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Abstract 

Ceramics of the perovskite (1-x)[Ba(Zr0.30Ti0.70)O3] - x[Pb(Zr0.30Ti0.70)O3] (BZT-PZT) 

solid solution were prepared by solid state reaction method with complete solubility 

throughout the series. The ceramics were examined by X-ray diffraction and dielectric 

spectroscopy to investigate the crystal structure, phase transition and electric properties. 

The XRD results reveal that all ceramics exhibit a pure perovskite structure, and with 

increasing x, the cubic phase gradually transforms into a tetragonal phase. Detailed 

structural analysis and Rietveld refinements based on XRD data.  

The dielectric permittivity was measured as a function of frequency (0.1 Hz - 100 

kHz) in the temperature range of 123 K to 573 K. For 0 < x < 0.40, the ceramics exhibit a 

typical relaxor behaviour. With the increase of the PZT concentration, the temperature of 

the dielectric maximum (Tmax) shows a non-monotonic variation, which first decreases and 

then increases at a critical composition (xC1 = 0.10). The maximum of dielectric permittivity 

(e’max) at Tmax shows frequency dispersion following the Vogel-Fulcher law. The difference 

between Tmax and the fitting parameter TVF, (Tmax-TVF), first increases and then decreases 

at another critical composition (xC2 = 0.30), with the increase of PZT concentration, 

showing the same trend as the shift of Tmax with frequency (DTmax). The high-temperature 

slope of the diffuse dielectric peak (T > Tmax) is scaled by the empirical Lorenz-type 

quadratic relation. The transition from the high-temperature paraelectric state, in which the 

dielectric constant follows the Curie-Weiss law, to the ergodic cluster state is found to 

occur over all the studied compositions. 

Single crystals of (Ba1-xPbx)(Zr1-yTiy)O3 were grown by a high-temperature solution 

growth method using (PbO + B2O3) as a flux upon slow cooling from 1100 °C. The size of 

the as-grown crystals varies from 1 to 5 mm. The X-ray powder diffraction analysis shows 

that the crystals have a tetragonal perovskite structure. The composition of the crystal is 

found to be (Ba0.46Pb0.54)(Zr0.12Ti0.88)O3 by X-ray photoelectron spectroscopy (XPS). The 

measurements of dielectric properties indicate that the crystal undergoes a single phase 

transition from the cubic to the tetragonal phase at Curie temperature, TC = 554 K, upon 

heating. Polarized light microscopic studies of the domain structure confirm that the 

crystals are of tetragonal symmetry at room temperature. A typical ferroelectric hysteresis 

loop is displayed at room temperature, indicating the ferroelectric nature of the 

(Ba0.46Pb0.54)(Zr0.12Ti0.88)O3 crystals. 
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Chapter 1.  
 
General Introduction 

This thesis presents the synthesis and characterization of complex perovskite 

ferroelectric and relaxor ferroelectric materials in the forms of ceramics and single crystals 

in order to gain a comprehensive understanding of their local structures and electrical 

properties.  

This chapter provides a general introduction to some background information and 

basic concepts, including the perovskite structure, piezoelectricity, ferroelectricity, relaxor 

ferroelectrics, the Ba(Zr1-xTix)O3 solid solution and Pb(Zr1-xTix)O3 solid solution systems, 

leading to the motivation and objectives of our work. 

 

1.1. Perovskite Structure 

Perovskite Materials have been widely studied and used in a variety of applications 

because of their interesting physical properties, especially the electrical properties. 

Materials with perovskite structure generally possess an ABX3 formula. In this work, the 

ABO3 form is adopted by the materials studied where O stands for oxygen.  

Figure 1.1 (a) shows a cubic ABO3 perovskite-type unit cell, where A is a large 

cation with the coordination number of 12 sitting on the corners of the unit cell. B-site 

cations occupy the body centre of the unit cell, and oxygen anions are located at the face 

centres of the unit cell, forming an oxygen octahedron around the B-site. In general, A-

site cations usually are large, lower charged ions such as K+, Ba2+, Pb2+, Bi3+, etc. (with 

the valence from +1 to +3), while B-site cations are small, highly charged ions such as 

Ti4+, Zr4+, Sn4+, Nb5+, etc. (with the valence from +3 to +6). A small B-site cation in a large 

A-site cation cage facilitates the off-centre displacements of the B-site cation, which would 

lead to the structural distortion. Additionally, the stereochemically active lone electron 

pairs, such as the 6s2
 lone electron pairs in Pb2+, which may induce further distortions on 

the coordination around the metal. 
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Figure 1.1        The B-cation-centered perovskite structure with a general formula 

of ABO3 for (a) cubic, non-polar, and (b) tetragonal, polar, unit cells. 

 

The degree of distortion/stability of a perovskite structure can be scaled by the tolerance 

factor: 

𝑡	 = 	 %&'%(
) %*'%(

 ,                                                       (1.1) 

where rA, rB and rO are the ionic radii of A-site cations, B-site cations and oxygen ions, 

respectively [1]. The ideal cubic perovskite has a tolerance factor of 1, and variation in the 

tolerance factor would cause the structure distortion and/or adopt a lower symmetry. It has 

been found that the stable perovskite structure has a tolerance factor in between 0.88 and 

1.09 instead of exact 1 [2]. General studies of the low symmetry distortion for perovskites 

indicate that for a rhombohedral or monoclinic structure, t < 1, while for a tetragonal 

structure, t > 1 [3]. Figure 1.1 (b) shows the unit cell of the tetragonal symmetry.  

Structural phase transformation via the ionic displacement may occur with the 

variation of temperature and under external stress or electric field in many materials 

without breaking down the perovskite structure, which makes it possible to perform a close 

insight into microscopic mechanisms through experimental measurements.  

 



3 

1.2. Piezoelectricity 

The piezoelectric effect was first discovered by Jacques and Pierre Curie in the 

Rochelle salt (KNaC4H4O6·4H2O) in 1880 [4]. The prefix “piezo” originates from the Greek 

word “pressure”. The piezoelectric materials are capable of generating an electric potential 

in response to an applied mechanical stress, which is called the direct piezoelectric effect. 

This effect is reversible. The strain can be developed in a piezoelectric material with the 

application of an external electric field, which is called the converse piezoelectric effect [5]. 

Figure 1. 2 shows the schematics of the direct (a) and converse (b) piezoelectric effect. 

 
Figure 1.2       Mechanism of the piezoelectric effect. (a) the direct effect 

(mechanical to electrical), (b) the converse effect (electrical to 
mechanical).  

With these unique features, the piezoelectric materials play an important role in 

the medical field (ultrasound imaging, diagnosis and therapy), in industrial field (SONAR), 

in our daily lives (gas ignitors, ink jet printers) and in many other applications [6].  

The direct and converse piezoelectric effects can be described by the following 

equations [7],[8]: 

𝐷, = 	𝑑,./𝑋./	(Direct Piezoelectric Effect),                                      (1.1) 

𝑥,. = 	 𝑑/,.𝐸/ (Converse Piezoelectric Effect),                                (1.2) 
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where Xjk is the stress applied to a piezoelectric material, Di is the induced charge density 

developed on the surface of the material, Ek is the electric field applied and xij is the strain 

developed in response to the electric field applied to a piezoelectric material. The 

piezoelectric charge coefficients dijk and dkij in the direct and converse piezoelectric effects 

are third-rank tensors with different units of C/N and m/V, respectively, and they are 

thermodynamically equivalent. Hence, equations 1.1 and 1.2 can be simplified as [9],[10]  

𝐷, = 	𝑑,3𝑋3	(Direct Piezoelectric Effect) ,                                       (1.3) 

𝑥3 = 	𝑑3,𝐸, (Converse Piezoelectric Effect) ,                                  (1.4) 

where i = 1, 2, 3 and m = 1, 2, …. ,6. The strain values for m = 1, 2, 3 are the linear 

components of the strain and the strain values for m= 4, 5, 6 stand for the shear 

components of the strain. The directionality represented by the subscripts are shown in 

Figure 1.3.  

 

Figure 1.3   The different directions for m = 1 - 6. 

 

All of the properties in the above equations are dependent on directions of stress 

or electric fields. For example, the d33 is a piezoelectric coefficient measured when the 

polarization is generated in direction 3 while the stress applied in direction 3. In practice, 

the piezoelectric coefficient d33 is used to describe the piezoelectric response in the same 

direction as the applied stress or electric field. Large piezoelectric coefficients are 

desirable to increase the piezoelectric properties. 
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The electromechanical coupling factor k, which is used to describe the efficiency 

of a piezoelectric material to convert the electrical energy into mechanical energy and vice 

versa, is another important specification for the piezoelectric materials in practical 

applications and can be expressed as follows [11], 

𝑘 = 	 (generated	mechanical	energy/supplied	electrical	energy)                     (1.5) 

𝑘 = 	 (generated	electrical	energy/supplied	mechanical	energy)                     (1.6) 

The value k=1 would represent complete energy conversion with no energy 

dissipation as heat, which is most desired. Like the piezoelectric coefficient, the 

electromechanical coupling factor is also a directional property. Similarly, the subscripts 

are used to indicate the geometry under which the property is measured. For example, 

the subscripts of k33 refer to the measurement in direction 3. For ceramic disks, the planar 

coupling factor (kp) is a measure of radial coupling between an electric field applied in the 

poled direction and the mechanical vibrations produced along the radial directions, where 

a special subscript p is used since the as-grown ceramics are typically thin circular disks 

with the polarization perpendicular to the plane of the ceramics.  

 

1.3. Ferroelectricity 

1.3.1. P-E Hysteresis Loop and Ferroelectric Domain 

Ferroelectric materials, an important subgroup of the piezoelectric materials, 

exhibit a spontaneous electric polarization (PS) that can be switched with the application 

of an appropriate external electric field [12]. The most commonly used ferroelectric 

materials adopt the perovskite structure. Ferroelectric materials are characterized by a 

hysteresis loop showing the polarization (P) as a function of electric field (E) to 

demonstrate the ferroelectricity [13], as shown in Figure 1.4. 

Initially, when a small external electric field is applied, the ferroelectric material 

behaves like a normal dielectric and displays a linear response between polarization and 

electric field. The slope of this variation corresponds to the initial dielectric permittivity of 

the material. As the external electric field increases, the further increase of the polarization 
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is non-linear and, for high field values, the variation of P versus E is small and approaches 

a saturation value. The value obtained by the extrapolation of the high-field polarization to 

the zero field gives rise to the saturation polarization PS. When the external field is 

removed (E = 0), most of the polarization will remain, keeping a remnant value designated 

as remnant polarization Pr. As the electric field is reversed, the remnant polarization can 

be canceled. The electric field required to reduce the polarization to zero is called the 

coercive field (EC). With further increase of the field in the negative direction, the 

polarization is switched and saturates in the opposite direction. Finally, when the field in 

the negative direction is removed, the polarization approaches -Pr, leading to a P-E 

hysteresis loop [14],[15].  

 
Figure 1.4       A typical Polarization-Electric Field (P-E) hysteresis loop produced 

by ferroelectric materials, showing the remnant polarization Pr, 
coercive field EC and saturation polarization, PS. 

 

The hysteretic behavior of ferroelectric materials is related to their domain structure. 

Regions of unit cells that have the same polarization direction are called domains. They 

are separated by interfaces called domain walls which typically have the dimensions of 1 

to 2 lattice spacing. For materials with a tetragonal symmetry, the polarization direction 



7 

between domains can form 90° or 180° angles [16]. As shown in Figure 1.4, at point A, 

the domains of ferroelectric materials are randomly orientated. When the external field 

increases up to a certain threshold value, the domains start to align towards the direction 

of the external field and the polarization increases rapidly. Eventually, at point B, all 

domains are aligned in the same direction. When the field is removed, most of the domains 

will remain aligned in the applied field direction. 

 

1.3.2. Phase Transition and Curie Temperature 

The spontaneous polarization of ferroelectric materials is only present over a 

certain temperature range. The polar, non-centrosymmetric ferroelectric phase typically 

exists below a certain temperature [17]. At high temperatures, the ferroelectric dipole 

ordering breaks down, and the material generally transforms to a non-polar, 

centrosymmetric paraelectric phase, as shown in Figure 1.5. The specific phase transition 

temperature between the ferroelectric phase and paraelectric phase is known as the Curie 

temperature (TC) [8]. 

Figure 1.6 shows a schematic of the free energy (G) as a function of polarization 

(P) at various temperatures. Below TC, in the ferroelectric phase, there are two minima in 

free energy for two switchable polarization states, with an energy barrier (maximum of the 

free energy) at P = 0. When the temperature approaches TC, the energy barrier tends to 

be flattened, and the switching of polarization between the two polar states becomes 

easier, which leads to the increase of the dielectric constant and a sharp dielectric peak 

at the phase transition temperature TC. Above TC, in the paraelectric phase, the free 

energy only has one minimum at P = 0 [18]. 
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Figure 1.5       Variation of dielectric constant (e’) as a function of temperature (T) in 
a ferroelectric material, indicating the ferroelectric to paraelectric 
phase transition at Curie temperature (TC) upon heating. 

 

 
 

Figure 1.6       Free energy (G) as a function of polarization (P) at various 
temperatures for ferroelectrics with second order phase transition. 
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Within the paraelectric phase of the typical ferroelectric materials, the temperature 

dependence of the dielectric constant follows the Curie-Weiss law [8]: 

e’ = 	 I
(JK	JLM)

 ,                                                          (1.1) 

where e’ is the real part of dielectric permittivity, T is the absolute temperature in Kelvin, C 

is the Curie constant and TCW is the Curie-Weiss temperature. 

 

1.4. Relaxor Ferroelectrics 

Ferroelectric materials can be classified into three categories based on their 

dielectric, polarization and phase transition behaviour: (1) normal ferroelectrics, (2) 

ferroelectrics with diffused phase transition (DPT) and (3) relaxor ferroelectrics (relaxors) 

[19],[20]. Relaxor ferroelectrics are a class of disordered crystals possessing peculiar 

structure and properties. Relaxor materials have received much attention in the field of 

materials science and they can possess particularly high dielectric constants (>25000), 

making them promising candidates for applications in multilayer capacitors and novel 

memory devices [21],[22]. 

