structures of BT-AN ceramics in a 

4µm ×4 µm area imaged by PFM. From top to bottom are the domain patterns for the 

samples x=0, 0.02, and 0.06, respectively. The left and right columns show the amplitude 

and piezoresponse images, respectively. The black lines in the amplitude images 

correspond to the walls between the domains of opposite polarizations (180° domains). 

The determination of domain wall thickness is limited by the AFM tip size, which is 

about 20 nm, while the domain size is in the range of 100–600 nm. 

Comparing the images in the left column, it is found that the domain wall density 

dramatically decreases in the solid solution with 2% AN, as compared to pure BT. The 

domain wall density is further reduced with the increase of AN content. In BTAN06, no 

clear domain walls are observed; instead the regions with alternating strong (bright) and 

weak or even zero (dark) piezoresponse can be seen.  Another interesting phenomenon 

with these domain images is that with the addition of AN, some no-contrast areas 

develop, as marked by the circles in the images in the second row. These areas have 

almost no ferroelectric domain contrast with a low amplitude in the amplitude images 

(left column) and a gray contrast in the piezoresponse pattern (right column). Usually, a 

no-phase-contrast area in domain image indicates in-plane ferroelectric domains, which 

means that there is no piezoresponse in the vertical PFM image. Because the no-phase-

contrast areas only appear with the addition of AN, its appearance is clearly related with 

the intrinsic property of the solid solution arising from the substitution, rather than with 

any preferential orientations. A no-phase-contrast area in domain image could also 

represent either a defective area (i.e., nonferroelectric) or an area with fine polar 
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structures (domain size less than 3-5 nm) [154]. However, decent piezoelectric hysteresis 

loops were displayed in these no-phase-contrast areas, an example of which is shown in 

Figure 4.11 (b). This excludes the possibility of being a defective area. Therefore, our 

PFM results show that, with increasing AN substitution, e.g., in BTAN06, the 

macroscopic ferroelectric domains with clear and dense domain walls originally present 

in BT are gradually reduced into nanoscopic polar domains (<100 nm), as revealed by the 

growing no-phase-contrast areas (a few big domains with a size around 200-500 nm still 

subsist). 
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4.5 Discussion 

Our results show that in the new solid solution of (1-x)BT−xAN, a relaxor-like 

behaviour arises from the chemical substitution of AN for BT, and it occurs below the 

para- to ferro-electric phase transition temperature (TC) upon cooling, i.e., inside the 

ferroelectric (FE) phase, indicating a re-entrant-like phenomenon. Interestingly, the 

relaxor state arises from a tetragonal phase rather than from a cubic phase as observed in 

conventional complex perovskite relaxors. It is of interest to discuss the possible 

mechanism underlying this new phenomenon. 

Although the physical phenomenon of relaxor behaviour has not been thoroughly 

understood yet, it is widely believed that in canonical relaxors such as PMN, the relaxor 

behaviour is attributed to the presence of polar nano-sized regions (PNRs), which are 

induced by random local electric fields from the non-homogeneous distribution of the 

Mg2+ and Nb5+ ions over the B-site in ABO3 perovskites [25]. However, in recently 

reported lead-free relaxors, especially the BaTiO3-modified systems, relaxor behaviour is 

found in both cases of homovalent and heterovalent substitutions. It was recently 

suggested by Bokov et al. that the representative lead-free relaxor,  BaTiO3-BaZrO3 

(BTZ) system, at low temperature should be in a “quasiferroelectric” state, which can be 

considered as a mixture of the ramdomly distributed large (static) and small (dynamic) 

PNRs (or ferroelectric regions) and the nonpolar Zr-rich nanoregions [155]. The tendency 

of Zr atoms to segregate into Zr-rich  regions are confirmed by Raman scattering [156] 

and extended x-ray absorption fine structure (EXAFS)  [157] experiments. The difference 

in the size of the Zr4+ and Ti4+ cations is proposed to induce random elastic fields, leading 

to this particular local pattern of polar regions and thus relaxor behaviour [158]. In both 
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cases, chemical disordering and/or inhomogeneity are the key points of the observed 

relaxor behaviour.  

Similarly, taking into account the coupled substitutions of the 

Ag1+[r(VIII Ag1+)=1.28 Å] and Nb5+[r(VINb5+)=0.64 Å] ions of  different sizes and charges 

for the Ba2+[r(VIII Ba2+)=1.42 Å, r(XIIBa2+)=1.61 Å] and Ti4+[r(VITi4+)=0.605 Å] ions 

[105], respectively, it is reasonable to expect the existence of both random elastic fields 

and random electric fields in the BT-AN system, which account for the observed relaxor-

like behaviour. However, the fact that the relaxation behaviour is observed below the TC 

suggests that the ferroelectric long-range polar correlations have not been completely 

broken. The PFM results reveal a complex structure in the BTAN06 sample, consisting of 

micron-size regions of large piezoresponse (FE regions) separated by large areas where 

piezoresponse is much smaller or even absent. This implies a coexistence of different 

phases.  

All the observed properties and structural features of BT-AN can be consistently 

explained if one suggests, similar to the above-mentioned case of BTZ, the partial 

segregations of solid solution components. More specifically, two types of tiny regions 

seem to coexist in the material, namely the regions of pure BT composition and the 

regions where BT and AN are effectively mixed and form solid solution. In BTAN01, the 

coexistence of two phases is found by high temperature XRD, as shown in Figure 4.9(b). 

Upon cooling a para-to-ferroelectric phase transition takes place in the BT regions (with 

x=0) at TC, giving rise to comparatively sharp anomalies in the temperature dependences 

of dielectric permittivity and DSC. In AN-substituted regions (x>0), the transition occurs 

at lower temperatures. This transition is diffuse as it often happens in ferroelectric solid 
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solutions; therefore the corresponding dielectric anomaly around Tmax is broad and the 

anomaly on the DSC curves is barely visible. It should be underlined that this behaviour 

is different from the BTZ case where a single diffuse dielectric peak is observed. This is 

because the BaZrO3 inclusions in BTZ remain nonpolar upon cooling (BaZrO3 is not a 

ferroelectric) and, therefore, any anomalies in the temperature dependence of the 

properties associated with the Zr-rich regions are absent. 

 Note that TC in all the samples remains almost the same as the para-to-

ferroelectric phase transition temperature in the pure BT. Mesoscopic regions of 

ferroelectric phase of BT-origin are responsible for this phase transition. The portion of 

FE phase grows upon cooling as a result of the phase transitions at lower temperatures on 

the regions containing AN, which is confirmed by the high temperature XRD results as 

shown in Figure 4.8(b), where tetragonal phase increases as temperature decreases.  The 

local phase transition in the regions with BT (x≈0) leads to an increase of unit cell 

volume upon cooling [159, 160], and this volume change will be subject to the internal 

compressive stress from the surrounded AN-substituted regions. This explains the slight 

decrease of the TC of BTAN005 as compared to the TC of pure BT. With further increases 

in x, the portion of regions with BT (x≈0) decreases, as a result, the compressive effect 

disappears and TC slightly increases from 393 K to 407 K with x increasing from 0.005 to 

0.10.  

Since the regions with larger x have smaller tetragonality due to lower local Curie 

temperatures, the spontaneous polarization (Ps) is expected to decrease. This is consistent 

with the results shown in Figure 4.10 that a higher AN substitution leads to further 

decrease in remanent polarization (Pr).  



