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Abstract 

There is a great interest in developing new high-performance piezo-/ferroelectric materials 

that are lead-reduced or lead-free. This work focuses on using bismuth as a lead 

alternative, and studies solid solutions based on the end-member Bi(Zn2/3Nb1/3)O3 (BZN). 

First, ceramics of the (1-x)PbTiO3-xBi(Zn2/3Nb1/3)O3 [(1-x)PT-xBZN] solid solution were 

synthesized. The tetragonality (c/a ratio) and A-site displacement increase with increasing 

BZN content, as revealed by X-ray diffraction analysis. Dielectric measurements show that 

the Curie temperature TC increases with increasing BZN up to a maximum of 520 °C for 

the composition of x = 0.20. These results indicate the structural origin of the enhanced 

tetragonality and properties that arise from the increased anisotropy in the Bi-bonding 

environment with the increased substitution of Bi3+, with its 6s2 stereochemically active 

lone electron pair. Synchrotron X-ray pair distribution functions (PDFs) reveal that the 

tetragonal distortions are preserved down to the local scale, suggesting that studies of the 

average structure provide reasonable insight into the structure-property relationships in 

this system. These results provide guidance for designing new materials with high TC. 

Single crystals of (1-x)PT-xBZN were then successfully grown using the high-temperature 

solution growth (HTSG) method. The dielectric measurements indicate the ferroelectric-

paraelectric phase transition at an average TC of 436 °C. Polarized light microscopy 

reveals the domain structure of tetragonal symmetry, with domain walls oriented along the 

<100>cub directions, and birefringence measurements as a function of temperature 

confirmed the first order phase transition. HTSG allows for a higher BZN content to be 

incorporated into the crystals in comparison to their ceramic counterpart. 

Moving toward lead-free materials, ceramics of a novel solid solution, 

(1−x)BaTiO3-xBi(Zn2/3Nb1/3)O3 (BT-BZN) were synthesized. With increasing BZN content, 

the materials show a decrease in tetragonality and undergo a transition to pseudocubic 

symmetry, which is accompanied by a crossover from normal ferroelectric to relaxor 

behaviour. This crossover is explained by increased cationic disorder that disrupts the 

ferroelectric order. Synchrotron X-ray PDF analysis reveals that all the compositions show 

local tetragonal distortions that decrease at larger scales to reach the average structure, 

demonstrating the striking difference between the local and long-range structures. 
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Chapter 1.  
 
Introduction 

1.1. Perovskite Structure 

Perovskite materials form an important class of functional materials. The majority 

of piezoelectric and ferroelectric materials in applications adopt the perovskite structure, 

and it is the basic structure adopted by the materials studied in this work.  

The perovskite structure, shown in Figure 1.1, has the general formula ABO3, 

where A is a large cation with a coordination number of 12, and a valence from +1 to +3, 

that sits on the corners of the unit cell. The B-cation has a valence from +3 to +6 and sits 

in the centre of the oxygen octahedron formed by the oxygen anions at the face-centres 

of the unit cell. 

 

Figure 1.1. The B-cation-centered perovskite structure with a general formula 
ABO3 for (a) cubic, non-polar, and (b) tetragonal, polar, unit cells. 

The deviation away from an ideal, cubic perovskite structure can be described by 

tolerance factor t: 
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 � = √���A��O	
���B��O	  , (1.1) 

where rA, rB, and rO are the radii of the A,B, and O ions, respectively [1]. An ideal cubic 

perovskite (space group Pm3
m) has a tolerance factor of 1. When cations are too large 

or too small for their crystallographic site, the perovskite structure distorts away from the 

cubic symmetry. For example, barium titanate (BaTiO3), t = 1.06, is a tetragonal, polar 

perovskite (space group P4mm), with Ba2+ and Ti4+ displacements of 0.10 Å and 0.16 Å, 

respectively [2,3]. The perovskite structure is stable for the tolerance factor values of 

0.88 ≤ t ≤ 1.09. 