1.4.1. Characteristics of Relaxor Ferroelectrics 

There are some characteristics that make relaxors different from normal 

ferroelectrics and ferroelectrics with DPT. Firstly, relaxor materials are characterized by a 

relatively broad maximum of permittivity compared to the normal ferroelectrics which show 

a sharp peak in the dielectric constant (e’) versus temperature (T), shown in Figure 

1.7(example of Ba(Ti0.675Zr0.325)O3 ceramics). In relaxors, the magnitude of the dielectric 

maximum decreases and the temperature of maximum permittivity (Tmax) increases with 

increasing measurement frequency, which is known as the frequency dispersion. In 

comparison, the normal ferroelectrics show no frequency dependence of TC. 

Ferroelectrics with DPT also exhibit a broad maximum, but there is no shift of Tmax caused 

by frequency dispersion. 
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.  

Figure 1.7   Temperature dependences of real part of dielectric permittivity of 
Ba(Ti0.675Zr0.325)O3 ceramics at selected frequencies. (adapted from 
Ref. [23]). 

Another characteristic is that there is no macroscopic ferroelectric phase transition 

taking place upon cooling below Tmax. Relaxors transform from a non-polar paraelectric 

phase into an ergodic relaxor state at a certain temperature, called the Burns temperature 

(TB), which is far above Tmax. No macroscopic polarization or long range ordering develops 

spontaneously below TB. Instead of the ferroelectric domains, polar regions of nanometer 

scale with randomly oriented directions of dipole moments appear [21]. 

All relaxors are compositionally disordered, with A (and/or B) site of a perovskite 

ABO3 compound containing at least two different kinds of cations [24]. Different cations 

are distributed more or less randomly among the equivalent lattice sites, forming the 

randomly oriented dipoles. The crystal chemistry and resultant nanostructure is proved to 

be closely related to the relaxor behaviour. Many lead-based relaxors are complex 

perovskites with the Pb(B'xB"1-x)O3 formula with the B' and B" atoms disordered and 

distributed randomly among the crystallographically equivalent octahedral sites. 

The canonical relaxor materials include the stoichiometric complex perovskite 

compounds, e.g., Pb(Mg1/3Nb2/3)O3 (PMN) [25], and nonstoichiometric solid solutions, e.g., 

Pb1-xLax(Zr1-yTiy)1-x/4O3 (PLZT) [26],[27]. Recently, an increasing amount of reported data 
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shows that many homovalent substitutions of chemically modified BaTiO3-based solid 

solutions, such as Ba(TixZr1-x)O3 [28] and Ba(Ti1-xSnx)O3 [29], also exhibit a great relaxor 

behaviour. Although relaxor compounds were first reported in 1961 and have been studied 

for decades, the crystal structure and properties of relaxors are still fascinating attraction 

that deserves a great deal of theoretical and experimental investigations. 

1.4.2. Models of Polar Nanoregions (PNRs) 

Various models have been proposed to explain the nature of relaxor behaviour. All 

of them can be subdivided into two categories: (1) local “phase transitions” or phase 

fluctuations: the crystal consists of nanosize polar islands embedded into a non-polar 

cubic matrix in which the symmetry remains unchanged, as shown in Figure 1.8 (a) [30-

32], and (2) the crystal consists of low-symmetry nanodomains separated by the domain 

walls but not by the regions of cubic symmetry and the transition occurs in all regions of 

the crystal, as shown in Figure 1. 8 (b) [33],[34]. 

 
Figure 1.8      Schematic of different models in relaxors (adapted from Ref. [21]) 

 

The best-known model of the first category was developed in the early work by 

Isupov and Smolenskii [35]. They proposed that the chemical inhomogeneity due to the 

disordered arrangement of the B' and B" sites creates different local Curie temperatures 

and spreads out the phase transition over a range of temperatures, where Tmax can be 

considered as the mean values of these Curie temperatures. However, it was found that 
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the dielectric relaxation in relaxors is not related to the diffuse phase transition [19], so 

there may be other reasons that can cause the diffuseness of transitions with temperature. 

A superparaelectric model was proposed by Cross[36]. This model suggested that 

at high temperatures (>Tmax), micro polar regions are dynamically disordered by thermal 

activation among different polarization states. The height of this activation energy barrier 

between equivalent states is directly proportional to the volume of the polar regions. Upon 

cooling, the dynamics of the polar regions slow down, resulting in the freezing of dipoles 

caused by the cooperative interactions between diploe moments on the nanometer scale. 

The dipole-glass model describes the dispersion of Tmax in terms of the relaxation time (t) 

by the Vogel-Fulcher (VF) relation [37]: 

t	 = tNexp	[−
RS

/*(JTSUKJVW)
	]                                                  (1.2) 

 

where tN is the fitting parameter, Ea is the activation energy, kB is the Boltzmann constant 

and TVF is the freezing temperature at which the characteristic relaxation time becomes 

infinite [38-40]. The Vogel-Fulcher relationship was known to be the characteristic of 

structural and magnetic spin glasses to show the freezing behavior in the mechanical 

properties and magnetic moments, respectively. To better describe the relaxor behaviour, 

the dielectric relaxation can be expressed by the VF relation in terms of measurement 

frequency (f) and Tmax: 

𝑓 = 𝑓Nexp	[−
RS

/*(JTSUKJVW)
	]                                              (1.3) 

 

The second category is represented by the random field model proposed by 

Kleemann [41].The model pointed out that the relaxor behavior can be attributed to the 

strong contribution of quenched random fields arising from charged nanodomains and 

particular compositional fluctuations and chemical textures [42]. The second-order phase 

transition is destroyed by quenched random local fields conjugate to the order parameter. 

Below Curie temperature, the system becomes broken into small-sized nano-domains 

instead of forming a long-range ordered state. 
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A common point of these models is the local structural distortion due to chemical 

inhomogeneity, giving rise to polar clusters of nanometer size or polar nanoregions 

(PNRs), which are regions of short range polar ordering that are embedded in a disordered 

matrix [43-45]. A schematic of PNRs is shown in Figure 1.9. 

 

 
Figure 1.9       Schematic of polar nanoregions (PNRs), regions of local polar order 

in a disordered matrix. The arrows on the atomic sites represent the 
switching direction of the individual PNR(adapted from Ref.[46]). 
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1.4.3. Dielectric Permittivity and Phase Transitions 

At high temperatures, similarly to normal ferroelectrics, relaxor materials are in the 

paraelectric phase, following Currie-Weiss Law (Equation 1.1). Figure 1.10 shows the 

dielectric response of a canonical relaxor ferroelectric as a function of temperature at 

various frequencies [21]. Upon cooling, the material deviates from the Curie-Weiss 

behaviour and transforms from the non-polar paraelectric (PE) state to the ergodic relaxor 

(ER) state at TB. In the ergodic relaxor state, the dielectric permittivity exhibits a 

dependence on the frequency, which is not present in normal ferroelectric materials. This 

is evidenced in the dielectric behaviour with the appearance of frequency dispersion, i.e. 

variations of both the maximum permittivity, εmax, and the temperature of maximum 

permittivity, Tmax, as a function of the frequency applied. 

 

 
Figure 1.10      Dielectric response of a relaxor ferroelectric with varying temperature 

and frequency, showing the transition from a high temperature 
paraelectric phase, to an ergodic relaxor phase below the Burns 
Temperature, TB, where a frequency dispersion starts to appear upon 
cooling. Futher cooling below the freezing temperature, Tf, results in 
a non-ergodic relaxor state(adapted from Ref.[21]). 
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Phenomenologically, PNRs are rapidly reorienting with thermal energy at a 

particular frequency at high temperatures – the smaller the PNRs, the higher the frequency 

of response. As the temperature decreases, the mobile and ergodic PNRs lose their 

dynamics dramatically and the switching slows down. As the temperature approaches Tmax, 

PNRs freeze out at higher temperatures first, followed by the larger PNRs with lower 

responding frequency. The ergodic relaxor (ER) state transforms to a nonergodic relaxor 

(NR) state at a low enough temperature (Tf) without showing any macroscopic structural 

phase transformation [47]. When Tmax < T < TB, the diffuse phase transition is further 

quantitatively characterized by evaluating the diffuseness parameter d according to the 

following quadratic equation [48]: 

Z&
Z[
= 1 + (JKJ&)^

)_^
 ,                                                         (1.4) 

 

where TA (<Tmax) and  eA (>emax’) are fitting parameters. By fitting the experimental data 

measured at different frequencies with this expression, the parameter d as a measure of 

the degree of diffuseness of the peak can be determined. It was found that this law could 

be used to fit a large number of relaxors with varying degrees of diffuseness [47]. 

The temperature of the maximum permittivity Tmax and the varying frequencies can 

be related by the Vogel-Fulcher relation (Equation 1.3). By extracting the Tmax for the full 

range of frequencies measured, we can then use this V-F relation to determine f0, the 

onset frequency of dipolar switching, EA, the energy barrier for the dipolar switching and 

TVF, the freezing temperature at which the dipolar switching ceases and the material is in 

a so-called glassy state [21]. 
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1.5. PbZr1-xTixO3 Solid Solution 

A solid solution is the continuous sequence of substances with intermediate 

compositions between two distinct solid phases, called end members [49]. In a solid-

solution series, the components may be thought to substitute for one another on a 

molecular level in the crystal structure; the intermediate members have properties that 

vary continuously with composition from those of one end member to those of another. 

PbZr1-xTixO3 (PZT) solid solution is produced by the following reaction between the two 

end members PbZrO3 and PbTiO3 [50]: 

1 − 𝑥 𝑃𝑏𝑍𝑟𝑂e + 𝑥𝑃𝑏𝑇𝑖𝑂e 	→ 𝑃𝑏(𝑍𝑟iKj𝑇𝑖j)𝑂e. 

At room temperature, PbZrO3 is an antiferroelectric material that exhibits an orthorhombic 

crystal structure, while PbTiO3 is a ferroelectric material with a tetragonal symmetry. The 

substitution of the B-site cation Zr4+ with Ti4+ forms the binary solid solution of PbZr1-xTixO3 

(PZT). The phase diagram of PZT is shown in Figure 1.11. As PbTiO3 content increases, 

the ferroelectric phase transition temperature (TC) increases from 220 °C to 490 °C. For 

PbTiO3 content above 10%, all the solid solutions are ferroelectric at room temperature. 

One of the characteristics that makes PZT materials special is that the low temperature 

phase diagram is divided vertically into two regions of different symmetry: rhombohedral 

for the Zr-rich composition range and tetragonal for the Ti-rich side [51]. In the 

rhombohedral region, there is a transition from the high temperature R3m phase to the 

low temperature R3c phase upon cooling, which is associated with the in-phase 

octahedral rotation around the (111) cub direction. 

The term morphotropic phase boundary (MPB) was first proposed by Jaffe et al.[52] 

to describe the boundary between the rhombohedral and tetragonal phases in the PZT. 

MPB is particularly interesting for both applications and fundamental studies, because the 

useful properties such as piezoelectric coefficient (d33), electromechanical coupling factor 

(k33), dielectric permittivity (ɛ’) and remnant polarization (Pr) all reach a maximum value in 

the MPB region. The highest piezoelectric response (~ 350 pC/N) in PZT solid solution 

was found near x = 0.47, which is the composition located in the MPB region of PZT 

[53],[54].  
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Figure 1.11   Phase diagram of PbZr1-xTixO3 solid solution. PC: paraelectric cubic 

phase; FR: ferroelectric rhombohedral phase; FT: ferroelectric 
tetragonal phase; HT: high temperature; LT: low temperature; MPB: 
morphotropic phase boundary. (adapted from Ref. [50]) 

 

PZT are the most widely used piezo-/ferroelectric materials in a wide range of 

industrial and technological applications, such as ultrasound transducers, ceramic 

capacitors, STM/AFM actuators (tubes), etc. To date, PZT-based materials have been the 

dominant ferroelectric materials for more than 60 years [55].  

Undoubtedly, lead-based ferroelectric materials have the best properties and are 

most widely used among all ferroelectric materials. Pb, belonging to the XIV group in the 

Periodic Table, has the electronic configuration of [Xe]4f145d106s26p2 with 6s2 lone pair 

electrons helping enhance the structural distortion in the Pb based perovskites, leading to 

better ferroelectric properties [56]. However, lead is a toxic element which is harmful to 

human neural system and environment [57]. Therefore, reducing or replacing lead content 

in the lead-based ferroelectrics is still a challenging task in the ferroelectric material 

research.  
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1.6. BaZr1-xTixO3 Solid Solution 

BaZr1-xTixO3 (BZT) solid solution is formed of the two end members BaZrO3 and 

BaTiO3. BaTiO3 is one of the fundamental perovskite ferroelectric materials. Upon cooling, 

the material transforms from a high temperature paraelectric cubic phase (Pm3m) to a 

ferroelectric tetragonal phase (P4mm) at TC = 120 °C, and then to a rhombohedral phase 

(R3m) at TR-T = 5 °C [58]. Substitution of Ti4+
 with Zr4+

 in BaTiO3 exhibits several interesting 

ferroelectric behaviors. The phase diagram is shown in Figure 2.12.  

With the incorporation of Zr4+
 into BaTiO3, the rhombohedral to orthorhombic (T1) 

and orthorhombic to tetragonal (T2) phase transition temperatures increase. In contrast, 

the tetragonal to cubic phase transition temperature (TC) decreases. Thus, when Zr4+ 

concentration is about 10%, the BZT system exhibits a pinched phase transition, i. e. all 

the above three phase transition temperatures (T1, T2, and TC) corresponding to pure 

BaTiO3 merge or pinch into a single diffuse phase transition. In the composition range 0.25 

< x < 0.75, the BZT solid solution shows a relaxor-like behaviour. As Ti4+ is gradually 

incorporated in the BaZrO3 lattice, the gradual evolution of relaxation in the BZT solid 

solution system is attributed to the increasing amount of short-range ordering and density 

of Ti4+ rich polar nanoregions in the Zr4+ rich matrix [59].  

In contrast to other known relaxors, BZT exhibits a new type of relaxor behavior. 