96 
 

The evolvement of the possible polarization mechanisms in the BT-AN solid 

solution system can be explained as follows:  

(a) When the AN content is small (x≤0.03), a comparatively large amount of the local 

regions (on nanometer scale) have the same composition as pure BT (x=0). They 

are mixed with BT-AN regions (x>0). The regions of both types are responsible 

for the dielectric and thermal anomalies at T1 and T2. The coexistence of both 

regions account for the diffused phase transitions upon cooling. The observed 

dielectric dispersion around Tmax  and at lower temperatures might be due to the 

relaxation of the boundaries between the mesoscopic FE regions and the 

neighbouring regions of paraelectric phase, as well as due to domain wall 

relaxation.   

(b) When the AN content is large (x≥0.03), the weak dielectric anomaly at TC is still 

attributed to the much fewer mesoscopic FE regions with x=0. The FE regions 

grow gradually upon cooling and a mixture of mesoscopic FE and nonpolar 

regions is expected in the temperature range around Tmax. This inhomogeneous 

structure is indeed observed by PFM in the BTAN06 sample whose Tmax is close 

to room (observation) temperature, as shown in the third row of Figure 4.11(a). 

Therefore the relaxation due to the motion of the boundaries between polar and 

non-polar phases is also expected here (similar to the solid solutions with smaller 

x). Additionally, the relaxation related to the reorientation of PNRs may be 

significant. Although the existence of PNRs in BT-AN needs to be confirmed by 

various techniques, such as transmission electron microscopy and neutron 

scattering, PNRs are found to exist in many perovskite solid solutions having 
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broad and diffuse (relaxor-type) dielectric peak. All these polarization 

mechanisms could contribute to the observed re-entrant-like relaxor behaviour in 

the BT-AN solid solution. 

It should be noted that the above proposed mechanism of phase segregation has 

some similarity to the core-shell microstructures which were proposed and discussed in 

chemically inhomogeneous BaTiO3-based multilayered ceramic capacitors [161-163]. 

The core-shell structure is composed of a ferroelectric (BT) core which is undoped or 

slightly doped, and a room-temperature paraelectric shell which has a much lower TC 

compared with pure BT. Nevertheless, the relaxor behaviour has rarely been discussed in 

those materials with core-shell microstructures. Therefore, further investigations, such as 

high-resolution transmission electron microscopy, are highly recommended in order to 

clarify the relation between the microstructure suggested in this work for the re-entrant-

like behaviour and the core-shell microstructures proposed in other BT-based dielectric 

ceramics. 

4.6 Conclusions 

Based on the dielectric, ferroelectric, XRD, DSC and PFM studies, the T-x phase 

diagram of the (1-x)BaTiO3−xAgNbO3 (x=0−0.10) solid solution has been established to 

reflect the re-entrant-like relaxor perotperties, as shown in Figure 4.4. The Curie 

temperature (TC) decreases with only trace amount of AN (x=0.005) and then increases 

linearly from 393 to 407 K with x increasing to 0.10. At high temperatures (T>TC, in the 

paraelectric phase) the dielectric permittivity follows the CW law (Eq. 4.2), which is 

related to the softening of the lattice vibration mode in the case of pure BT. The CW 

parameter TCW decreases smoothly with increasing x. The deviation from the CW law is 
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observed below a constant temperature (~450 K) for all the compositions. This deviation 

can be attributed to the formation of dynamic and/or static polar regions at T<Td. While 

the dielectric behaviour at T≥TC is qualitatively the same for all compositions, in the low 

temperature phase, very different behaviour is observed in the samples with different 

amount of AN content. At x< 0.03, two dielectric anomalies, corresponding to the same 

T-to-O (T1) and O-to-R (T2) phase transitions as in pure BT, were observed, which reveal 

diffused phase transition behaviour. Most interestingly, an additional dielectric peak with 

frequency dispersion appears at a temperature higher than T2 but lower than TC. Below 

x=0.03, the temperature of this local dielectric peak (Tmax) decreases as the AN content 

increases while T1 and T2 increase and finally all of the three peaks merge into a single 

peak with stronger frequency dispersion at compositions of x≥0.03. This peak shows 

dielectric relaxation satisfying the Vogel-Fulcher law (Eq. 4.1), indicating relaxor-like 

behaviour. Tmax for the solid solution with x≥0.03 decreases at a lower decreasing rate. 

The most interesting feature of this solid solution lies in that it exhibits re-entrant 

phenomenon, which means that the more disordered state (relaxor) appears from the 

more ordered one (FE) upon cooling, i.e., the relaxor phase occurs from, and coexists 

with, the ferroelectric phase. This unusual relaxation behaviour can be attributed to 

compositional segregation into mesoscopic ferroelectric regions (with x=0) and AN-

substituted regions (x>0), with the latter plausibly evolving into PNRs to the 

compositions of x≥0.03. 
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CHAPTER 5: 

Lead-Free Piezoelectric Ceramics Derived from the 
(K0.5Na0.5)NbO3–AgNbO3 Solid Solution System 

 

The following chapter is an extended version of the paper published in Applied 
Physics Letters by C. Lei, and Z.-G. Ye, (Appl. Phys. Lett. 93, 042901, 2008). 
The use of this article is permitted by the publisher of American Institute of 
Physics. 

 
5.1 Abstract 

A lead-free solid solution between potassium sodium niobate and silver niobate, 

(1-x)(K0.5Na0.5)NbO3–xAgNbO3 (KNN−AN, with x= 0 – 0.36), has been prepared in the 

form of ceramics by solid state reactions under O2 atmosphere. The crystal chemical 

study shows that Ag+ ion diffuses into the KNN lattices to form a solid solution of 

perovskite structure with x up to 0.30. The substitution of Ag+ ion for (K0.5Na0.5)
+ ion 

results in linear decreases in the ferroelectric Curie temperature (TC), from 420 ºC in 

KNN down to 325 ºC in 0.70KNN−0.30AN, and in the tetragonal to orthorhombic phase 

transition temperature (TT-O), from 190 ºC down to 150 ºC. The relative density of the 

KNN-AN ceramics reaches 94%. The optimum piezoelectric properties have been found 

in the ceramics of 0.82KNN−0.18AN, with a piezo-coefficient d33 = 186 pC/N, an 

electromechanical coupling factor kp = 42.5%, and a Curie temperature TC = 355 ºC. For 

the ceramics with x = 0.24, the remanent polarization reaches a maximum value of Pr = 

20 µC/cm2, with a reduced coercive field Ec = 6.4 kV/cm and a Curie temperature TC = 
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340 ºC. It is shown that the (1-x)KNN−xAN ceramics exhibit piezoelectric properties 

which are comparable or superior to the hot-pressed KNN ceramics and other 

KNN−based systems. In particular, the piezoelectric properties exhibit very a good 

thermal stability up to high temperature, which is a significant improvement from other 

KNN-based piezoceramics.  