The evolution of the high-temperature cubic ergodic relaxor phase upon cooling is known 

to occur in one of the two ways. In some relaxors (e.g. (1-x)PMN-xPT with large x) the 

ergodic phase transforms to a ferroelectric (and thus non-ergodic) phase at Curie 

temperature upon cooling, which is usually several degrees below Tmax. In others, the 

canonical relaxors (e.g. PMN), as the temperature decreases, the structure remains 

macroscopically cubic (nonpolar) while a glassy non-ergodic relaxor (local polar) phase 

appears [60]. However, none of these transformations are observed in BZT relaxors. In 

the perovskite BZT relaxor with a cubic structure, down to low temperatures, the dielectric 

dipole dynamics is found not to be subject to any critical slowing-down and glassy freezing. 

This implies that the low-temperature state in BZT relaxors is neither dipolar glass nor 

ferroelectrics. Nevertheless, such a state is non-ergodic, and it can be considered as a 

quasi-ferroelectric state [61]. 
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Figure 1.12     Phase diagram of BaTi1-xZrxO3 solid solution. FER: ferroelectric 

rhombohedral  phase; FEO: ferroelectric orthorhombic phase; FET: 
ferroelectric tetraganol phase; PEC: paraelectric cubic phase; NR: 
non-ergodic relaxor phase; ER: ergodic relaxor phase; SPE: 
superparaelectric state (adapted from Ref.[62]). [Note that x in this 
phase diagram indicates the concentration of BaZrO3, instead of 
BaTiO3.] 

 

BZT-based ferroelectric materials have attracted considerable attention due to 

their numerous applications as piezoelectric transducers, DRAM, and tunable microwave 

devices like tunable filters, phase shifters, antennas etc. It also constitutes a unique family 

of promising candidate as the lead-free ferroelectric materials for environmentally friendly 

applications [63],[62].  
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1.7. Objectives and Organization of the Thesis 

Over the past two decades, ferroelectric materials have drawn a lot of attention 

due to their ultra-high piezoelectric properties. Relaxor-based piezo-/ferroelectric 

materials of complex perovskite structure, represented by (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 

(PMN-PT), have demonstrated excellent piezoelectric performance potentially useful for 

high-end electromechanical transducer applications. However, they also exhibit some 

inherent drawbacks, such as low a Curie temperature, an even lower de-poling 

temperature due to the presence of a MPB, a weak coercive field and a high content of 

lead, which make them unsuitable for high-temperature and high-field applications and 

raise environmental concerns. 

The push for new high performance piezoelectric materials to replace PMN-PT and 

PZT has opened up a large field for research in the area of solid-state ferroelectrics. In 

particular, much focus has been placed on developing new solid solutions to overcome 

the limitations of the PMN-PT and PZT systems. However, to date there are still no lead-

free ferroelectric materials in production on a widespread industrial scale that have better 

performance and versatility than the lead-based materials. To overcome this situation, we 

first need to understand the origin of high ferroelectricity in PZT materials, which is still not 

clear largely because of PZT’s structural complexity.  

In this work, the material of interest is the barium-lead zirconate-titanate solid 

solution or (Ba1-xPbx)(Zr0.30Ti0.70)O3 (BPZT). This solid solution is made up of two different 

solid solutions of lead zirconate-titanate and barium zirconate-titanate. As mentioned in 

Chapter 1.5, relaxor effect is invoked when the zirconium concentration is greater than 

that of 25% and there is no macroscopic phase transition till the lowest temperature. On 

the other hand, lead zirconate-titanate with the composition of Pb(Zr0.30Ti0.70)O3 is known 

to contain the 6s2 lone pair electrons, which allows the material to exhibit promising  

ferroelectric properties combined with a structural phase transition from the cubic phase 

to tetragonal phase upon cooling. The only difference between Ba(Zr0.30Ti0.70)O3 (relaxor 

ferroelectrics) and Pb(Zr0.30Ti0.70)O3 (normal ferroelectrics) is the A-site ion. So, it is 

interesting to study what causes these differences of physical and structural properties. In 

order to study the evolution of polar structure (polar nanoregions) and chemical structure 

(compositional order-disorder) in materials, we proposed to synthesize the BPZT solid 

solution with the Ba2+ gradually replaced by Pb2+.  
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Figure 1.13     Proposed crossovers of chemical and polar structures and electric 

properties in the (Ba1-xPbx)(Zr0.30Ti0.70)O3 solid solution. 

 

The scientific questions we have asked and tried to resolve in this work are 

depicted in Figure 1.13. The objectives of this work are as follows: (1) synthesize the new 

(Ba1-xPbx)(Zr0.30Ti0.70)O3 (BPZT) solid solution in the form of ceramics with various 

compositions by solid state reaction method; (2) investigate the evolution of crystal 

structure, phase transitions and ferroelectric properties of the BPZT system; (3) propose 

a reasonable model to give a better understanding of the origin and mechanism of the 

PZT substitution for BZT, especially in the relaxor ferroelectric compositions; (4) grow the 

(Ba1-xPbx)(Zr0.30Ti0.70)O3 (BPZT) single crystals to further study the crystal structure and 

properties of the BPZT solid solution. 

Following the general introduction of this chapter, we provide the principles of the 

main experimental techniques in Chapter 2, such as, X-ray powder diffraction(XRD), 

dielectric spectroscopy, ferroelectric hysteresis loop and X-ray photoelectron 

spectroscopy (XPS), and polarized light microscopy (PLM). 
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Chapter 3 gives a detailed description of the synthesis of BPZT (Ba1-

xPbx)(Zr0.30Ti0.70)O3 ceramics with compositions of x = 0 - 1.00. The microstructural 

information of the crystal can be obtained by X-ray diffraction, so as to get a better 

understanding of the structural phase transition of crystal with the variation of composition. 

Detailed Rietveld refinements are performed on the XRD patterns to reveal the structural 

changes in the perovskite structure that arise from the substitution of PZT. 

Chapter 4 is focused on the ferroelectric properties study of the BPZT (Ba1-

xPbx)(Zr0.30Ti0.70)O3 ceramics. By measuring the dielectric behaviour under each 

compositions and fitting the experimental data with the theoretical models, the important 

characteristic temperatures (Tmax, TVF, TCW and TC) are obtained, which is key to the study 

of the ferroelectric properties in the solid solution, and then to the relationship between 

structural phase transition and the ferroelectric properties.  

Single crystals have the potential to have better properties than their ceramic 

counterparts. The directionality and anisotropy of the large, single grain in crystals may 

lead to improved piezoelectric properties. Therefore, the final part of this work (Chapter 
5) focuses on the BZT-PZT single crystals and their characterization by XRD, polarized 

light microscopy, dielectric measurement and ferroelectric measurement. 
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Chapter 2.  
 
Characterization Principles and Techniques  

This chapter presents the techniques and principles used to characterize and 

investigate the crystal structures and physical properties of the materials studied in this 

work. It includes powder X-ray diffraction (XRD), dielectric spectroscopy, ferroelectric 

hysteresis measurement, X-ray photoelectron spectroscopy (XPS) and polarized light 

microscopy (PLM). 

2.1. Powder X-Ray Diffraction (XRD) 

X-ray diffraction (XRD) is a technique that is used to characterize the crystal 

structure, phase symmetry and lattice parameters of the materials [64]. X-rays are 

generated by using a cathode ray tube in which electrons are accelerated towards a target 

material (e.g. copper, molybdenum), which is the source of the X-ray radiation. When the 

cathode ray strikes the target, the incident electrons with enough energy eject the core 

electrons out of the atomic orbitals, specifically from the inner K-shell. The electronic 

transition from a higher energy (such as L or M shells) orbital to the lower energy orbital 

(K-shell) releases the energy in the form of intense X-ray beam. Since the energies of the 

shells are well defined, each transition produces a monochromatic wavelength [65]. 

The emission spectra vary according to different targets. As shown in Figure 2.1, 

for copper, the transition from 2p to 1s is called Kα and from 3p to 1s is called Kβ, with 

wavelengths of 1.5418 Å and 1.3922 Å, respectively. Indeed, Kα radiation is an average 

value of Kα1 (1.54051 Å) and Kα2 (1.54433 Å). The resulting diffraction pattern is most 

intense at the Kα1 wavelength, so nickel foil is used to act as a filter for lower wavelength 

emissions, allowing the Kα beams to pass through to interact with the sample material. 

However, Kα1 and Kα2 are too similar in energy to be effectively filtered out from each other 

and, in some cases, difficult to resolve in the resulting diffraction patterns. In order to 

address this issue, Kα2 is removed from the analyzed spectrum with software in the post 

diffraction analysis [66]. 
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Figure 2.1      (a) Illustration of the generation of Cu Kα X-rays. (b) Demonstration of 

the copper Kα1, Kα2 and Kβ emissions at atomic levels. 

 

The X-rays interact with crystal planes of the material and reflections occur only 

when Bragg’s law is satisfied. This is where there is constructive interference between the 

incident X-ray and the diffracted beam, following the Bragg’s law [17]: 

2𝑑l/m sin 𝜃 = 𝑛𝜆 ,                                              (2.1) 

where dhkl is the interplanar space between the crystal planes (h k l), θ is the Bragg angle 

at which the constructive interference of the diffraction from these crystallographic planes 

are observed, λ is the wavelength of the X-rays, and n is an integer. Figure 2.2 shows a 

schematic of Bragg condition for the diffraction from adjacent lattice planes with an 

interplanar spacing d. The diffracted X-rays are detected and a plot of intensity as a 

function of the 2q angle can be produced. XRD patterns provide very useful information 

such as the d-spacing of the lattice planes. Different crystal structures and symmetries 

have their own unique X-ray diffraction patterns, so XRD patterns can be used as 

fingerprints to identify which phase(s) are present as well. 
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Figure 2.2        Bragg diffraction from adjacent lattice planes with a spacing of d. 

 

A unit cell is characterized by three lattice parameters a, b, and c which represent 

the lengths of the unit cell, and three more parameters a, b, and g, which describe the 

angles between the axes [67]. Some examples of the unit cells are shown in Figure 2.3 

and their corresponding lattice parameters are listed in Table 2.1.  

Depending on the structure adopted by the material, the relationship between d-

spacing and lattice parameters varies. For orthogonal crystals (α = β = γ = 90°), the d-

spacing for a set of planes is given by: 

i
qrst
^ = 	 l

^

u^
+ 	/

^

v^
+ 	 m

^

w^
 ,                                             (2.2) 

where h, k, and l are the Miller indices of a set of planes with distance d between them. 

Table 2.1   Lattice parameters of  several crystal systems. 

Symmetry Lattice Parameters Angles 
Cubic a= b= c a = b = g = 90° 

Tetragonal a = b ¹ c a = b = g = 90° 
Orthorhombic a ¹ b ¹ c a = b = g = 90° 
Rhombohedral a = b = c a = b = g ¹ 90° 
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Figure 2.3       Illustration of various primitive unit cells of (a) cubic, (b) tetragonal, 

(c) orthorhombic and (d) rhombohedral systems. 

 

During chemical reactions or phase transitions, the structural and phase changes 

can be determined by the X-ray diffraction[68]. For example, in the cubic to tetragonal 

phase transition, the interaxial angles remain the same (α = β = γ = 90°), however the 

lengths are no longer equal (a = b ≠ c), which will affect the d-spacings within the lattice 

and will in turn result in the splitting or merging of peaks as shown in Figure 2.4. As for 

cubic to tetragonal phase transition, the {200} peak will split into two peaks of (200) / (020) 

and (002). These characteristics are used to identify the symmetry and phase components 

of the material, especially when it contains a mixture of phases [69].  

Furthermore, in a solid solution, the lattice parameters will contract or expand 

depending on the relative concentration of the end members present. Thus, lattice 

parameters provide valuable information in confirming the compositions of solid solutions, 

in the same way as phase transition temperatures do in composition versus temperature 

phase diagrams. 
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Figure 2.4       Characteristic X-ray diffraction patterns for various symmetries with 

corresponding splitting of {111}, {200} and {220} reflections. 

 

 

2.2. Dielectric Spectroscopy 

Dielectric spectroscopy is used to measure the dielectric permittivity and loss as a 

function of temperature and frequency. For low temperature (-160 °C to 350 °C), the 

temperature dependence of the dielectric permittivity was measured at various 

frequencies on a Novocontrol Alpha high resolution broadband dielectric analyzer with a 

Novotherm heating system. For high temperature measurements (20 °C to 700 °C), a 

computer-controlled tube furnace was used to heat the samples and a Solartron 1260 

impedance analyzer was used in conjunction with a Solartron 1296 dielectric interface. 

Figure 2.5 shows the schematic of the circuit used in the dielectric measurements. The 

voltage is in the range from 1 to 3 V with the frequency varying between 3 μHz and 20 

MHz. 
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Figure 2.5        A schematic diagram of the circuit for dielectric spectroscopy. 

In this circuit, the sample and reference capacitors are connected in series with a 

phase sensitive voltmeter and ammeter to measure the complex voltage (V*) and current 

(I*) of the sample, respectively. These values are related to the impedance (Z*) of the 

sample according to the following equation [70]: 

𝑍x* = 𝑍’ + 	𝑖𝑍” = 	 z
*

{*
 ,                                             (2.3) 

where Z’ is the real impedance and Z” is the imaginary impedance. The complex 

capacitance CS is related to the complex impedance ZS* by:  

𝑍x* = 	−
,

wI|
 ,                                                        (2.4) 

Finally, the permittivity can be calculated by: 

𝐶x = 	 eNe*
~
q
 ,                                                           (2.5) 

𝐶N = 	 eN
~
q
	 ,                                                            (2.6) 

e* = 	 e’ − 𝑖e’’ = 	 I|
I�

 ,                                                    (2.7) 
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where ε0 is the permittivity of free space (8.8542 x 10-12 F/m), e* is the complex permittivity 

of the material, C0 is the capacitance of the empty sample capacitor, A is the electrode’s 

area and d is the distance between the electrodes. ε’ and ε’’ are the real part and imaginary 

part of the permittivity, respectively. 

The dielectric loss is usually reported for dielectric materials as it describes the 

inherent dissipation of electromagnetic radiation of the materials[67], which, as shown in 

Figure 2.6, is defined as the tangent angle between the real and imaginary components 

of permittivity:  

𝑡𝑎𝑛d	 = 	 e
’’

e’
 ,                                                           (2.8) 

 

 

Figure 2.6       Illustration of the dielectric loss angle d	 with regard to the real part 
and imaginary part of permittivity. 
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2.3. Ferroelectric Hysteresis Measurements 

Ferroelectric measurement is an effective way to investigate the ferroelectricity of 

ferroelectric materials [14]. The ferroelectric measurements are performed on a RT66A 

Standard Ferroelectric Testing System (Radiant Technologies Inc.) with a modified 

Sawyer-Tower circuit as shown in Figure 2.7. 

 
Figure 2.7       Schematic diagram of the modified Sawyer-Tower circuit for 

measuring the ferroelectric P-E loops. 

  

The sample is connected in series with a parallel resistor-capacitor circuit that can 

compensate for the phase shift caused by conductivity or dielectric loss in the sample[7]. 

In this circuit, an alternating voltage is applied on the two electrodes of the sample surfaces. 

The voltage across the reference capacitor (Cref) is measured and since it is connected in 

series with the sample, the charge (Qref) developed on the surface of the reference 

capacitor will be the same as the sample’s charge (Qref = Qsample). Then the polarization 

can be calculated by: 

𝑄%�� 	= 	𝐶%��	×	𝑉%�� = 	𝑄�u3�m� ,                                     (2.9) 

𝑃 = 	 ��ST�t�

~
 ,                                                  (2.10) 
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where P is the polarization and A is the area of the electrodes. The electric field (E) can 

be determined by: 

𝐸 = 	 �|
q

 ,                                                         (2.11) 

where VS is the voltage across the sample and d is the sample thickness. Because the 

reference capacitance is much larger than the sample’s capacitance, the voltage across 

the sample is approximately the voltage applied to the circuit. With this information, a plot 

of polarization versus electric field can be displayed [7]. 

This measurement can be used to obtain the electric polarization as a function of 

external electric field (P-E hysteresis loop) with the two characteristic physical quantities, 

coercive field Ec and remnant polarization Pr that describe ferroelectricity in ferroelectrics. 

As for relaxor ferroelectrics, the slim feature of P-E hysteresis loops combined with the 

frequency dispersion of the dielectric permittivity can be used to study the relaxor 

behaviour. 

 

2.4. X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a surface technique that can be used 

to analyze elements and oxidation states in the top-10 nm layer of a sample. A Kratos 

Analytical Axis ULTRA DLD system using a monochromatic aluminum source (Al Kα = 

1486.6 eV) is used in this work.  

In this method, a sample is irradiated with a focused beam of X-rays, and electrons 

with sufficiently high energy can escape from the surface of the material. The kinetic 

energy and number of the electrons that escape from the surface are detected and the 

electron binding energy can be determined by using the following equation [71]: 

𝐸v,�q,�� = 	𝐸�l���� − (𝐸/,���,w 	+ 	∅) ,                                      (2.12) 

where Ebinding is the binding energy of an electron, Ephoton is the energy of X-ray photons, 

Ekinetic is the kinetic energy of an emitted electron measured by the detector and ϕ is the 

work function that is the instrumental correction factor dependent on the detector and the 
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material. The binding energy is specific to an electron in a specific element and chemical 

state. A list of electron binding energies for several elements is shown in Table 2.2. 

 

Table 2.2        List of binding energies for electrons of several specific elements. 

 

Elements  Binding Energy (eV) 

Ba3d 780.6 

O1s 530 

Ti2p 453.9 

Zr3d 182.3 

Pb4f 141.7 

 

2.5. Polarized Light Microscopy (PLM) 

Polarized light microscopy (PLM) is a powerful instrument used to investigate the 

crystal symmetry, domain structure, and birefringence of ferroelectric single crystals.  The 

instrument used in this work is the Olympus BX60 PLM equipped with a Linkam HTMS600 

heating/cooling stage. As shown in Figure 2.8, the polarizer is located between light 

source and sample specimen, and the analyzer is located between the sample stage and 

eyepiece. If there is no sample in the light’s path, or the sample is isotropic, the polarization 

directions of the polarizer and analyzer are perpendicular to each other, therefore, no light 

can go through the analyzer, which gives rise to a dark background in the microscope field.  



33 

 
Figure 2.8       Configuration of Polarized light microscopy. 

 

Due to the high degree of anisotropy, ferroelectric single crystals are highly 

birefringent. When the incident light is not parallel to the optical axis, the light is doubly 

refracted by the anisotropic substance and decomposes into two perpendicularly polarized 

components: the ordinary and extraordinary rays. The ray with its light polarized 

perpendicular to the optical axis is called the ordinary (o) ray, while the ray with its light 

polarization parallel to the optical axis is called the extraordinary (e) ray. The refractive 

indices of the extraordinary and ordinary rays are ne and no, respectively [72]. The 

difference between ne and no is known as birefringence, defined as:  

∆𝑛 = 	𝑛� − 	𝑛�	 ,                                                 (2.13) 

When the crystal is placed between the crossed polarizer and analyzer with its optical axis 

lying at an angle θ to the polarizer, the light from the polarizer is converted into two 

orthogonal components by the crystal. Then, the doubly refracted light components 

transmitted through the crystal pass through the analyzer, which only allows the 

components of the light that are parallel to the polarization direction of the analyzer to pass 

through, forming two light components, D1 and D2, that have different magnitudes, as 
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shown in Figure 2.9. Due to the different speeds between the ordinary and extraordinary 

rays, the light retardation R can be induced between the two components, causing one of 

these components to lag behind the other. The relationship between R and birefringence 

of the sample follows the equation [73]:  

𝑅 = 𝑡	×	∆𝑛 ,                                                      (2.14) 

where t is the thickness of the crystal sample. 

 

Figure 2.9       The schematic diagram of the split and recombination of a light 
passing through a birefringent crystal. P: Polarizer; A: Analyzer. 

 

The maximum light intensity through the analyzer is obtained when θ is 45° and the 

minimum intensity appears when θ is 0°.  

The orientation of optical axis is dependent on the crystal symmetry [74]. By 

determining the extinction angle of a crystal, one is able to deduce its crystallographic 

symmetry. For example, the optical axis in a tetragonal single crystal is along the {100} 

orientations. A (001)cub-orientated platelet of a tetragonal crystal is extinct when its [100]cub 
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or [010]cub edge forms 45° to one of the polarizers. The detailed information on extinction 

angles for different symmetries are shown in Figure 2.10. 

 

 
Figure 2.10   Extinction angles of (001)-cut perovskite ferroelectric crystals with 

different symmetries. Letters R, M, T, O, Tr stand for rhombohedral, 
monoclinic, tetragonal, orthorhombic and trigonal, 
respectively.(adapted from Ref. [74]) 
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Chapter 3.  
 
Synthesis and Structure of the (1-x)[Ba(Zr0.3Ti0.7)O3] - 
x[Pb(Zr0.3Ti0.7)O3] Solid Solution 

 

3.1. Abstract 

Ceramics of the perovskite (1-x)[Ba(Zr0.30Ti0.70)O3] - x[Pb(Zr0.30Ti0.70)O3] (BZT-PZT) 

solid solution were prepared by solid state reaction method with complete solubility 

throughout the series. The ceramics were examined by X-ray diffraction to investigate the 

crystal structure and phase transition. The XRD results reveal that all ceramics exhibit a 

pure perovskite structure, and with increasing x, the cubic phase gradually transforms into 

a tetragonal phase. Detailed structural analysis and Rietveld refinements based on XRD 

data indicate that at low concentrations of PZT x = 0 - 0.25, the ceramics are in a cubic 

phase (space group Pm3m). As the concentration of PZT increases to x = 0.30 - 0.45, the 

ceramics are in a mixture of cubic and tetragonal phases. At high concentrations of PZT, 

x = 0.5 - 1.00, the ceramics are in a tetragonal phase (space group P4mm). Therefore, a 

structural transformation from the centrosymmetric and non-polar cubic Pm3m phase to 

the non-centrosymmetric and polar tetragonal P4mm phase is induced by the substitution 

of PZT for BZT. 

 

3.2. Introduction 

The material of interest is barium-lead zirconate-titanate (BPZT). This solid 

solution is made up of two different solid solutions of barium zirconate-titanate (BZT) and 

Lead zirconate-titanate (PZT).  

Barium zirconate-titanate has been extensively studied for charge storage 

applications. This material has a complex phase diagram in terms of composition and 

temperature due to the phase transitions in barium titanate (BaTiO3). Barium titanate is 

the first-discovered ferroelectric oxide with perovskite structure [75]. Above 120 °C, 
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BaTiO3 has a cubic structure which is centro-symmetric and possesses no spontaneous 

dipole. With no dipole it behaves like a simple dielectric material, giving rise to a linear 

relationship between polarization (P) and electric field (E). Upon cooling, BaTiO3 

transforms from the cubic phase to a tetragonal phase with the lengthening of the c lattice 

parameter. The movement of Ti4+ ions inside the O6 octahedra may be considered to be 

significantly responsible for this dipole moment. Upon further cooling, BaTiO3 transforms 

to an orthorhombic phase at 0°C and then to a rhombohedral phase below -90°C. Each of 

the phase transitions enhances the dipole moment [76]. 

The solid solution of barium zirconate-titanate is formed by substituting BaTiO3 

with barium zirconate (BaZrO3). It has been reported that with the Zr substitution for Ti, 

the rhombohedral to orthorhombic (T1) and orthorhombic to tetragonal (T2) phase 

transition temperatures increase, whereas the tetragonal to cubic (TC) phase transition 

temperature decreases. With increasing Zr content up to 15%, the above three phase 

transition temperatures (T1, T2 and TC) merge near room temperature. When the Zr 

content is above 25%, the material shows a typical relaxor-like behaviour and there is no 

macroscopic ferroelectric phase transition takes place [77],[78]. 

On the other hand, lead zirconate-titanate is the most widely used piezo-

/ferroelectric material in a wide range of industrial and technological applications. The 

binary solid solution is formed between the two end members of lead zirconate (PbZrO3) 

and lead titanate (PbTiO3). At room temperature, the perovskite PbZrO3 is an anti-

ferroelectric and has an orthorhombic structure while PbTiO3 is a ferroelectric with a 

tetragonal structure. The Curie temperature (TC) of lead zirconate-titanate system varies 

from 220 °C to 490 °C, depending on the composition. One of the characteristics that 

make this system interesting is that the low temperature phase diagram is divided 

vertically into two regions of different symmetries, rhombohedral for the Zr-rich 

composition region and tetragonal for the Ti-rich composition region. In the rhombohedral 

Zr-rich region, there is a phase transition from the high-temperature R3m phase to the 

low-temperature R3c phase, which is associated with the in-phase octahedral rotation 

[79],[54]. 

In this work, the composition of (Ba1-xPbx)(Zr0.30Ti0.70)O3 is chosen to avoid the 

complex phase transitions and the very low temperatures of dielectric maximum that would 

be difficult to measure [80]. In this Chapter, the solid solution of (1-x)[Ba(Zr0.30Ti0.70)O3] - 
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x[Pb(Zr0.30Ti0.70)O3] (BZT-PZT, or BPZT) has been successfully synthesized and the 

detailed structural features have been studied. The results provide a better understanding 

of the effects of Pb2+ substitution for Ba2+ on the structure and phase transitions of this 

novel solid solution. 

 

3.3. Experimental 

3.3.1. Synthesis 

The ceramics of (Ba1-xPbx)(Zr0.30Ti0.70)O3 (BPZT) (x = 0 - 1.00) were synthesized by 

solid state reaction method. The starting materials, barium carbonate (BaCO3, 99.5%, 

Aldrich), titanium oxide (TiO2, 99.5%, Alfa Aesar), zirconium oxide (ZrO2, 99.7%, Aldrich), 

and lead oxide (PbO, 99.9%, Alfa Aesar) were mixed together according to the 

stoichiometric compositions. The following is the chemical reaction scheme: 

1 − x BaCOe + 	xPbO	 + 	0.30ZrO) + 	0.70TiO)	

→ 	 BaiK�Pb� ZrN.eNTiN.�N Oe + 	 1 − x CO) .                           (3.1) 

An excess of 1 wt.% PbO was added to compensate the lead oxide evaporation 

during the high temperature synthesis process. The mixed materials were hand-ground 

with an agate mortar and a pestle with constant addition of ethanol for 2 hours. The 

mixtures were pressed into disk-shape pellets and calcined at 900 - 1100 °C for 6 hours 

in an aluminum crucible. Once the calcining process was completed, the mixtures were 

ball-milled with zirconium oxide (ZrO2) balls in ethyl alcohol for 12 hours. X-ray diffraction 

(XRD) was used to determine the phases formed. Further densification was then carried 

out by adding 1 wt.% polyvinyl alcohol (PVA) as binder, pressing the powders into pellets 

of 10 mm in diameter and sintering the pellets at 1250 - 1350 °C for 4 hours. X-ray 

diffraction measurement was performed again to ensure the phase purity and to determine 

the phases formed. The synthesis conditions for different compositions are listed in Table 

3.1. The calcine and sinter temperatures decrease with increasing PZT concentration, 

which is attributed to the lower melting point of PbO (888 °C) than BaO (1923 °C). 
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Table 3.1    Various synthesis conditions for different compositions. 

x 0 - 0.10 0.15 - 0.25 0.30 - 0.45 0.50 - 0.65 0.70 - 1.00 

Calcine 
Temperature 

1100 °C 1050 °C 1000 °C 950 °C 900 °C 

Sinter 

Temperature 
1350 °C 1325 °C 1300 °C 1275 °C 1250 °C 

 

3.3.2. Structural Analysis 

The sintered ceramics (x = 0 - 1.00) were ground and examined by X-ray powder 

diffraction (XRD1: Rigaku Diffractometer, 46 mA, 42 kV, 2θ = 10 ° - 80 °, Ω = 200 °, Φ = 

270 °, χ = 45 °; and XRD2: Bruker D8 Advance Diffractometer, 40 mA, 40 kV, step size = 

0.02 °/step, 2θ = 10 ° - 80 °). The resulting data was analyzed using JADE XRD pattern 

processing software to confirm the symmetry and TOPAS-Academic Software based on 

the Rietveld refinements to determine the symmetry, lattice parameters, and the average 

structure of the solid solution. 