5.2 Introduction 

Lead-based ferroelectrics, such as Pb(Zr,Ti)O3 and Pb(Mg1/3Nb2/3)O3–PbTiO3, are 

widely used for piezoelectric actuators, sensors and transducers thanks to their excellent 

piezoelectric properties [1, 15]. The high piezoelectric performances of these systems are 

commonly attributed to the morphotropic phase boundary (MPB), which separates 

rhombohedral, tetragonal, and/or monoclinic phases [47-51]. The origin of the enhanced 

properties was believed to be related to the coupling of the different equivalent energy 

states, allowing optimum polarization reorientations/rotations during the poling process 

[52]. However, the toxicity of lead has raised concerns and more environmentally 

friendly lead-free piezoelectric materials are in urgent demand. In this context, the 

potassium sodium niobate solid solution, (1-x)KNbO3–xNaNbO3, was found to exhibit 

optimum piezoelectric properties around the MPB at x ~ 0.5, which separates two 

orthorhombic ferroelectric phases [62, 63]. Therefore, (K0.5Na0.5)NbO3 (KNN) has been 

recognized as one of the promising host materials for designing new lead-free 

piezoelectrics. Hot-pressed KNN ceramics were reported to have good piezoelectric 

properties with d33=160 pC/N and kp=45%, along with a high Curie temperature (TC ~ 

420 °C) [62, 63]. However, KNN ceramics are difficult to sinter by conventional solid 

state sintering method and are subject to the deliquescence problem. A great deal of 
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efforts have been carried out recently on various KNN-based families, such as 

KNN−LiNbO3 [68], KNN−LiTaO3 [69], KNN−LiSbO3 [70], KNN−SrTiO3 [71], 

KNN−BaTiO3 [72] etc. The increased dielectric and piezoelectric properties in these 

systems had initially been attributed to the effects of the MPB separating the 

orthorhombic and a tetragonal phase. It was later found out that the enhanced properties 

are in fact due to the polymorphic phase transition [70, 74-76]. Therefore, the improved 

piezoelectric properties indeed result from the shift of the ferroelectric tetragonal to 

orthorhombic phase transition temperature (TT-O) down to around room temperature as a 

result of the chemical substitutions. Such a shift gives rise to a sharp temperature 

dependence of the piezoelectric properties (e.g., kp), which is a serious issue to be 

addressed in order for these materials to be used as piezoelectric devices in applications, 

especially at high temperatures [70, 74-76]. 

On the other hand, silver niobate (AgNbO3, AN) has attracted renewed interest 

because it is a lead-free weak ferroelectric with a relatively high TC of 360 oC [148, 164]. 

In this work, a lead-free solid solution system of (1-x)KNN–xAN has been synthesized. 

The solid solution enhances the sinterability of KNN and improves the thermal stability 

of the piezoelectric properties of the KNN-based ceramics. 

 

5.3  Experimental procedure 

Ceramics of the (1-x)KNN–xAN (x=0, 0.06, 0.12, 0.18, 0.24, 0.30 and 0.36) solid 

solution were prepared by a conventional solid state reaction. The raw materials, K2CO3 

(99.9%), Na2CO3•H2O (99.9%), Ag2O (99.9%), and Nb2O5 (99.9%), were mixed 

according to the stoichiometric compositions. After thoroughly grinding, the mixed 
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powder was pressed into disk-shape pellets and calcined at 800~850 oC for 6 h. The 

calcined pellets were pulverized, ground and pressed into pellets of 10 mm in diameter. 

The pellets were then sintered at 1060−1130 oC for 2.5 h in O2 atmosphere.  

The surfaces of the samples were polished and sputtered with gold layers for 

electrical characterization. The dielectric properties were measured from 100 Hz to 100 

kHz upon cooling from 550 oC to room temperature by a Solartron 1260 Impedance 

Analyzer combined with a Solartron 1296 Dielectric Interface. The polarization-electric 

field (P-E) hysteresis loops were displayed by a RT66A Standard Ferroelectric Testing 

System (Radiant Tech.). All samples were poled at an electric field of 30~40 kV/cm 

applied at 120 oC in a silicone oil bath prior to the piezoelectric measurements. The 

piezoelectric coefficient (d33) was measured using a ZJ-6B piezo-d33/d31 Meter. The 

planar mode electromechanical coupling factor (kp) was determined by the resonance 

method according to IEEE Standards using a computer-controlled alpha dielectric 

analyzer (Novocontrol). X-ray diffraction (XRD) experiments were performed on a 

Rigaku diffractometer using Cu Kα radiation.  

5.4 Results and analysis 

5.4.1 XRD Patterns and Lattice Parameters 

The XRD patterns of the (1-x)KNN–xAN ceramics are shown in Figure 5.1(a), 

which reveal a single perovskite phase with orthorhombic symmetry for the solid solution 

with x≤0.30. For x=0.36, a small amount of impurity phases, including metallic Ag, K2O 

and Ag2Nb4O11, were found, indicating that the solubility limit of Ag+ in  the KNN lattice 

has been reached.  
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The lattice parameters of the (1-x)KNN–xAN (x=0–0.36) ceramics were 

calculated using PeakFit software based on the space group Amm2, as shown in Figure 

5.1(b). It can be seen that all the three lattice parameters, a, b and c, decrease 

continuously as the AN content increases, indicating that Ag+ ion has entered the KNN 

lattice to form a solid solution. The decreasing trend of the unit cell volume can be 

explained by the fact that the ionic size of Ag+ [r(VIII Ag+)=1.28 Å] is smaller than that of 

(K0.5Na0.5)
+ ion [r(VIII K+)=1.51 Å, r(VIII Na+)=1.18 Å, r(XIIK+)=1.64 Å, r(XIINa+)=1.39 Å] 

[105].  
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Figure 5.1: (a) XRD patterns, and (b) variation of the lattice parameters, of the (1-

x)KNN–xAN (x=0–0.36) ceramics as a function of AN concentration x. 
Downward arrows indicate impurity phases. 

 

5.4.2 Morphology and Density 

The morphology of fractured surfaces of the (1-x)KNN–AN (x=0–0.30) ceramics 

were studied by scanning electron microscopy (SEM). The SEM images shown in Figure 

5.2 reveal that the porosity decreases dramatically with the AN content increasing from 

x=0 to 0.12, and there are only few pores when x>0.12, indicating that the Ag substitution 

has improved the sintering of the KNN ceramics. It is also found that the grain size 

decreases as the AN content increases.  
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Figure 5.3: Relative density of the (1-x)KNN–xAN (x=0–0.36) ceramics as a function 
of composition x (solid line is for eye-guide). 

 

5.4.3 Dielectric Properties 

The temperature dependences of the dielectric constant and loss of (1-x)KNN–

xAN (x=0–0.36) ceramics as a function of AN concentration (x) are shown in Figure 5.4. 

For pure KNN, two phase transitions are observed at 420 and 190 ºC, corresponding to TC 

and TT-O, respectively. All the samples display two phase transitions, similar to pure 

KNN. The substitution of Ag+ ion for (K0.5Na0.5)
+ ion induces linear decreases both in the 

TC and TT-O (see inset of Figure 5.4), from 420 ºC and 190 ºC in KNN down to 325 ºC 

and 150 ºC in 0.70KNN-0.30AN, respectively. However, the dielectric constant at 1 kHz 

around room temperature is increased significantly from 380 for pure KNN up to 608 for 

the 0.70KNN–0.30AN ceramics, as shown in Figure 5.5. The dielectric loss at 100 kHz is 

less than 0.05 in a wide temperature region between 25 to 500 oC for all compositions, 

indicating a good thermal stability of the dielectric properties. It is interesting to note that 

the original first order ferroelectric phase transition in KNN is preserved in all the 

samples following the substitution of Ag+ for (K0.5Na0.5)
+ ion.  
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Figure 5.4: Temperature dependence of dielectric constant and loss tangent of the 

(1-x)KNN–xAN (x=0–0.36) ceramics as a function of AN concentration 
(x) measured at 100kHz. Inset shows the composition dependences of 
the Curie temperature (TC) and the tetragonal to orthorhombic phase 
transition temperature (TT-O). 
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Figure 5.5: Room temperature dielectric constant (ε' , at 1 kHz), piezoelectric 

coefficient (d33) and electromechanical coupling factor (kp) of the (1-
x)KNN–AN (x=0–0.36) ceramics as a function of AN concentration x. 