 

 

3.4. Results and Discussion 

3.4.1. XRD Patterns 

Figure 3.1 shows the X-ray diffraction (XRD1) patterns of the (Ba1-

xPbx)(Zr0.30Ti0.70)O3 (x = 0.00 - 1.00) solid solution with various compositions, sintered at 

different temperatures. The results indicate that the ceramics show a pure perovskite 

phase, free of impurities for all the compositions prepared. At low concentrations of PZT, 

the XRD patterns show a discernable cubic symmetry as no obvious splits are observed 

at any peaks. When the concentration of PZT increases to x = 0.45, the (200) peak begins 

to split, indicating the onset of a tetragonal distortion.  
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As the concentration of PZT increases above x = 0.50, the (200) peak shows a 

more clearly split, and the (001), (002) and (102) sets of peaks are slightly asymmetric 

and broadened, suggesting that the tetragonal distortion is induced. The XRD patterns 

show a discernable tetragonal symmetry with the P4mm space group, as evidenced by 

the splitting of the (001), (002) and (102) sets of peaks, and the lack of splitting at the (111) 

set of peaks. Therefore, as the PZT concentration increases, the structure of the BPZT 

solid solution gradually transforms from the cubic symmetry to a tetragonal symmetry, 

while the solid solution remains in pure perovskite phase. 

 
Figure 3.1       X-ray diffraction patterns of the (Ba1-xPbx)(Zr0.30Ti0.70)O3 (x = 0.00 - 

1.00) ceramics prepared at the optimal sintering temperatures, 
showing the formation of solid solutions of perovskite structure, and 
the structural transformation from the cubic to a tetragonal 
symmetry with increasing PZT concentration. 
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In order to further study the gradual phase transition from cubic phase to tetragonal 

phase of the solid solution, X-ray diffraction with a higher resolution (XRD2) was 

performed on Bruker D8. Figure 3.2 shows the patterns of the (Ba1-xPbx)(Zr0.30Ti0.70)O3 

ceramics of x = 0.30, 0.35, 0.40 and 0.45. As the concentration of PZT(x) increases, the 

sets of peaks become more asymmetric and broader. At x = 0.45, the (200) peak begins 

to split. The results confirm the data obtained from XRD1.  

 

 

Figure 3.2       X-ray diffraction patterns of the (Ba1-xPbx)(Zr0.30Ti0.70)O3 (x = 0.30, 
0.35, 0.40 and 0.45) ceramics. 
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3.4.2. Structural Refinements by TOPAS-Academic  

The Rietveld refinements were carried out using TOPAS-Academic software to 

determine the lattice parameters and crystal structure. For x = 0 - 0.25, the crystal structure 

of different compositions was all refined based on the cubic model (Pm3m). The fitting 

results are listed in Table 3.2. It can be seen that as the concentration of PZT increases, 

the lattice parameter a (a = b = c) shows a slight decrease, which could be attributed to 

the smaller ionic radius of Pb2+( 1.49 Å) than Ba2+(1.61 Å). 

 

Table 3.2          Lattice parameters for the cubic structure of the (Ba1-

xPbx)(Zr0.30Ti0.70)O3 (x = 0 - 0.25) solid solution.  

x 0 0.05 0.10 0.15 0.20 0.25 

a=b=c (Å) 4.0608(7) 4.0607(2) 4.0545(6) 4.0480(5) 4.0495(1) 4.0462(6) 

 

For the XRD pattern of x = 0.30, the cubic model (Pm3m) was first examined, but 

the agreement R-factor (Rwp) is abnormally high (up to 18.3%), and the calculated 

intensities of some peaks also fail to match the experimental results, such as the (200) 

peak. In order to fully analyze the nature of the crystal structure, both the cubic (Pm3m) 

and tetragonal (P4mm) models are simultaneously applied in the subsequent refinements. 

The fitting results are significantly improved and the Rwp is lower, which suggests that this 

composition contains a mixture of two phases consisting of the cubic and tetragonal 

symmetries. The phase fractions of the cubic (Pm3m) and tetragonal (P4mm) structures 

are found to be 88.3% and 11.7%, respectively. Figure 3.3 shows the refinement results 

of different models. 
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Figure 3.3      The experimental refined profiles of the (200) peak: (a) with the cubic 

model (Pm𝟑m), (b) with both the cubic (Pm𝟑m) and tetragonal (P4mm) 
models. The black, red and grey curves are the experimental data, 
refined results and the difference between them, respectively. 

 

For x = 0.30 - 0.50, better fitting results are also obtained by using both the cubic 

(Pm3m) and tetragonal (P4mm) models. The refined lattice parameters for both structures 

are listed in Table 3.3. These results confirm the gradual phase transition from the cubic 

phase to the tetragonal phase of the solid solution as the PZT concentration increases. 

Figure 3.4 shows the variation of phase fractions of the cubic and tetragonal structures as 

a function of PZT concentration.  

 

Table 3.3         Lattice parameters for the cubic and tetragonal structures of (Ba1-

xPbx)(Zr0.30Ti0.70)O3 (x = 0.30 - 0.50) solid solution. 

Model x 0.30 0.35 0.40 0.45 0.50 

Cubic 

(Pm𝟑m) 
a=b=c (Å) 4.0406(2) 4.0388(7) 4.0380(8) 4.0377(3) 4.0370(1) 

Tetragonal 

(P4mm) 

a=b (Å) 4.0514(0) 4.0507(1) 4.0468(5) 4.0408(1) 4.0306(4) 

c (Å) 4.0506(4) 4.0515(1) 4.0549(9) 4.0590(5) 4.0595(4) 
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Figure 3.4        Variation of the phase fractions of the cubic and tetragonal structures 

of (Ba1-xPbx)(Zr0.30Ti0.70)O3 (x = 0.30 - 0.50) solid solution as a function 
of PZT concentration. 

 

For the compositions of PZT x > 0.50, the lattice parameters were refined based 

on the tetragonal model (P4mm). The variation of the lattice parameters of the tetragonal 

compositions as a function of the molar fraction of PZT are listed in Table 3.4. There is a 

dramatic decrease in the a (a = b) parameter and an increase in the c parameter with 

increasing PZT concentration, which gives rise to an increase in the c/a values, commonly 

known as tetragonality, as shown in Figure 3.5. The increase in the tetragonality indicates 

an enhancement of the tetragonal distortion in the unit cell by the substitution of PZT for 

BZT. 
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Table 3.4          Lattice parameters for tetragonal structure of (Ba1-xPbx)(Zr0.30Ti0.70)O3 
(x = 0.50 - 1.00) solid solution. 

x 0.55 0.60 0.65 0.70 0.80 0.90 1.00 

a=b (Å) 4.0227(7) 4.0185(9) 4.0105(9) 4.0045(1) 3.9954(7) 3.9900(4) 3.9862(7) 

c (Å) 4.0646(2) 4.0754(0) 4.0806(9) 4.0869(2) 4.0931(1) 4.0972(3) 4.0989(3) 

 

 

 
Figure 3.5       Variation of the tetragonality (c/a) as a function of the PZT 

concentration for the (Ba1-xPbx)(Zr0.30Ti0.70)O3 solid solution . 
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3.4.3. Structural Phase Diagram 

The evolutions of the lattice parameters and phase symmetry at room temperature, 

as a function of the PZT concentration, are illustrated in Figure 3.6. It can be seen that a 

gradual phase transition from the cubic phase into the tetragonal phase takes place in the 

BPZT solid solution, which in induced by the substitution of PZT for BZT. Interestingly, in 

the composition range of x = 0.30 - 0.50, the solid solution possesses a mixture of the 

cubic and tetragonal phases. This region is reminiscent of the morphotropic phase 

boundary(MPB) found in other complex perovskite solid solution, such as (1-

x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 [81]. 

 
Figure 3.6       Variation of the lattice parameters of the (Ba1-xPbx)(Zr0.30Ti0.70)O3 solid 

solution system as a function of the mole fraction of PZT, x, showing 
three phase regions: cubic phase, mixed phases and tetragonal 
phase. 
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3.5. Conclusions 

In summary, the solid solution of (Ba1-xPbx)(Zr0.30Ti0.70)O3 (x = 0 - 1.00) has been 

successfully synthesized with complete solubility by the solid state reaction method. All 

the compositions crystallized in a pure perovskite structure when prepared at the optimal 

calcine and sintering temperatures in the range of 900 - 1100 °C and 1250 - 1350 °C, 

respectively. As shown in Table 3.1, the calcine and sintering temperatures decrease with 

increasing PZT concentration, which is attributed to the lower melting point of PbO (888 °C) 

than BaO (1923 °C). 

With the increase of the PZT concentration, a gradual phase transition from the 

cubic symmetry to the tetragonal symmetry has been observed, which is induced by the 

substitution of PZT for BZT. The lattice parameters and phase symmetry and fractions 

have been analyzed by using TOPAS-Academic software based on the XRD data. The 

tetragonality of the solid solution increases with the increase of the PZT concentration, 

indicating an enhancement of the tetragonal distortion in the (Ba1-xPbx)(Zr0.30Ti0.70)O3 

(BPZT) system. A morphotropic phase boundary(MPB)-like region is found for x= 0.30 - 

0.50, where the cubic and tetragonal phases coexist. 

The preparation of the (Ba1-xPbx)(Zr0.30Ti0.70)O3 (BPZT) solid solution provides a 

viable platform to study the crossover of properties from relaxor to normal ferroelectric as 

well as the modeling structural mechanisms, which will be described in Chapter 4. 
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Chapter 4.  
 
Dielectric and Ferroelectric Properties of the (1-
x)[Ba(Zr0.3Ti0.7)O3] - x[Pb(Zr0.3Ti0.7)O3] Solid Solution  

4.1. Abstract 

The ceramics of the (Ba1-xPbx)(Zr0.30Ti0.70)O3 (x = 0 - 1.00) solid solution were 

studied by dielectric spectroscopy. The dielectric permittivity was measured as a function 

of frequency (0.1 Hz - 100 KHz) in the temperature range of 123 K to 573 K. For 0 < x < 

0.40, the ceramics exhibit a typical relaxor behaviour. With the increase of the PZT 

concentration, the temperature of the dielectric maximum (Tmax) shows a non-monotonic 

variation, which first decreases and then increases at a critical composition (xC1 = 0.10). 

The maximum of dielectric permittivity (e’max) at Tmax shows frequency dispersion following 

the Vogel-Fulcher law, which is characteristic of the relaxor behaviour. The difference 

between Tmax and the fitting parameter TVF, (Tmax-TVF), first increases and then decreases 

at another critical composition (xC2 = 0.30), with the increase of PZT concentration, 

showing the same trend as the shift of Tmax with frequency (DTmax). 

The high-temperature slope of the diffuse dielectric peak (T > Tmax) is scaled by 

the empirical Lorenz-type quadratic relation. The diffuseness of the permittivity peak (d) 

increases as the PZT concentration increases (x < 0.30). The transition from the high-

temperature paraelectric state, in which the dielectric constant follows the Curie-Weiss 

law, to the ergodic cluster state is found to occur over all the studied compositions. 

 

4.2. Introduction 

Ferroelectric materials are used in a large variety of applications including 

actuators, sensors, electromechanical motors and sonar systems [6]. Barium titanate 

BaTiO3, the first perovskite-type ferroelectric compound discovered, has been one of the 

most thoroughly investigated ferroelectric materials. It was developed in the fields of 

applications as piezoelectric ceramic transducers [82] and high-dielectric-constant 



49 

capacitors of discrete and multilayer (MLC) types [83]. Later, it was largely replaced by 

lead zirconate-titanate (PbZr1-xTixO3), also known as PZT due to the better dielectric 

performance of PZT as a ferroelectric material. Furthermore, chemical modifications by 

doping of other ions to partially replace the cations in PZT ceramics by small amounts, 

were carried out to improve the ferroelectric properties of PZT [84]. Until now, PZT 

ceramics have been the dominant piezoelectric and ferroelectric materials for more than 

60 years.  

Undoubtedly, lead-based ferroelectric materials have the best properties and are 

most widely used among all ferroelectric materials. Pb belongs to group XIV in the Periodic 

Table with the electronic configuration [Xe]4f145d106s26p2, which means Pb2+ has the 6s2 

lone pair electrons. The 6s2 lone pair electrons help to enhance the ionic distortion of B-

site cations in the perovskite structure, leading to better ferroelectric properties [85],. 

However, lead is a toxic element and is harmful to human body and environment. 

Therefore, reducing or replacing lead content in lead-based ferroelectrics is a challenging 

task in the ferroelectric material research. Among the lead-free systems, barium zirconate-

titanate (BaZr1-xTixO3) solid solution has attracted considerable attention due to its 

potential for various device applications as a relaxor ferroelectric material. 

Relaxor ferroelectrics are a class of disordered crystalline materials possessing 

peculiar local structures and macroscopic properties. In the canonical relaxors (e.g. 

Pb(Mg1/3Nb2/3)O3), the dielectric constant as a function of temperature shows a broad peak 

with characteristic frequency dispersion with the temperature of the maximal dielectric 

constant, Tmax, increasing and its magnitude decreasing with increasing frequency, which 

is different from the dielectric behaviour in normal ferroelectrics. All relaxors are 

compositionally disordered as different ions are distributed more or less randomly on the 

equivalent lattice sites. This compositional disorder is usually inhomogeneous with small 

regions of the ordered state embedded in a disordered matrix, which is proved to be 

closely related to the relaxor behaviour. This composition disorder helps form the 

randomly oriented dipoles. Upon cooling, the non-polar paraelectric phase transforms into 

the ergodic relaxor phase, in which dynamic polar nanoregions (PNRs) start to develop at 

TB (the Burns temperature) and the temperature dependence of the dielectric permittivity 

deviates from the Curie-Weiss law. PNRs are the nanosized regions of spontaneous 

polarization separated by a non-polar matrix. With the further decrease of temperature, 

the ergodic phase transforms into a glassy non-ergodic phase at Tf without showing any 
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macroscopic structural phase transformation from the non-polar phase. Tf corresponds to 

the temperature at which the PNRs become static due to the frustrated dipolar interactions 

and formation of a cluster dipole-glass state [21].  

Previous studies on (Ba1-yPby)(Zr1-xTix)O3 solid solution have shown some 

interesting results, such as shift in transition temperature, diffuse phase transition and 

modification of dielectric properties[80], [85-87]. However, there are no detailed studies of 

the effects of PZT substitution for BZT on the structures and properties of this solid solution. 

In this work, we have systematically investigated the structural and dielectric properties of 

the (Ba1-xPbx)(Zr0.30Ti0.70)O3 solid solution in detail, and proposed a model for the origin of 

various ferroelectric properties arising from the Pb2+ substitution for Ba2+ on the A-site of 

the perovskite structure. The results provide a better understanding of the crossover from 

relaxor ferroelectric behaviour to normal ferroelectric properties in the (Ba1-

xPbx)(Zr0.30Ti0.70)O3 solid solutions system.  

4.3. Experimental 

4.3.1. Dielectric Measurements 

The sintered ceramics were polished with a series of silicon carbide sand papers 

(220, 400, and 600 grit) to achieve parallel and smooth surfaces on the circular faces of 

the ceramics. The polished ceramics were then sputtered with gold layers (Anatech 

Hummer Sputter-Coater 6.2, 12 min., 15 mA plasma discharge current) and gold wires 

were attached to both surfaces of the samples using colloidal silver paste. 

The dielectric properties of the (Ba1-xPbx)(Zr0.30Ti0.70)O3 ceramics were measured 

as a function of temperature at various frequencies from 0.1 - 100 kHz, using a 

Novocontrol Alpha high resolution broadband dielectric analyzer. The temperature was 

measured in 3 °C increment, and the dielectric constant and loss tangent were recorded 

after stabilization at each temperature. The resulting dielectric data was used to determine 

a series of characteristic temperatures and examine the crossover of properties in the 

solid solution. 
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4.4. Results and Discussion 

4.4.1. Dielectric Permittivity Measurements 

Figure 4.1 and Figure 4.2 show the variation of the dielectric constant and the 

dielectric loss tangent as a function of temperature, measured at different frequencies (0.1 

Hz - 100 kHz), for the ceramics of the (Ba1-xPbx)(Zr0.30Ti0.70)O3 solid solution with x = 0, 

and 0.05, and 0.10 and 0.15,respectively. 

 
Figure 4.1 Variations of the dielectric constant and loss tangent of   

(Ba1-xPbx)(Zr0.30Ti0.70)O3 (x = 0, 0.05) ceramics as a function of 
temperature measured at various frequencies from 0.1 - 100 kHz. 
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When x = 0, the pure Ba(Zr0.30Ti0.70)O3 ceramic exhibits a typical relaxor behaviour 

with a broad and frequency-dependent maximum of permittivity. The temperature of 

permittivity peak Tmax, and its frequency dispersion can be expressed as: Tmax (100 kHz) 

= 217 K and ∆Tmax = [Tmax(100 kHz) - Tmax(0.1 Hz) ] = 6 K. With a small amount of PZT 

substitution (x = 0.05, 0.10), the (Ba1-xPbx)(Zr0.30Ti0.70)O3 ceramics show a noticeable 

increase in the relaxor behaviour, as characterized by the decrease of Tmax and the 

increase of ∆Tmax. This trend is in contrary to our initial expectation that the substitution of 

PZT would enhance the ferroelectric properties rather than the relaxor behaviour. 

 
Figure 4.2 Variations of the dielectric constant and loss tangent of   

(Ba1-xPbx)(Zr0.30Ti0.70)O3 (x = 0.10, 0.15) ceramics as a function of 
temperature measured at various frequencies from 0.1 - 100 kHz. 
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Figure 4.3 Variations of the dielectric constant and loss tangent of   

(Ba1-xPbx)(Zr0.30Ti0.70)O3 (x = 0.20 - 0.45) ceramics as a function of 
temperature measured at various frequencies from 0.1 - 100 kHz. 
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Figure 4.3 shows the variations of the dielectric constant and loss tangent of the 

(Ba1-xPbx)(Zr0.30Ti0.70)O3 ceramics with higher concentrations of PZT substitution (x = 0.20 

- 0.45). For 0 x = 0 - 0.40, a frequency dependent broad permittivity peak is observed, 

suggesting relaxor behaviour. For x = 0.45, the ceramics show no significant shift of Tmax 

with frequency, indicating a diffuse ferroelectric phase transition rather than a relaxor state. 

When x = 0.30, 035, 0.40, a second permittivity maximum is observed. 

The values of Tmax (100 kHz) and ∆Tmax [Tmax(100 kHz) - Tmax(0.1 Hz) ] are obtained 

to investigate the relaxor behaviour in the BPZT solid solution. As shown in Figure 4.4, the 

Tmax decreases first and reaches the lowest value of 181 K at xC1 = 0.10. Then, it increases 

with the increase of PZT concentration. ∆Tmax increases first with increasing concentration 

of PZT, the (Ba0.70Pb0.30)(Zr0.30Ti0.70)O3 composition has the largest ∆Tmax value of 48 K. 

With further increase of PZT concentration, ∆Tmax decreases. 

 
Figure 4.4       Variations of the temperature of permittivity peak Tmax(100 kHz), and 

its frequency dispersion the ∆Tmax = [Tmax(100 kHz) - Tmax(0.1 Hz) ] as 
a function of PZT concentration for the (Ba1-xPbx)(Zr0.30Ti0.70)O3 (x =0 - 
0.40) ceramics. 
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4.4.2. Vogel-Fulcher Law Analysis 

The frequency dependence of the Tmax can be described using the Vogel-Fulcher 

law, which is widely applicable to describe the dynamics of disordered systems [21]: 

𝑓 = 𝑓N𝑒𝑥𝑝	[−
RS

/*(JTSUKJVW)
	] ,                                                 (4.1) 

where Ea is the activation energy, f0 is the Debye frequency and TVF is the freezing 

temperature. Figure 4.5 shows the frequency dependence of the reciprocal of Tmax of the 

(Ba0.90Pb0.10)(Zr0.30Ti0.70)O3 ceramic sample. It can be seen that Tmax fits well to the Vogel-

Fulcher law. From the fitting, a freezing temperature of TVF = 87.8 K and an activation 

energy Ea = 0.062 eV were obtained. Similar fit was carried out for other compositions (0 

< x ≤ 0.40), while the VF fitting is irrelevant for the Ba(Zr0.30Ti0.70)O3 sample because of 

the too small ∆Tmax value (6 K). 

 
Figure 4.5       The inverse temperatures of permittivity maxima (Tmax) as a function 

of frequency for the (Ba0.90Pb0.10)(Zr0.30Ti0.70)O3 ceramics. The red 
curve represents the fitting to the Volgel-Fulcher law.  

 



56 

 
Figure 4.6       Variations of (a) (Tmax - TVF), and ∆Tmax, and (b) fitting parameters Ea 

and f0 [from Eq. (4.1)], as a function of the PZT concentration for the 
(Ba1-xPbx)(Zr0.30Ti0.70)O3 solid solution. 

 

Figure 4.6 shows the variations of the fitting parameters TVF, Ea and f0, as a function 

of PZT concentration. The difference between TVF and Tmax (at 100 kHz) gradually 

increases and then decreases at x ≥ 0.30, which reflects the same trend as the parameter 

∆Tmax. Similar relations of Ea and f0 with changing x were also observed.  
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4.4.3. Quadratic Law Analysis 

It is known that the permittivity on the high temperature side of the maximum is 

dominated by the static permittivity contribution from the flipping of the dipole moments of 

the polar nanoregions. The high temperature slope of the permittivity ε’ (> Tmax) in relaxors 

can be fit with the quadratic law [47]: 

Z&
Z[
= 1 + (J	K	J&)^

)_^
 ,                                               (4.2) 

where TA (< Tmax) and εA (> εmax) define the temperature position of the fitting curve and the 

extrapolated value of ε’ at T = TA, respectively, and δ is a measure of the degree of 

diffuseness. The fitting of the dielectric data was performed using a least-squares method 

with the data measured at 100 kHz, in order to minimize the possible contributions from 

non-relaxor related components, such as low frequency dispersion from mobile charge 

carriers. Figure 4.8 shows the fitting of the dielectric properties as a function of 

temperature for the x = 0.10 composition. Very good fitting results were obtained with a 

value of TA = 169.8 K and δ = 58.8 K. The fitting results of the ceramics of x = 0 - 0.25 are 

listed in Table 4.1. For the compositions with higher concentration of PZT, the parameters 

obtained are irrelevant because of the influence of the second superimposing peaks from 

the dielectric data. 

The δ parameter is frequency-independent, and is used to characterize the width 

of the peak. From the fitting results of the various compositions, it can be seen that the 

ceramics show an increased diffuseness with increasing PZT concentration up to x = 0.30. 

This can be attributed to the increase in chemical disorder from the introduction of one 

more cation (Pb2+) onto the perovskite A-site. Thus, in the composition range 0 ≤ x ≤ 0.25, 

the increased substitution of PZT for BZT results in a greater degree of relaxor-like 

behaviour.  
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Figure 4.7       Fitting of the dielectric constant measured at 100 kHz as a function 

of temperature to the quadratic law described in Equation (4.2) for 
the (Ba0.90Pb0.10)(Zr0.30Ti0.70)O3 ceramic. 

 

 

Table 4.1        Fitting parameters εA, TA and δ [from Equation (4.2)], as a function of 
the PZT concentration (x = 0 - 0.25) for the (Ba1-xPbx)(Zr0.30Ti0.70)O3 
solid solution. 

x εA TA (K) δ (K) 
0 4654 206.0 47.8 

0.05 4510 186.9 69.5 
0.10 4260 169.8 85.8 
0.15 1785 194.9 98.2 
0.20 1949 188.7 112.5 
0.25 1582 212.3 125.3 
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4.4.4. Curie-Weiss Law Analysis 

At T > Tmax, it is well accepted that for normal ferroelectrics the Curie-Weiss (CW) 

law is satisfied as follows [21]: 

e’ = 	 I
(JK	JLM)

 ,                                                         (4.3) 

where TCW is the Curie-Weiss temperature, and C the Curie constant. The CW law is also 

observed in relaxor ferroelectrics, but at temperatures much higher than Tmax. The 

reciprocal of dielectric constant (1/e’) as a function of temperature measured at 100 kHz 

for the (Ba0.70Pb0.30)(Zr0.30Ti0.70)O3 ceramic is shown in Figure 4.8 (a), where 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 (e’cal - e’) / e’ 

are analyzed, as shown in Fig. 4.8 (b).  

The CW law is satisfied in all the solid solution series studied. It is found that the 

fitting parameter TCW decreases first and then increases with increasing PZT concentration, 

Td shows a slight deviation from pure BZT, but almost remains constant at about 475 K. 

An interesting fitting result is observed for the samples with compositions x=0.30, 0.35 and 

0.40, as shown in the Figure 4.9: the fitting parameter TCW is slightly higher than the 

temperature of second dielectric maxima (Tmax2), indicating a diffuse phase transition from 

the ferroelectric phase to a paraelectric phase.  
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Figure 4.8      (a) Reciprocal of dielectric constant (1/e’) as a function of temperature 
at 100 kHz for the (Ba0.70Pb0.30)(Zr0.30Ti0.70)O3 ceramics. Solid lines 
repesent the fittings to the Curie-Weiss (CW) law [Eq. (4. 3) ]. (b) 
Residuals of the fitting to the CW law.  
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Figure 4.9       Fitting parameters TCW and Tmax of the second dielectric peak at 100 

kHz as a function of temperature for the (Ba1-xPbx)(Zr0.30Ti0.70)O3 
ceramics (x = 0.30, 0.35, 0.40). Tmax2 indicates the temperature of the 
second dielectric peak. 
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4.5. Structural Model of Crossover in the (Ba1-

xPbx)(Zr0.30Ti0.70)O3 Solid Solution System and 
Mechanisms of Phase Transitions 

Based on the dielectric measurement results, a phase diagram of the (Ba1-

xPbx)(Zr0.30Ti0.70)O3 solid solution has been established in terms of temperatures and 

compositions, as shown in Fig. 4.10.  

 
Figure 4.10     Temeprature vs. composition phase diagram of the (Ba1-

xPbx)(Zr0.30Ti0.70)O3 solid solution established from the dielectric 
measurements. Tmax and TC are the temperatures of e’(T) anomalies 
at 100 kHz. TVF is the characteristic temperatures obtained from Eqs. 
(4.2). TB is the temperature below which deviation from the Curie-
Weiss occurs.The crossover from relaxor state to ferroelectric 
phase is indicated by the dash line at 0.45 < x < 0.50. 
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As the PZT concentration increases to x = 0.10, the characteristic temperatures 

TC, Tmax and TVF all decrease while ∆Tmax = [Tmax(100 kHz) - Tmax(0.1 Hz)] increases, 

indicating a noticeable increase in relaxor behaviour form that of BZT, which is against our 

initiative expectation that any substitution of PZT for BZT would enhance the ferroelectric 

order and decrease the relaxor behaviour. In general, Pb2+ is known to favor the ionic 

displacements, resulting in a long-range polarization ordering. Thereby, the relaxor 

behaviour of Ba(Zr0.30Ti0.70)O3 is expected to be weakened with the substitution of Pb2+ for 

Ba2+. However, in the (Ba1-xPbx)(Zr0.30Ti0.70)O3 solid solution system, the introduction of 

Pb2+ also increases the A-site disorder of the perovskite crystal structure, which favors the 

relaxor behaviour. There is a competition between these two mechanisms.  

Figure 4.11(a) shows the schematic representation of the chemical disorder, polar 

structure and PNRs in Ba(Zr0.30Ti0.70)O3 perovskites. Ba2+
 lacks the 6s2 lone pair, the ionic 

displacement arising from the chemical disorder on the B-site. With a small amount of Pb2+ 

substitution (0 < x < 0.30), as shown in Figure 4.11(b), the stereochemically active 6s2 

lone pair of Pb2+ induces the tetragonal distortion, and the displacement of both A and B 

cations in the perovskite increases. However, the enhancement of polar order is not strong 

enough to form a long-range polar order, but instead, causes a higher degree of disorder 

which results in an increased relaxor behaviour in the (Ba1-xPbx)(Zr0.30Ti0.70)O3 system. 

With more Pb2+ substituting for Ba2+, the long-range polar order increases domination over 

the chemical disorder. Therefore, the relaxor behaviour of the system decreases and the 

ferroelectric order increases. Tmax starts to increase when the composition x > 0.10, while 

∆Tmax keep increasing until x = 0.30, which may be due to the large difference between 

Tmax (220 K) of BZT and TC (700 K) of PZT, causing the phase transition to become more 

diffuse by the chemical substitution of PZT for BZT.  