 

5.4.4 Piezoelectric Property and Thermal Stability 

The piezoelectric coefficient (d33) and planar mode electromechanical coupling 

factor (kp) of the (1-x)KNN–xAN (x=0–0.36) ceramics are also given in Figure 5.5. The 

pure KNN ceramics display good piezoelectric properties which are comparable with the 

previously reported data [68]. With the increase of AN content, both d33 and kp first 

increase, reach a maximum and then decrease, displaying a similar trend as the relative 

density does. The optimum piezoelectric properties are found in the ceramics with 

x=0.18, with d33=186 pC/N, kp=42.5%, and TC=355 ºC. This performance is comparable 

or superior to the best data recently reported for the KNN-based systems [68-72]. As 
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mentioned earlier, the improved piezoelectric properties in these systems arise from the 

composition-induced shift of TT-O down to around room temperature, giving rise to a 

strong temperature dependence of the piezoelectric properties, which represents a serious 

drawback. Moreover, because of the big ionic size differences, and the coupled 

substitutions on both A- and B-sites, a small amount of LiNbO3-, LiTaO3-, BaTiO3-, or 

SrTiO3 substitution led to dramatic changes in the structure and in the first order 

ferroelectric phase transition, and consequently TC and TT-O are shifted significantly. In 

comparison, our (1-x)KNN–xAN system displays a relatively small shift of TC and TT-O, 

which remain well above room temperature. Figure 5.6 shows the temperature 

dependences of the electromechanical coupling factor kp and the real part permittivity ε' 

for the 0.82KNN–0.18AN ceramics. It is interesting to note that kp remains high (42.5%) 

in a wide temperature range from room temperature up to 140ºC. It then increases to a 

maximum value of 48.7% at TT-O ≈ 170 ºC, at which the orthorhombic to tetragonal phase 

transition takes place. Above TT-O, kp slowly decreases to 30.0% at 310 ºC, and finally 

drops to zero when crossing the ferro- to paraelectric phase transition at TC. Our results 

confirm that piezoelectric properties (such as kp) reaches maximum around phase 

transitions, which is the main contribution to the high piezoelectric data reported in other 

KNN-based systems.11-18 Note that the ionic size of Ag+ is between those of K+ and Na+ 

ions, which makes it easier for Ag+ ion to diffuse into the KNN lattices while maintaining 

the same orthorhombic structure and sharp first order phase transitions as in pure KNN. It 

is found that the KNN-AN system displays relatively high and stable piezoelectric 

properties in a wider temperature region (25–170 oC) compared with other KNN-based 

systems. Although this stability temperature region is slightly narrower than that recently 
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reported for KN ceramics (25–225 oC) by Nagata et al. [67], the piezoelectric properties 

(such as kp and d33) are higher. Compared with the widely studied NBT-based lead-free 

systems, which have relatively low depolarization temperatures (160–220 oC) [165, 166], 

the piezoelectric properties of the KNN-AN system, such as kp, remain relatively high 

(kp>30.0%) in a wider temperature range (25–310 ºC), making it a promising lead-free 

material for piezoelectric applications at high temperatures.  
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Figure 5.6: Temperature dependences of the planar mode electromechanical 

coefficient (kp) and real part of permittivity ( ε' , at 1kHz) for the 
0.82KNN–0.18AN ceramics. 

 

5.4.5 Ferroelectric Property 

The polarization-electric field (P-E) hysteresis loops for the (1-x)KNN–xAN 

(x=0–0.30) ceramics were displayed at room temperature at ~10 Hz, as shown in Figure 
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5.7. It is found that the pure KNN ceramics display some conductive behaviour. The 

remnant polarization (Pr) increases from x=0.06 up to a maximum value (Pr=20 µC/cm2) 

at x=0.24, and then decreases again when x increases to 0.30. On the other hand, the 

coercive field (Ec) decreases from 8.0 kV/cm for x=0.06 to 6.4 kV/cm for x=0.18, and 

stabilizes at higher AN concentrations. There are a few factors that can relate to the 

change of Pr and Ec, such as internal polarizability, strain, density, porosity, grain sizes, 

etc.  
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Figure 5.7: P-E hysteresis loops of the (1-x)KNN–AN (x=0–0.30) ceramics displayed 

at room temperature at 10 Hz. 

 

Generally speaking, Pr is enhanced when porosity decreases, as a result of weaker 

pinning of domain polarization due to fewer pores. On the other hand, Pr decreases when 

grain size decreases because of stronger pinning of domain polarization arising from 

increased grain boundaries [167]. Therefore, the initial increase of Pr from x = 0.06 to 



112 
 

0.24 can be attributed to the increased densification due to AN addition which reduces 

the porosity, and then the effect from decreasing grain size dominates, resulting in a 

lower Pr value for x=0.30. Similarly, it is found that the presence of pores only slightly 

affect the Ec, in a way that Ec decreases with decreasing porosity [167]. On the other 

hand, smaller grain size results in an enhanced Ec [1, 167]. In addition, a lower Curie 

temperature will lead to a decreased Ec. Therefore, the variation of Ec as a function of AN 

concentration x in the KNN-AN system can be explained as follows: as AN content 

increases, (1) the density of KNN-AN ceramics increases, the porosity decreases 

dramatically from x=0 to 0.12, (2) the grain size decreases and (3) the Curie temperature 

decreases linearly as well. These three competing contributions result in an initial 

decrease in Ec and then almost stabilize at x>0.18.  

 

5.4 Conclusions 

In summary, a new solid solution is prepared between KNN and AN. The 

solubility limit is found to be x=0.30 as a result for the Ag+ ion to be incorporated into the 

KNN lattice. The substitution of Ag+ ion for (K0.5Na0.5)
+ ion induces linear decreases 

both in the Curie temperature TC and TT-O. The highest relative density of the KNN-AN 

ceramics reaches 94.3% for x=0.18–0.24, which is a significant improvement as 

compared to 77.3% for the pure KNN ceramics. The ceramics with x=0.18 exhibit the 

optimum piezoelectric properties with d33=186 pC/N, kp=42.5% and TC=355 ºC. The 

remanent polarization reaches a maximum value of Pr=20 µC/cm2 in the ceramics with 

x=0.24, with a reduced coercive field Ec=6.4 kV/cm, and a TC=340 ºC. It is found that the 

(1-x)KNN–xAN solid solution shows greatly improved piezoelectric properties over the 
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pure KNN ceramics, which are comparable or superior to the best data most recently 

reported on the KNN-based families. More importantly, the piezoelectric properties of 

the KNN–AN ceramics exhibit a much improved thermal stability up to higher 

temperatures compared with other KNN-based systems. This system also has a much 

higher TC than the classical lead-free materials such as BaTiO3 and BaTiO3-based 

piezoceramics (200-250 oC) [54]. Therefore, the (1-x)KNN–xAN ceramics constitute a 

new family of high TC lead-free piezoelectric materials promising for electromechanical 

transducer applications.  
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CHAPTER 6: 

Temperature-Stable Dielectric Constant and Transparency in 
the (Na0.5Bi0.5)TiO3–AgNbO3 Solid Solution System 

 
6.1 Abstract 

Novel lead-free solid solution of (1-x)(Na0.5Bi0.5)TiO3–xAgNbO3 (NBT-AN, with 

x= 0 – 0.16) ceramics were prepared, for the first time, by solid state reactions. The 

dielectric constant was found to be stable over a wide temperature range, indicating that 

this system is promising for such applications as high energy density ceramic capacitors 

over a wide temperature range, especially at high temperatures. In addition, the NBT-AN 

ceramics sintered in O2 atmosphere exhibit translucency, which opens a road towards 

new applications in electro-optics.  