In the compositions of x = 0.30, 0.35 and 0.40, the second dielectric peak is 

concluded to arise from a diffuse phase transition. At low temperatures (T < TB), the 

ergodic phase possess a pseudo-cubic structure (i.e. with small distortions from the cubic 

symmetry, or a rhombohedral structure that is almost cubic). As the temperature increases 

(Tmax < T < TB), the dynamics of PNRs increases, the long-range order polar regions 

formed by the Pb2+ substitution break down because of the increased thermal motions. 

The interactions between them result in the second peak in ε’(T).  
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As shown in Figure 4.10, for the relaxor compositions (0 < x < 0.45), the non-

ergodic state transforms into an ergodic phase and then into the paraelectric phase with 

increasing temperature. The characteristic temperatures (TVF, Tmax and TC) all merge into 

one point (at 400 K and x = 0.47). The crossover from relaxor states to normal ferroelectric 

phase with increasing PZT concentration can be clearly depicted.  

 

 
Figure 4.11      (a) Schematic representation of the chemical disorder, polar structure 

and PNRs in Ba(Zr0.30Ti0.70)O3 perovskites; (b) Schematic 
representation of the the chemical disorder, polar structure and PNRs 
in (Ba0.80Pb0.20)(Zr0.30Ti0.70)O3 perovskites. Arrows represent the total 
dipole moments of PNRs. 
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4.6. Conclusions 

The dielectric properties of the (Ba1-xPbx)(Zr0.30Ti0.70)O3 solid solution ceramics 

were measured as a function of frequency (0.1 Hz - 100 kHz) in the temperature range of 

123 K to 573 K. The dielectric data was fitted with various equations that characterize the 

dielectric relaxation and dynamics, and the relaxor behaviour and ferroelectric phase 

transitions. For low PZT composition (0 < x < 0.10), the (Ba1-xPbx)(Zr0.30Ti0.70)O3 ceramics 

show a noticeable increase in the relaxor behaviour, as evidenced by the decrease of Tmax 

and the increase of ∆Tmax. Contrary to our initial expectation, the substitution of small 

amount of PZT enhances the relaxor behaviour rather than the ferroelectric properties. 

The introduction of Pb2+ increases the A-site chemical disorder of the perovskite crystal 

structure, which results in an increased relaxor behaviour in the (Ba1-xPbx)(Zr0.30Ti0.70)O3 

solid solution system. 

As the PZT concentration further increases, Tmax changes its trend and starts to 

increase, while ∆Tmax keeps increasing until x = 0.30. The relaxor behaviour of the (Ba1-

xPbx)(Zr0.30Ti0.70)O3  system decreases and the ferroelectric long range ordering 

increases. An interesting fitting result is found for the samples with compositions x=0.30, 

0.35 and 0.40, where the fitting parameter TCW is slightly higher than the temperature of 

second dielectric maxima (Tmax2), indicating a diffuse phase transition from the ergodic 

relaxor state to a paraelectric phase with the increase of temperature. When x = 0.47, a 

crossover from relaxor states to normal ferroelectric phase with increasing PZT 

concentration can be clearly depicted. At a higher PZT substitution rate (x > 0.47), the 

(Ba1-xPbx)(Zr0.30Ti0.70)O3 ceramics show the dielectric behavior of typical ferroelectrics with 

the phase transition from a ferroelectric phase to a paraelectric phase as temperature 

increases. 

A temperature-composition (T-x) phase diagram is established for the (Ba1-

xPbx)(Zr0.30Ti0.70)O3 solid solution system, which delimits the various phase regions, 

including the non-ergodic relaxor phase, ergodic relaxor phase, ferroelectric phase and 

paraelectric phase, and the transformations between the different phases when changing 

the temperature and composition. In particular, a crossover from relaxor state to 

ferroelectric phase has been clearly illustrated with the increasing PZT concentration. 
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Chapter 5.  
Growth and Characterization of Ferroelectric (Ba1-

xPbx)(Zr1-yTiy)O3 Solid Solution Single Crystals 

5.1. Abstract 

Single crystals of (Ba1-xPbx)(Zr1-yTiy)O3 were grown by a high-temperature solution 

growth method using (PbO + B2O3) as a flux upon slow cooling from 1100 °C. The size of 

the as-grown crystals varies from 1 to 5 mm. The X-ray powder diffraction analysis shows 

that the crystals have a tetragonal perovskite structure. The composition of the crystal is 

found to be (Ba0.46Pb0.54)(Zr0.12Ti0.88)O3 by X-ray photoelectron spectroscopy (XPS). The 

measurements of dielectric properties indicate that the crystal undergoes a single phase 

transition from the cubic to the tetragonal phase at Curie temperature, TC = 554 K, upon 

heating. Polarized light microscopic studies of the domain structure confirm that the 

crystals are of tetragonal symmetry at room temperature. A typical ferroelectric hysteresis 

loop is displayed at room temperature, indicating the ferroelectric nature of the 

(Ba0.46Pb0.54)(Zr0.12Ti0.88)O3 crystals. 

5.2. Introduction 

Currently, piezo-/ferroelectric materials are used broadly in the forms of single 

crystal and polycrystalline ceramics. Both types of materials present advantages and 

disadvantages in their synthesis and the resulting properties of the bulk materials, and 

thereby are employed in their specific applications. Compared with ceramics, single 

crystals are characterized by their long-range periodicity of atomic and molecular 

arrangements, which gives rise to anisotropy. They offer the advantage of being able to 

exploit the spontaneous polarization direction and to “engineer” its orientations in order to 

enhance the piezoelectric properties [17].  

For commercial applications, it is desirable to grow single crystals with good quality, 

large size and right compositions. In addition, single crystals are highly desirable because 

they enable researchers to study the domain structure and phase components of the 

morphotropic phase boundary (MPB) compositions, and to gain a better understanding of 

the structure-property relationship, which cannot otherwise be studied in ceramics. In 



67 

general, a crystal growth process contains three steps: nucleation, propagation and 

termination. Controlling the temperature and time for each step to produce good quality 

single crystals is a great challenge and usually requires many trial-and-error processes. 

Also, the choice of flux (solvent), which is used to dissolve the solute and lower the melting 

temperature of the system, adds to the difficulties. As a result, single crystals of BZT-PZT 

system have not been studied, and knowledge on the single crystal growth of these 

systems is unavailable. 

In this work, we have successfully grown the perovskite (Ba1-xPbx)(Zr1-yTiy)O3 

single crystals by a high-temperature solution growth method. The grown crystals were 

characterized by powder X-ray diffraction, polarized light microscopy, dielectric and 

ferroelectric measurements to further understand the structure and properties of the BZT-

PZT solid solution. 

 

5.3. Experimental 

5.3.1. Single Crystal Growth 

Single crystals of the (Ba1-xPbx)(Zr1-yTiy)O3 solid solution were grown using the high 

temperature solution growth (HTSG) method. The flux used is a mixture of PbO and B2O3. 

These two compounds have low melting points, and thus can lower the overall melting 

temperature of the system. In addition, B2O3 can increase the melt’s viscosity and 

decreases the vapour pressure of the solvent, providing a slower and more stable crystal 

growth [89]. Stoichiometric amounts of the solute and flux (metal oxides and carbonates 

with > 99 % purity) were weighed and packed in a platinum crucible, which was sealed 

inside an alumina (Al2O3) crucible by alumina cement, and then placed inside a cylindrical 

furnace with an automatic temperature controller. A schematic of the growth set-up is 

shown in Figure 5.1.  

The temperature profile that was used in this work are plotted in Figure 5.2, the 

mixture of solute and flux was first heated up to 1000-1100 °C at a rate of 250 °C/hour 

and then soaked for 24 hours. After that, it was gradually cooled down to 900-950 °C at 

0.4 °C /hour, then to room temperature at 35 °C /hour. Finally, crystals were obtained by 

leaching the flux in a 10% HNO3 solution. A variety of chemical and thermodynamic  
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conditions, including flux compositions, sample to flux ratios, soaking temperatures and 

heating/cooling rate were tested [90]. 

 

 

Figure 5.1       Schematic of the furnace and crucible set-up for high temperature 
solution growth of the BZT-PZT crystals. 

 

 

Figure 5.2        Schematic temperature profile used for high temperature solution 
growth of the BZT-PZT crystals. 
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5.3.2. Characterizations 

The grown crystals were ground into powder to study the crystal structure using a 

Bruker D8 X-ray diffractometer with Cu Kα radiation. Elemental analysis was performed 

by X-ray photoelectron spectroscopy (XPS) using a Kratos Analytical Axis Ultra DLD 

system with a monochromatic aluminum source (Al Kα =1486.6 eV) operating at 150 W. 

The crystals were polished to 150 μm in thickness on the parallel (001)cub facets for optical 

observation, dielectric measurements and ferroelectric measurements. The domain 

structure was investigated on an Olympus BX60 Polarized Light Microscope (PLM) 

equipped with an Olympus UC 30 digital camera and a Linkham (THMS600) heating stage. 

The dielectric properties were measured on a Novocontrol broadband dielectric 

spectrometer equipped with a high temperature furnace. The polarization versus electric 

field (P-E) loops were displayed by an RT-66 ferroelectric test system (Radian 

Technology).  

 

5.4. Results and Discussion 

5.4.1. Crystal Growth 

Table 5.1 summarizes the growth conditions and growth results. The conditions 

were selected based on those used by Yujuan Xie et al. [91] for successful growth of PZT 

single crystals. The growth conditions were modified mainly by varying the flux : solute 

ratio and the maximum soaking temperature. The amount of flux was reduced to increase 

the amount of the starting oxides available in the crucible to form more, and larger crystals. 

The maximum temperature was increased to 1100 °C and a slow cooling rate of 0.4 °C 

/hour was applied to achieve stable growth.  

Figure 5.3 shows the grown crystals obtained from Batches #12 and #13. The 

crystals of Batch #12 are very small with an average size of 1mm, which was probably 

due to the fact that the system had not been fully melted. Consequently, the flux : solute 

ratio was modified in Batch #13 to obtain larger crystals. Two blocks of single crystals of 

large size of 2-3 cm are obtained from growth Batch #13, which appear to be of clear 

brown colour. 
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Table 5.1        Summary of growth parameters and growth results of the BZT-PZT 
single crystals. 

Batch# 
Solute 

(Nominal 
Composition) 

Flux : Solute 
(mol%) 

Temperature 
(℃) Crystals 

1 Ba0.2Pb0.8Zr0.3Ti0.7O3 10:1 1050-900 No 
2 Ba0.2Pb0.8Zr0.3Ti0.7O3 5:1 1050-900 No 
3 Ba0.2Pb0.8Zr0.3Ti0.7O3 10:1 1100-950 No 

4 Ba0.2Pb0.8Zr0.3Ti0.7O3 5:1 1100-950 Small Yellow 
Crystals 

5 Ba0.3Pb0.7Zr0.3Ti0.7O3 10:1 1050-900 No 
6 Ba0.3Pb0.7Zr0.3Ti0.7O3 5:1 1050-900 No 
7 Ba0.3Pb0.7Zr0.3Ti0.7O3 10:1 1100-950 No 
8 Ba0.3Pb0.7Zr0.3Ti0.7O3 5:1 1100-950 Power-off 

9 Ba0.3Pb0.7Zr0.3Ti0.7O3 5:1 1100-950 Small PZT 
Crystals 

10 Ba0.4Pb0.6Zr0.3Ti0.7O3 10:1 1100-950 No 
11 Ba0.4Pb0.6Zr0.3Ti0.7O3 5:1 1100-950 No 

12 Ba0.5Pb0.5Zr0.3Ti0.7O3 10:1 1100-950 Small BZT-PZT 
Crystals 

13 Ba0.5Pb0.5Zr0.3Ti0.7O3 5:1 1100-950 Large BZT-PZT 
Crystals 

 

 

 

Figure 5.3       As-grown BZT-PZT single crystals from growth Batches #12 and 
#13, respectively. 
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5.4.2. Structural Analysis by XRD 

The phase and structure of the grown BZT-PZT single crystals from Batch #13 

were analyzed by XRD on a fine powder obtained by grinding several small crystals. 

Figure 5.4 shows the XRD pattern, which indicates a pure perovskite-type phase for the 

as-grown crystals and the formation of the BZT-PZT solid solution. The pattern shows 

splitting at the (100)cub, (110)cub, and (200)cub reflections while the (111)cub peak remains 

singlet. This kind of peak splitting feature is characteristic of a tetragonal symmetry (space 

group P4mm), suggesting that the grown crystals on the PZT-rich side of the phase 

diagram (Figure 3.6). 

 

 
Figure 5.4       XRD pattern of the as-grown BZT-PZT single crystals from Batch 

#13 (ground powder). 
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5.4.3. Compositional Analysis 

 In Figure 5.5, the XPS spectrum shows strong signals for specific binding energies 

between 0 - 1200 eV that correspond to Pb(4f), Zr(3d), Ti(2p), O(1s) and Ba(3d), indicating 

the presence of all the expected elements in the BZT-PZT crystal sample from Batch #13. 

For each of the elements, the area under its characteristic peak is used to determine the 

approximate concentration. The atomic concentrations determined for each of the 

elements (Pb, Zr, Ti, O and Ba) are tabulated in Table 5.2 together with the nominal 

composition. The results show that the composition of the grown single crystals is close 

to (Ba0.46Pb0.54)(Zr0.12Ti0.88)O3.  

It can be seen that the compositional segregations have occurred, that have led to 

a reduced amount of Pb in favour of Ba on the A-site for the crystals of Batches #1-11, 

while the crystals of Batches #12 and 13 contain a slightly higher content of Pb than the 

minimal concentration. On the other hand, the Ti concentration in the grown crystals is 

found to be systematically higher than the nomination composition, indicating a preference 

for Ti to occupy the B-site at the expense of Zr in the solid solution system. Since XPS is 

a surface technique that only analyzes the top 10 nm layer of the material, other 

information such as phase transition temperatures and lattice parameters are required to 

fully assess the composition of the grown single crystals. 
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Figure 5.5      X-ray photoelectron spectrum of the BZT-PZT single 
crystal from Batch #13. 
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Table 5.2         Atomic and mass concentrations determined from X-ray 
photoelectron spectroscopic (XPS) analysis of the BZT-PZT single 
crystal from Batch #13. 