 

6.2 Introduction 

Ceramic capacitors are widely used in a variety of electronic circuits in industrial 

and commercial electronic systems, including TVs, personal computers, and cell phones. 

The dielectric ceramic materials used in these multilayer ceramic capacitors (MLCCs) 

have evolved rapidly to meet the increasing demands for miniaturization, higher-

frequency operation, stable response over a wider temperature range, improved 

reliability, reduced manufacturing costs, and improved volumetric efficiency [168, 169].  
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Most MLCCs are based on BaTiO3-modified materials, in which the ferroelectric 

and piezoelectric properties of the pure BaTiO3 (BT) have been suppressed as much as 

possible in order to achieve a temperature-stable capacitance [169, 170]. BT-modified 

ceramic capacitors satisfy X7R specifications in the EIA (Electronic Industries Alliance) 

standard [171], which describes a dielectric constant up to 3000, loss tangents ≤ 1%, and 

capacitance change over the temperature range –55 ºC to +125 ºC to within ±15% 

(reference to 25 ºC) [1, 170].  

Other dielectric materials, especially the lead-based complex perovskite materials 

having higher dielectric constant than BT, have been intensively studied since 1980s. 

Relaxor ferroelectric-based dielectrics of binary, ternary or quaternary systems, such as 

Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT), (Pb,Ba)[(Zn1/3Nb2/3)(Mg1/3Nb2/3)Ti]O3 and 

Pb(Mg1/2W1/2)O3-PbTiO3-Pb(Ni1/3Nb2/3)O3-WO3, have been developed for high 

volumetric efficiency products [168, 169]. However, the toxicity of the element lead in 

these relaxor dielectrics raises environmental concerns. 

On the other hand, relaxor ferroelectric perovskite solid solutions, lead lanthanum 

zirconate titanate, (Pb,La)(Zr,Ti)O3 (PLZT) are of particular interest because of their 

optical transparency and interesting electro-optic properties. They find applications in 

optical shutters, switches, modulators, color filters, and image storage devices [1, 172]. 

Transparent PLZT ceramics usually are prepared by specialized sintering techniques, 

including hot-pressing [172, 173], vacuum hot-pressing [174, 175], and atmosphere 

sintering [176-179]. Hot-press sintering remains the most practical method to fabricate 

optically transparent ceramics. However, it has several drawbacks. Production costs are 

expensive because the mass production is difficult to achieve. In addition, residual strain 
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induced during pressing can cause optical anisotropy, and the hot-press die materials, 

such as those based on carbon, may contaminate the ceramics [176]. There have been 

very few reports on transparent ferroelectric ceramics other than PLZT and PMN-PT, 

which attests to the difficulty of achieving pore-free materials by sintering techniques. 

With the goal of searching for novel lead-free ferroelectrics and piezoelectrics, 

solid solution of (1-x)(Na0.5Bi0.5)TiO3−xAgNbO3 (NBT-AN) is conceived to be a 

promising materials system. Sodium bismuth titanate (Na0.5Bi0.5)TiO3 (NBT) with a 

rhombohedral perovskite structure, is considered an excellent lead-free candidate for 

piezoelectric ceramics because of its large remanent polarization (Pr=38 µC/cm2) at room 

temperature and a relatively high Curie temperature (TC=320 ºC) [78]. However, a high 

coercive field (Ec=73 kV/cm) and large leakage current at high temperature make it 

extremely difficult to pole. A number of NBT-modified systems have been extensively 

studied and shown to exhibit improved piezoelectric performance, with the possibility of 

more complete poling compared with pure NBT ceramics [79-84]. 

Silver niobate (AgNbO3, AN), has attracted renewed interest recently because it is 

a lead-free weak ferroelectric with a high TC of 360 oC [101]. Our previous work (see 

Chapters 5) suggests that AN-substitution enhances the sinterability of (K0.5Na0.5)NbO3 

ceramics [180]. The relatively low melting point of AN (1200~1300 ºC) [106] is also 

expected to help densify the NBT ceramics. In addition, the weak ferroelectric character 

of AN suggests that a small amount of AN substitution may lower the very high coercive 

field of the pure NBT.  

Based on these considerations, the new lead-free perovskite solid solution of (1-

x)(Na0.5Bi0.5)TiO3–xAgNbO3 (with x= 0 – 0.16) was synthesized for the first time by 
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solid state reaction method both in air and in O2 atmosphere. The AN-modified NBT 

ceramics are characterized in terms of their crystal structure, microstructure, and 

dielectric, ferroelectric and piezoelectric properties. It is found that these new ceramic 

materials exhibit highly temperature-stable dielectric behaviour and unusual 

transparency.  

 

6.3  Experimental Procedure 

The ceramics of (1-x)(Na0.5Bi0.5)TiO3−xAgNbO3 solid solution (x = 0−0.16, 

abbreviated as NBT for x=0 and NBTAN100x for x>0) were prepared by solid state 

reaction. The starting materials, Bi2O3 (99.9%), TiO2 (99.9%), Na2CO3 (99.9%), Ag2O 

(99.9%), and Nb2O5 (99.9%), were weighed and mixed according to the stoichiometric 

compositions. After grinding, the mixed powder was pressed into disk-shaped pellets and 

calcined at 850 oC for 4 h. The calcined pellets were pulverized, ground and then pressed 

into pellets of 10 or 15 mm in diameter without using any binding agent (e.g., polyvinyl 

alcohol). The pellets were then sintered at 1180–1200 oC for 3h in air or in O2 

atmosphere. Both circular surfaces of the sintered samples were polished with fine 

diamond paste (down to 3µm), and then sputtered with gold layers to form electrodes for 

dielectric measurements.  

The microstructure (mean grain size and porosity) was examined by scanning 

electron microscopy (Bausch & Lomb Nanolab SEM). X-ray diffraction experiments 

were performed on a Rigaku diffractometer using Cu-Kα radiation. The complex 

dielectric permittivity at 100 kHz was measured using a computer-controlled Alpha 

dielectric analyzer (Novocontrol) upon cooling from 350 and -50 ºC or using a Solartron 

1260 impedance analyzer combined with a Solartron 1296 dielectric interface upon 
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cooling from 400 oC to room temperature. The measuring ac field was about 2 V/mm. 

The polarization-electric field (P-E) hysteresis loops were displayed with an RT66A 

Standard Ferroelectric Testing System (Radiant Tech.). All samples were poled at an 

electric field of 30~40 kV/cm applied at 120 oC in a silicone oil bath prior to the 

piezoelectric measurements. The piezoelectric coefficient (d33) was measured using a ZJ-

6B piezo-d33/d31 Meter. 

6.4 Results and Analysis 

6.4.1 XRD Patterns 

XRD patterns of the (1-x)NBT–xAN ceramics sintered in air are shown in Figure 

6.1. They reveal a single perovskite phase with pseudocubic symmetry for solid solution 

compositions of x ≤ 0.12. For x = 0.16, trace impurity phases, including metallic Ag and 

Ag2Nb4O11, were found. These impurities in NBTAN16 disappear when sintered in O2 

atmosphere. However, compositions with x ≥ 0.18 melted during the calcination at 

temperatures ~ 850 oC, indicating that their limit of solubility has been overpassed and 

that a possible eutectic behaviour exists for the binary system. The solubility limit of 

AgNbO3 in the NBT lattice is therefore found to be x=0.16. 
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Figure 6.1: XRD patterns of the (1-x)NBT–xAN (x=0–0.16) ceramics sintered in air 

and the NBTAN16 ceramics sintered in O2 atmosphere. Downward 
arrows indicate impurity phases in the NBTAN16 ceramics sintered in 
air. 

 

6.4.2 Microstructure and Improved Densification 

The microstructure of the fractured surfaces of the (1-x)NBT–AN (x=0, 0.04, 0.08 

and 0.12) ceramics sintered in air are shown in Figure 6.2. These scanning electron 

microscopy (SEM) images reveal that the porosity decreases continuously from x=0 to 

0.12, and that there are only few pores for x=0.12, indicating that AN substitution 

improves the densification of the NBT ceramics during sintering. Figure 6.3 shows the 

relative density of (1-x)NBT–AN (x = 0–0.16) ceramics sintered in air as a function of 

composition x. It can be seen that the relative density increases dramatically when a small 

amount of AN is introduced, e.g., x = 0.04. The highest relative density reaches 94.5% for 

x = 0.16, which is a significant improvement from 87.0% found for the pure NBT 
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ceramics. On the other hand, the relative density of the ceramics sintered in O2 

atmosphere is further improved, reaching a value as high as 98% of NBTAN16 ceramic 

which shows a nearly pore-free microstructure for the fractured surface, as shown in 

Figure 6.2(f). It is thus confirmed that both AgNbO3 substitution and O2-atmosphere 

sintering enhance the sinterability and densification the NBT ceramics. 

 



 

Figure 6.2: Microstructure of the fractured surfaces 
NBTAN08, (d) NBTAN12 
and (f) NBTAN16 ceramic sintered in O

121 

Microstructure of the fractured surfaces of (a) NBT, (b) NBTAN04, (c) 
(d) NBTAN12 and (e) NBTAN 16 ceramics sintered in air, 

and (f) NBTAN16 ceramic sintered in O2 atmosphere. 

 

(a) NBT, (b) NBTAN04, (c) 
sintered in air, 
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Figure 6.3: Relative density of the (1-x)NBT–AN (x=0–0.16) ceramics sintered in air 

and in O2 atmosphere (solid lines are for eye guide). 
 

6.4.3 Dielectric Properties 

The dielectric constant (ε') and loss tangent (tanδ) of the (1-x)NBT–xAN (x=0–

0.16, sintered in air) ceramics as a function of composition x measured at room 

temperature are shown in Figure 6.4(a). It is found that the dielectric constant increases 

while loss tangent decreases with the increasing amount of AN substitution. Since the 

dielectric constants of the NBT-AN ceramics are relatively stable in the frequency range 

100 Hz to 10 MHz [Figure 6.4(b)], the temperature dependences the dielectric properties 

(ε' and tanδ) were further measured at the median frequency 100 kHz as a function of 

temperature, as shown in Figure 6.5 (a) and (b) for different AN compositions (x). It can 

be seen that while both the Curie temperature (TC) and dielectric constant (ε') decrease 

continuously as the AN content increases, the dielectric loss remains relatively low (≤ 

5%) between –50 to 300 ºC for all compositions. In addition, the permittivity peak 

becomes diffused and flattened with increasing x. In particular, for ceramics of 

composition x=0.08, 0.12 and 0.16, the dielectric constant becomes highly temperature-
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stable at high temperatures, as indicated by the highlighted rectangles in Figure 6.5(a). 

The variation of the dielectric constant Δε��� ����� 	 ���25°C�� of NBTAN16 ceramic 

is within ±20% over –30 ºC ~+350 ºC with reference to ε' at 25 ºC (≈1000), which 

satisfies the Y8S specifications in the EIA standard [171]. More interestingly, in the 

temperature range between 60 ºC and 350 ºC, Δε��� ����� 	 ���60°C�� is found to be as 

low as ±5% with reference to ε' at 60 ºC (≈1110). Compared with the well-known BT-

based X7R ceramic dielectrics [170],  the NBT-AN ceramics with compositions of 

x=0.08, 0.12 and 0.16 exhibit a relatively lower ε', however, all of them exhibit a highly 

temperature-stable ε' between 60~150 ºC and 350 ºC, which is promising for their 

application in ceramic capacitors, especially at high temperatures. 
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Figure 6.4:  (a) Dielectric constant (ε') and loss tangent (tanδ) of the (1-x)NBT–xAN 
(x=0–0.16) ceramics as a function of composition x measured at room 
temperature, at various frequencies. (b) Frequency dependences of ε' 
and tanδ at room temperature.   
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Figure 6.5:  Temperature dependences of (a) the dielectric constant and (b) the loss 
tangent of the (1-x)NBT–xAN (x=0–0.16) ceramics measured at 100 
kHz.   

 

6.4.4 Ferroelectric and Piezoelectric Properties  

The polarization-electric field (P-E) hysteresis loops for the (1-x)NBT–xAN 

(x=0.04–0.16) ceramics sintered in air were displayed at room temperature at ~10 Hz, as 

shown in Figure 6.6. No hysteresis loop was displayed for the pure NBT ceramics 
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because of its huge coercive field and conductive behaviour. In contrast, a decent P-E 

hysteresis loop was displayed for the NBTAN04 ceramic, indicating that a small amount 

of AN substitution has dramatically reduced the coercive field of NBT, allowing the 

spontaneous polarization to switch.  With further increase of AN content, both the 

remnant polarization (Pr) and coercive field (Ec) decrease significantly, suggesting that 

the ferroelectricity of the NBT-AN ceramics is weakened by AN substitution (see Figure 

6.6 and 6.7). Similarly, the piezoelectric coefficient (d33) also decreases dramatically with 

x increasing, as shown in Figure 6.7.  
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Figure 6.6: P-E hysteresis loops of the (1-x)NBT–AN (x=0.04–0.16, sintered in air) 
ceramics displayed at room temperature at 10 Hz. 
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Figure 6.7: Piezoelectric coefficient (d33) and remanent polarization (Pr) of the (1-
x)NBT–AN ceramics (x=0.02–0.08) as a function of AN concentration x. 

 

6.4.5 Transparency of NBT-AN ceramics 

Figure 6.8 shows the photographs of the polished (1-x)NBT–AN ceramics 

(x=0.04, 0.08, 0.12 and 0.16, with thickness ≈ 0.27mm) sintered in O2 (upper row) and in 

air (lower row). It is found that the NBTAN12 and NBTAN16 ceramics sintered in O2 are 

transparent. Usually, it is difficult to obtain transparent materials in ceramic form because 

pores and grain boundaries can strongly scatter and reflect lights [172]. The high 

transparency of these NBT-AN samples can be attributed to their high density and nearly 

pore-free microstructure, as revealed by the SEM image in Figure 6.2 (f).  



 

Figure 6.8: Polished (1-x
sintered in O
Thickness≈ 0.27mm.
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x)NBT–AN (with x=0.04, 0.08, 0.12 and 0.16) ceramics 
sintered in O2 atmosphere (upper row) and in air (lower row). 

≈ 0.27mm. 

The sintering atmosphere is known to be a determining factor

produced [176, 177, 181]. In the present NBT-

atmosphere sintering can effectively help densify the NBT ceramics and 

thus achieve high translucency or transparency. The improved sintering can be attributed 

to the greater solubility and diffusivity of oxygen gas compared with chemically inert

nitrogen gas, the main component of the air [176]. Since a possible eutectic 

suggested in the NBT and AN binary system (see Section 6.4.1), a liquid phase can be 

produced during the sintering process, which helps densify the ceramics. T

accounts for the enhanced density of NBT-AN ceramics with increasing amount of AN

During the early sintering stage, the pores inside the pressed p

the atmospheric gas, which then dissolves into the liquid phase, resulting in the shrinkage 

of the pore size. Taking into account the relatively smaller size of N2 molecules than O

this dissolution is expected to be favorable for N2 in physical dissolution

it is found that O2 has a significantly greater solubility and diffusivity over N
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sintering can be attributed 

compared with chemically inert 

possible eutectic behaviour is 

suggested in the NBT and AN binary system (see Section 6.4.1), a liquid phase can be 

. This reason also 

increasing amount of AN 

During the early sintering stage, the pores inside the pressed pellet may trap 

into the liquid phase, resulting in the shrinkage 

molecules than O2, 

physical dissolution process. 

significantly greater solubility and diffusivity over N2. 
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The discrepancy must be attributed to other reasons, such as chemical reaction [176]. 