 

Element FWHM  
(eV) 

Atomic  
Conc. % 

Mass  
Conc. % 

Ba(3d) 2.244 5.13 15.73 

O(1s) 1.898 59.25 21.18 

Ti(2p) 3.749 26.11 27.93 

Zr(3d) 2.149 3.42 6.97 

Pb(4f) 1.543 6.09 28.2 

 

5.4.4. Domain Structure and Phase Transitions Studied by Polarized 
Light Microscopy (PLM) 

The optically polished (001)cub BZT-PZT single crystal platelets from Batch #13 

were examined by Polarized Light Microscopy (PLM) to analyze their domain structure, 

phase symmetry and phase transitions. According to the XRD structural analysis, the 

crystal has a tetragonal symmetry, so birefringent domains with extinction angles at 0° 
and 90° to the <100>cub directions are expected when observed on a (001)cub platelet. As 

shown in Figure 5.6 (a), the crystal indeed shows extinctions at 0° and 90° to the <001>cub 

directions, confirming a tetragonal symmetry. In Figure 5.6 (b), the tetragonal domains are 

observed with domain walls oriented along, or form a 90° angle to, the <100>cub directions, 

which is characteristic of a tetragonal P4mm domain structure formed from the prototypical 

paraelectric cubic phase of Pm3m [92]. 



75 

 

Figure 5.6   PLM images of a (110)cub-oriented BZT-PZT single crystal platelet 
(thickness = 150 μm) from Batche #13 under different positions of 
crossed polarizers at different temperatures: (a) 0°, 300K; (b) 45°, 
300K; (c) 45°, 554K; and (d) 45°, 560K. 

 

Upon heating up to 554 K, the domains become less bright, as shown in Figure 

5.6 (c), indicating a decrease of birefringence. At the same time, the extinction begins to 

occur at all angles, while the domains merge and domain walls move, which corresponds 

to the onset of the ferroelectric to paraelectric phase transition taking place with some part 

of the crystal transforming into the isotropic cubic phase. Therefore, the Curie temperature 

TC of the ferroelectric to paraelectric phase transition is found to be TC = 554K. At 560 K 

(Figure 5.6(d)), the crystal is mostly in the cubic phase, with the large part of the crystal in 

total extinction. However, some parts of the crystal still remain birefringent, which could 

arise from the residual birefringence caused by internal strains. In addition, the Curie 

temperature of the left edge is found to be higher than the major part of the crystal, which 

is probably due to some compositional inhomogeneity in the crystal with the overall PZT 

concentration decreasing slightly from right to the left edge [90]. 
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5.4.5. Dielectric Measurements 

The dielectric properties of the Batch #13 crystal were examined by dielectric 

spectroscopy. Figure 3.9 displays the temperature dependence of the dielectric constant 

measured on heating at different frequencies for a (001)cub-oriented single crystal platelet. 

The strongest peak at TC = 554 K indicates the ferroelectric to paraelectric phase 

transition, which is consistent with the phase transition revealed by the domain structure 

by PLM. 

 

 

Figure 5.7      Temperature dependences of the dielectric constant measured at 
different frequencies (1 - 105 Hz) for a (110)cub-oriented BZT-PZT 
single crystal platelet from Batch #13. 
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5.4.6. Ferroelectric Measurements  

The ferroelectric properties were measured on a (100)cub-oriented BZT-PZT single 

crystal. As shown in Figure 5.8, the variation of polarization (P) vs. electric field (E) show 

a clear hysteresis relation, indicating the ferroelectric properties of the BZT-PZT single 

crystal. The P(E) hysteresis loops were well-developed and saturated. The saturation of 

polarization is achieved at an electric field of ±21 kV/cm at room temperature. The remnant 

polarization reaches Pr = 18 μC/cm2
 with a coercive electric field EC = 11 kV/cm. 

 

 
Figure 5.8       Ferroelectric hysteresis loops of a (110)cub-oriented BZT-PZT single 

crystal platelet (thickness = 300 μm)from Batch #13 displayed at 
room temperature. 
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5.5. Conclusions 

Single crystals of the BZT-PZT solid solution were successfully grown by a high-

temperature solution growth (HTSG) method using (PbO + B2O3) as flux. The XRD pattern 

shows a pure perovskite tetragonal structure. The compositional analysis by X-ray 

photoelectron spectroscopic (XPS) indicates an average composition close to 

(Ba0.46Pb0.54)(Zr0.12Ti0.88)O3, which deviates from the nominal compositions as a result of 

the compositional segregation that is a commonly encountered phenomenon in the growth 

of solid solution single crystals.  

Optical observation by Polarized Light Microscopy (PLM) reveals the domain 

structure of the BZT-PZT crystal which is consistent with tetragonal symmetry. A phase 

transition from the tetragonal to the cubic symmetry can be observed by PLM, as 

evidenced by the transformation of the domain structure, and it is also revealed by the 

characteristic feature of the peak in the dielectric behavior as a function of temperature. 

The curie temperature of the ferroelectric to paraelectric phase transition is determined to 

be 554 K. Polarization-electric field hysteresis loops were displayed with a coercive field 

EC = 11 kV/cm and a remnant polarization Pr = 18 μC/cm2, confirming the ferroelectric 

nature of the grown BZT-PZT crystals. Since the as-grown crystals are not in relaxor 

composition range, but in the tetragonal ferroelectric phase, they are expected to be useful 

for studying the fundamental physics of the ferroelectricity for BZT-PZT crystals.  
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Chapter 6.  
General Conclusions and Future Directions 

 

6.1. General Conclusions 

Development of material preparation techniques and understanding of the 

structure and physical properties of the functional materials constitute an important part of 

materials science, which in turn plays a very important role in modern technology and 

society. Materials science can be approached in many ways, but two of the most important 

avenues, which are the focus of this thesis, are in the preparation of the existing material 

systems and the synthesis of new compounds. Synthesis of new materials (through 

chemical modifications on the existing systems to form new solid solutions) offers another 

means of addressing the drawbacks of the existing materials systems and potentially 

allows for the discovery of new, interesting and hopefully useful physical properties. It is 

for these reasons that investment into materials science is worthwhile for both academic 

curiosity and practical applications. 

This thesis is focused on the fundamental study of the crossover from relaxors to 

normal ferroelectrics in the (Ba1-xPbx)(Zr0.30Ti0.70)O3 solid solution system, the general 

conclusions are summarized in Figure 6.1. There are two major research projects 

described in this thesis. The first is the synthesis and characterization of the (1-

x)[Ba(Zr0.3Ti0.7)O3] - x[Pb(Zr0.3Ti0.7)O3] solid solution ceramics and the second one is the 

growth and characterization of the (Ba1-xPbx)(Zr1-yTiy)O3 single crystals. Based on the XRD 

structure analysis and dielectric spectroscopic studies, the phase diagram of the (Ba1-

xPbx)(Zr0.30Ti0.70)O3 solid solution system has been established to reflect the crystal 

structure and ferroelectric properties, which delimits the various phase regions, including 

the non-ergodic relaxor phase, ergodic relaxor phase, ferroelectric phase and paraelectric 

phase, and the transformations between the different phases when changing the 

temperature and composition. In particular, a crossover from relaxor state to ferroelectric 

phase has been clearly illustrated with the increasing PZT concentration. 
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In summary, the solid solution of (Ba1-xPbx)(Zr0.30Ti0.70)O3 (x = 0 - 1.00) has 

been successfully synthesized with complete solubility by the solid state reaction method. 

All the compositions crystallized in a pure perovskite structure when prepared at the 

optimal calcine and sintering temperatures. With the increase of the PZT concentration, a 

gradual phase transition from the cubic symmetry to the tetragonal symmetry has been 

observed, which is induced by the substitution of PZT for BZT. The lattice parameters and 

phase symmetry and fractions have been analyzed by using TOPAS-Academic software 

based on the XRD data. The tetragonality of the solid solution increases with the increase 

of the PZT concentration, indicating an enhancement of the tetragonal distortion in the 

(Ba1-xPbx)(Zr0.30Ti0.70)O3 (BPZT) system. A morphotropic phase boundary (MPB)-like 

region is found for x = 0.30 - 0.50, where the cubic and tetragonal phases coexist. 

The dielectric properties of the (Ba1-xPbx)(Zr0.30Ti0.70)O3 solid solution ceramics 

were measured as a function of frequency (0.1 Hz - 100 kHz) in the temperature range of 

123 K to 573 K. The dielectric data was fitted with various equations that characterize the 

dielectric relaxation and dynamics, and the relaxor behaviour and ferroelectric phase 

transitions. For low PZT composition (0.00 < x < 0.30), the (Ba1-xPbx)(Zr0.30Ti0.70)O3 

ceramics show a noticeable increase in the relaxor behaviour, as evidenced by the 

decrease of Tmax and the increase of ∆Tmax. Contrary to our initial expectation, the 

substitution of small amount of PZT enhances the relaxor behaviour rather than the 

ferroelectric properties. The introduction of Pb2+ increases the A-site chemical disorder of 

the perovskite crystal structure, which results in an increased relaxor behaviour in the 

(Ba1-xPbx)(Zr0.30Ti0.70)O3 solid solution system. 

As the PZT concentration further increases, Tmax changes its trend and starts to 

increase, while ∆Tmax keeps increasing until x = 0.30. The relaxor behaviour of the (Ba1-

xPbx)(Zr0.30Ti0.70)O3  system decreases and the ferroelectric long-range ordering 

increases. An interesting fitting result is found for the samples with compositions x=0.30, 

0.35 and 0.40, where the fitting parameter TCW is slightly higher than the temperature of 

second dielectric maxima (Tmax2), indicating a diffuse phase transition from the ergodic 

relaxor state to a paraelectric phase with the increase of temperature. When x = 0.47, a 

crossover from relaxor states to normal ferroelectric phase with increasing PZT 

concentration can be clearly depicted. At a higher PZT substitution rate (x > 0.47), the 

(Ba1-xPbx)(Zr0.30Ti0.70)O3 ceramics show the dielectric behavior of typical ferroelectrics with 
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the phase transition from a ferroelectric phase to a paraelectric phase as temperature 

increases. 

Single crystals of the BZT-PZT solid solution were successfully grown by a high-

temperature solution growth method using (PbO + B2O3) as flux. The XRD pattern shows 

a pure perovskite tetragonal structure. The compositional analysis by X-ray photoelectron 

spectroscopic (XPS) indicates an average composition close to (Ba0.46Pb0.54)(Zr0.12Ti0.88)O3, 

which deviates from the nominal compositions as a result of the compositional segregation 

that is a commonly encountered phenomenon in the growth of solid solution single crystals. 

Optical observation by Polarized Light Microscopy (PLM) reveals the domain structure of 

the BZT-PZT crystal which is consistent with tetragonal symmetry. A phase transition from 

the tetragonal to the cubic symmetry can be observed by PLM, as evidenced by the 

transformation of the domain structure, and it is also revealed by the characteristic feature 

of the peak in the dielectric behavior as a function of temperature. The curie temperature 

of the ferroelectric to paraelectric phase transition is determined to be 554 K. Polarization-

electric field hysteresis loops were displayed with a coercive field EC = 11 kV/cm and a 

remnant polarization Pr = 18 μC/cm2, confirming the ferroelectric nature of the grown BZT-

PZT crystals. Since the as-grown crystals are not in relaxor composition range, but in the 

tetragonal ferroelectric phase, they are expected to be useful for studying the fundamental 

physics of the ferroelectricity for BZT-PZT crystals.  
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Figure 6.1       The general conclusions of the study for the crossover from 

relaxors to normal ferroelectrics in the (Ba1-xPbx)(Zr0.30Ti0.70)O3 solid 
solution system.  

 

6.2. Future Directions 

Despite the insights into the structure-property relationships of BZT-PZT systems 

gained through this work, some questions remain to be answered more quantitatively. The 

micro-mechanisms of the relaxor behaviour, including the chemical disorder and the 

development of the polar nanoregions, are still under debate. For example, does the 

region of chemical order coincide with polar nanoregions? Whether the polar nanoregions 

must appear in the region with chemical order, or they could be independent? It would be 

rewarding to investigate more quantitatively the mechanism of these lone pair effects and 

the competing actions between the chemical disorder introduced by the substitution that 

tends to disrupt the long-range polar order and effects of lone pair electrons that cause 

the enhanced crystal distortion. 

To further examine the structure of the (Ba1-xPbx)(Zr0.30Ti0.70)O3 solid solution on 

the local scale, pair distribution function (PDF) analyses should be used alone with the 
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average structure analysis carried out by Rietveld refinements, which provides more in-

depth insight into the structure-property relationships in this system. To expand upon this 

work, high resolution XRD and neutron diffraction data should be collected. In addition to 

the respective refinements of the XRD and neutron diffraction patterns, a combined 

refinement should be performed to take advantage of both the high resolution XRD and 

neutron diffraction data to calculate the lattice parameters to a more local scale, and also 

to take advantage of the higher sensitivity of neutrons compared with the X-ray to light 

elements in the presence of heavy elements. This will provide further information about 

the bonding environments and ionic displacements that is not available from lab XRD 

alone. 

In this work, the BZT-PZT single crystals have been grown in the ferroelectric 

compositions instead of the relaxor compositions. So, the varied growth parameters need 

to be attempted and the diverse growth techniques can be applied, e.g. the top-seeded 

solution growth (TSSG) method to grow single crystals of relaxor composition. The single 

crystals of the relaxor compositions will provide more useful information for investigating 

the structure-property relations in the (Ba1-xPbx)(Zr1-yTiy)O3 solid solution system. Direct 

determination of the compositions of the grown crystals is also important. Techniques such 

as X-ray fluorescence or laser ablation inductively-coupled-plasma mass spectrometry 

(LA-ICP-MS) should be further used to examine the degree of composition segregation 

that occurs during the crystal growth. Once the composition is quantified, portions of this 

crystal block can be used as seed crystals for subsequent crystal growths by the top-

seeded solution growth method, with the aim of reducing the composition segregation and 

obtaining more uniform and larger crystals. 
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