Possible reactions are proposed in terms of the following equilibriums: 

�� � 2���� � 2��� � 2���� ,                              (6.1)     

�� � 4�	� � 2��� � 4�	�� .                              (6.2)     

Isolated pores are subjected to shrinkage due to the capillary force of the liquid phase 

around the pore. During this process, the dissolved O2 in the liquid phase will diffuse 

toward the outside of the pellets because the equilibrium concentration of the dissolved 

O2 around the pore is higher than outside. This allows trapped O2 gas to migrate more 

easily to the outside of the pellets, resulting in nearly pore-free ceramics.  

Besides the well-developed PLZT transparent ferroelectric ceramics, there are 

very few other transparent or translucent ferroelectric ceramics reported, neither in lead-

based nor lead-free oxide systems. Therefore, the NBT-AN translucent ceramics obtained 

by sintering in O2 provide a new transparent ferroelectric ceramic system and could open 

a road towards application in the field of electro-optics. 

6.4 Conclusions 

Ceramics of (1-x)(Na0.5Bi0.5)TiO3–xAgNbO3 (x=0~0.16) solid solution were 

prepared by solid state reactions. The solubility limit of AN in NBT is found to be ~ x = 

0.16. As AN content increases, the porosity decreases and the density increases, 

indicating that AN helps densify the NBT ceramics. The relative density of the ceramics 

sintered in air reaches 94% with composition x = 0.16. Moreover, sintering in O2 is found 

to further increase the relative density up to 98%, and the ceramics show a nearly pore-

free microstructure.  In addition, the para-to-antiferroelectric phase transition becomes 

more diffused with increasing x, resulting in a stable dielectric constant as a function of 
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temperature. When x=0.16, the ceramic has ±20% ∆ε' over the range –30 ºC to +350 ºC, 

with reference to the ε' at 25 ºC(≈1000), which satisfies the Y8S specifications described 

in the EIA standard. The temperature-stable dielectric constant of NBTAN08, NBTAN12 

and NBTAN16 makes them promising materials for MLCC applications for a wide 

temperature range, especially at higher temperatures. More interestingly, the ceramics of 

NBTAN12 and NBTAN16 sintered in O2 are transparent. The transparency of the NBT-

AN ceramics could find new applications in the field of electro-optics.  
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CHAPTER 7: 

General Conclusions and Future Directions 

 

7.1 General Conclusions 

As stated in Chapter 1, since the toxicity of the element lead has raised concerns, 

there has been urgent demand to find more environmentally friendly lead-free piezo- and 

ferroelectric materials. Therefore, this thesis work has been focused on designing and 

synthesizing novel materials in the interest of developing new piezoelectrics with high 

performance and exhibiting high Curie temperature for electromechanical transducer 

applications, and, at the same time, investigating the physical properties of the materials 

prepared in order to provide a better understanding of lead-free relaxor behaviour. 

 This work contributes to the research and development of lead-free perovskite 

piezo-/ferroelectric and relaxor ferroelectric materials in the following aspects: 

(1) The temperature (T) −composition (x) dielectric phase diagram of the (1-

x)BaTiO3–xBaSnO3 (BTSn) solid solution system has been established by means 

of dielectric spectroscopy study, which delimits the paraelectric, ergodic polar 

cluster, nonergodic ferroeletric and relaxor phases (states), and indicates a 

crossover from ferroelectric to relaxor behaviour at xc=0.19. The mechanisms of 

the dielectric response in different parts of the phase diagram are discussed. The 

crossover from diffuse ferroelectric phase transition to relaxor ferroelectric 

behaviour in this system is attributed to the appearance at x > xc of an additional 
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dielectric contribution arising from the flipping of the local polarization of the 

polar clusters. In classical relaxors, the dipole dynamics related to the similar 

contribution freezes out upon cooling and the dipole-glass-like state appears at 

temperatures below TVF. In the BTSn system, however, we find that the Vogel-

Fulcher (VF) shift of Tm has no direct relation to the glass-like freezing at least in 

the compositions with moderate x. The differences in the relaxor behaviour 

between the BTSn solid solution and lead-containing complex perovskite relaxors 

is explained within the framework of the kinetic theory of the diffuse phase 

transitions in the compositionally disordered crystals, which provides additional 

information for the study of the nature of relaxor ferroelectricity.  

(2) The new (1-x)BaTiO3–xAgNbO3 (BT-AN) solid solution has been prepared for 

the first time, and the T-x phase diagram has been established based on the 

dielectric, ferroelectric, XRD, DSC and PFM studies. The most interesting feature 

of this solid solution is that it exhibits re-entrant-like phenomenon, which means 

that the more polar disordered (relaxor) state appears from the more polar ordered 

ferroelectric phase upon cooling, i.e., the relaxor phase occurs and coexists with 

the ferroelectric phase. Although the re-entrant cases are well-known in magnetic 

materials, few equivalent phenomena have been found in dielectrically disordered 

materials. The abnormal phase transition sequence found in the BT-AN system 

provides an interesting example of the re-entrant-like relaxor behaviour, which 

has never been reported in canonical lead-based ferroelectrics. The unusual 

relaxation behaviour discovered in this system is attributed to compositional 

segregation into mesoscopic ferroelectric regions (with x=0) and AN-substituted 
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regions (x>0), with the latter possibly evolving into polar nano regions (PNRs) for 

compositions of x≥0.03. 

(3) In the search for new high-temperature lead-free piezoelectric materials, a solid 

solution of (1-x)(K0.5Na0.5)–xAgNbO3 (KNN–AN) has been designed and 

prepared in the form of ceramics. Unlike other reported KNN-based systems, the 

substitution of Ag+ ion for (K0.5Na0.5)
+ ion induces a relatively small shift in the 

Curie temperature (TC) and a tetragonal-to-orthorhombic transition temperature   

(TT-O). In addition, it is found that the substitution of AN improves the sinterability 

and densification of the KNN ceramics. Table 7.1 lists the measured values of the 

Curie temperature (TC), the tetragonal-to-orthorhombic phase transition 

temperature (TT-O) or depolarization temperature (Td), the piezo-coefficient (d33), 

the electromechanical coupling factor (kp), and the room temperature dielectric 

constant (ε') and loss tangent (tanδ) of pure KNN, KNN-based solid solutions, 

classical lead-free materials BaTiO3 and Na0.5Bi0.5TiO3, and unmodified PZT 

ceramics. The (1-x)KNN–xAN solid solution is found to exhibit greatly improved 

piezoelectric properties over pure KNN ceramics, which are comparable or 

superior to the best performance most recently reported on the KNN-based 

families. More importantly, the piezoelectric properties of the KNN–AN ceramics 

exhibit a much better thermal stability compared with most KNN-modified 

systems. This system also has a much higher TC (and/or TT-O/Td) than the classical 

lead-free materials such as BaTiO3 and Na0.5Bi0.5TiO3. Therefore, the (1-x)KNN–

xAN ceramics developed in this work constitute a new family of high TC lead-free 

piezoelectric materials and are promising for electromechanical transducer 
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applications.  

 

Table 7.1: Dielectric and piezoelectric properties of the 0.82KNN-0.18AgNbO3 
ceramics compared with the pure KNN, the other KNN-based systems, 
classical lead-free materials BaTiO3 and Na0.5Bi0.5TiO 3, and unmodified 
PZT ceramics. 

Materials TC 

(ºC) 
TT-O/Td 
(ºC) 

d33 

(pC/N) 
kp ε' tanδ Refs. 

KNN 420 195 80 0.35 342 0.03 This work 

KNN(HP) 420 195 160 0.46 500 0.2 [62, 63] 

KNN-LiNbO3 (6%) 460 70 235 0.42 500 0.04 [68] 

KNN-LiSbO3 (5%) 392 45 283 0.50 1288 0.02 [70] 

KNN-LiTaO3 (5%) 430 55 200 0.36 570 0.04 [69] 

KNN-Li (7%) 460 ~20 240 0.45 950 0.084 [182] 

KNN-Li 3%; Ta 20% 310 50 190 0.46 920 0.024 [182] 

KNN-SrTiO3 (5%) 290 ~20 195 0.37 ~1000 / [71] 

KNN-BiScO3 (3%) 330 ~60 210 0.45 ~1000 / [183] 

KNN-BiFeO3 (1%) 370 ~100 185 0.46 750 0.05 [184] 

KNN-BaTiO3 (2%) 358 ~120 104 0.29 ~1000 0.04 [72] 

KNN-AgNbO3 (18%) 355 ~170 186 0.43 ~500 0.01 This work 

BaTiO3 115 0 190 0.36 1700 0.01 [185] 

Na0.5Bi0.5TiO3 320 ~200 74 / 240 0.01 [186, 187] 

Pb(Zr0.53Ti0.47)O3 360 / 220 0.52 800 / [73] 

TT-O: Tetragonal to orthorhombic phase transition; HP: Hot-press sintering 
 
 
 
(4) The efforts in developing novel lead-free materials have led me to successfully 

synthesize ceramics of another new solid solution of the (1-x)(Na0.5Bi0.5)TiO3–
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xAgNbO3 (NBT-AN) system by solid state reaction in air and in O2 atmosphere. It 

is found that the substitution of AN improves the densification of the NBT 

ceramics. Although both the ferroelectric and piezoelectric properties, along with 

the Curie temperature, decrease as the AN content increases, the dielectric 

constant peak associated with the para-to-antiferroelectric phase transition 

becomes very diffuse and broadened, resulting in a stable dielectric constant as a 

function of temperature in a wide temperature range. The relative variation of the 

dielectric constant ∆ε' of the NBTAN16 ceramic is within ±20% over –30 ºC ~ 

+350 ºC with reference to the ε' value at 25 ºC (≈1000). This performance 

satisfies the Y8S specifications in the EIA (Electronic Industries Alliance) 

standard, shown in Table 7.2. More interestingly, in the temperature range 

between 60 ºC and 350 ºC, ∆ε'/ε'(60ºC) is found to be as low as 5%. Compared with 

BaTiO3-based X7R ceramic dielectrics, which are widely used in electronic 

circuits where temperature stability is required, the NBT-AN ceramics with 

compositions of x = 0.08, 0.12 and 0.16 have a lower ε', however, they all exhibit 

a highly temperature-stable ε' between 60 ~ 150 ºC and 350 ºC, which is 

promising for their application as multilayer ceramic capacitors especially at high 

temperatures.  

Another interesting finding of this work is that the ceramics of NBTAN12 and 

NBTAN16 sintered in O2-atmosphere are found to be translucent, which results 

from their dense and nearly pore-free microstructure. There have been very few 

reports on transparent ceramics other than the well-known (Pb,La)(Zr,Ti)O3 

(PLZT), because it is very hard to achieve pore-free materials even by specific 
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sintering techniques. The translucent NBT-AN ceramics synthesized in this work 

could open routes towards new transparent ceramic systems and find application 

in the field of electro-optics using relatively low cost, O2-atmosphere sintering 

method. 

Table 7.2: Breakdown of the EIA (Electronic Industry Alliance) three-character 
codes [171]. 

Low Temperature Limit High Temperature Limit Maximum Allowable Capacitance 
Change From +25 ºC 

X= –55 ºC 5 = +85 ºC A= ±1.0% 

Y= –30 ºC 6 = +105 ºC B= ±1.5% 

Z= +10 ºC 7 = +125 ºC C= ±2.2% 

 8 = +150 ºC (special) D= ±3.3% 

                 E= ±4.7% 

F= ±7.5% 

P= ±10% 

  R= ±15% 

  S= ±22% 

  T= +22%/–33% 

  U= +22%/–56% 

  V= +22%/–82% 

 
 
7.2 Future Directions 

 Mechanisms of the relaxor behaviour found in both BTSn and BT-AN solid 

solution systems remain to be thoroughly investigated. Although the dielectric properties 

of both BTSn and BT-AN systems can be well fitted into the characteristic Vogel-Fulcher 

(VF) law, indicating a relaxor-like behavour, the VF shift of Tm has no direct relation to 

the glass-like freezing at least in the compositions with moderate x. To find out if the 
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freezing really takes place in these systems, the frequency dependences of the 

permittivity should be properly analyzed.  

 To answer the question whether the observed re-entrant-like behaviour in BT-AN 

solid solutions may be related to core-shell microstructure, further investigations, such as 

high-resolution transmission electron microscopy and long time annealing before 

dielectric measurement, are highly desirable. 

 In order to further improve the piezoelectric performance of our newly developed 

KNN-AN ceramics, it is highly desirable to improve the densification of the ceramics by 

a small amount of sintering additives, e.g., KF. On the other hand, it is expected that high 

quality single crystals will display higher piezo-/ferroelectric properties than ceramics. 

Effort needs to be put into the growth of KNN-AN single crystals. O2 atmosphere seems 

to be necessary in the process of single crystal growth in order to prevent the reduction of 

Ag+ to metallic Ag.  

 Finally, the NBT-AN ceramics need to be further investigated in terms of their 

temperature-stable dielectric property in order to satisfy other specifications (such as 

X7R) in the EIA standards. In addition, the electro-optic properties of the transparent 

NBT-AN ceramics need to be characterized in order to make them applicable as optical 

shutters, switches, modulators, and image storage devices, etc. 

AgNbO3 (AN) has rarely been chosen as a host material to prepare new lead-free 

materials, probably because of its very weak ferroelectricity at room temperature. 

However, it was recently reported that AN may have an extremely large polarization 

(Pr=52 µC/cm2) and high induced strain (0.16%) in polycrystalline form if the A-site 

driven strong ferroelectricity is unlocked by a strong enough external electric (220 
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kV/cm) [148]. This large induced polarization is attributed to a huge off-centering 

displacement (0.5 Å) of Ag+ in the induced ferroelectric phase, as predicted by first 

principles calculation [104]. In addition, the AN–LiNbO3 solid solution system was 

reported lately by Wada et al. [188] to exhibit greatly enhanced ferroelectricity by 10% 

Li substitution for Ag.  This suggests that AN may have greater polarizations if the large 

A-site displacement can be released by appropriate chemical substitutions. In order to 

suppress the tilted oxygen octahedra in AN, a bigger A-site ion is needed. Taking into 

account the ionic charge and size, it is reasonable to choose KNbO3 (KN) as the other end 

member to stabilize the perovskite structure to form the (1-x)AN–xKN solid solution.  
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