The perovskite structure is extremely versatile. It has two differently sized cation 

sites, and more than one cation can occupy crystallographically equivalent sites to form a 

complex perovskite structure (e.g. A(B’B”)O3). This allows for several possible cationic 

combinations to maintain charge balance with the three O2- anions in the formula unit. 

Cation or anion vacancies also occur in defect perovskites. Consequently, researchers 

can tune the perovskite structure to develop materials with interesting properties for 

numerous technological applications, such as superconductors, solid oxide fuel cells, and 

closer to this work, electromechanical transducers [2]. 

1.2. Piezoelectricity 

Piezoelectricity was discovered in 1880 by Pierre and Jacques Curie during their 

study of crystals such as quartz, zinc blende and tourmaline [4]. Piezoelectrics are a class 

of materials that convert mechanical energy into electrical energy, and vice versa. The 

direct piezoelectric effect is the case where electrical charge/polarization is generated 

from a mechanical stress applied to a piezoelectric material. It is described in Equation 

1.2, where Di is the resultant charge density, and σjk is the applied stress [4,5]. The 

converse piezoelectric effect is described in Equation 1.3, where Sij is the strain developed 

in a piezoelectric material upon the application of an electric field Ek. This effect is 

associated with an induced strain in the material in response to the application of an 

electric field. 
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 �� = ������ (1.2) 

 ��� = ����� (1.3) 

The two piezoelectric coefficients d for the direct and converse effects are third-rank 

tensors that are thermodynamically equivalent (i.e. dijk = dkij), and are typically represented 

in units of pC/N and pm/V, respectively [5]. 

Equations 1.2 and 1.3 can be simplified using matrix notation: 

 �� = ���� (1.4) 

 �� = ����  , (1.5) 

where i = 1, 2, 3 and m = 1, 2, …, 6. The values m = 1, 2, 3, and m = 4, 5, 6 represent 

linear and shear components of the strain, respectively [5]. These subscripts indicate 

directionality. For example, for the direct effect, d31 is a piezoelectric coefficient that refers 

to the generation of polarization in the 3 or vertical direction due to a mechanical stress 

applied in the 1 or horizontal direction. Large piezoelectric coefficients are desirable in 

order to increase the piezoelectric response to an applied stimulus. In practice, the 

piezoelectric coefficient d33 is usually of interest, as it describes the piezoelectric response 

in the same direction as the applied stress or electric field. 

Materials must have a noncentrosymmetric point group to exhibit piezoelectricity. 

Out of the 21 noncentrosymmetric point groups, 20 are piezoelectric [4]. Figure 1.2 shows 

a schematic describing the mechanism of the piezoelectric effect in an asymmetric 

perovskite. An external stress which elongates or compresses the perovskite unit cell, as 

shown in Figure 1.2(b) and (c), creates a change in the polarization, and in turn, a 

difference in the potential across the two surfaces of the sample. The polarization 

generated can be reversed by reversing the direction of the stress. 
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Figure 1.2. Schematic describing the mechanism of the direct piezoelectric 
effect. Top: 2-dimensional ABO3 perovskite structure changes in 
response to an external stress. Bottom: Magnitude of the 
polarization P in response to an external stress and the potential 
arising from its change. (a) room temperature structure and P under 
no stress, (b) elongated structure and increased P under tensile 
stress, and (c) compressed structure and decreased P under 
compressive stress. 

1.3. Ferroelectricity 

Ferroelectric materials are a subclass of piezoelectric materials. A ferroelectric has 

a spontaneous polarization, PS, that can be switched with the application of an appropriate 

external electric field. The most commonly used ferroelectric materials adopt the 

perovskite structure [5]. Ferroelectrics are characterized by their hysteresis loops, which 

show the polarization P as a function of the applied electric field E. An example of a typical 

hysteresis loop for a ferroelectric is given in Figure 1.3. Upon application of a sufficiently 

large electric field, all the dipoles in a ferroelectric will reorient to align with the field and 

the polarization will saturate. After removal of the electric field, ferroelectrics retain a 
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remanent, non-zero polarization, Pr. Application of an electric field in the reverse 

(negative) direction is required to reduce the polarization back to zero. The field required 

to reduce polarization to zero is known as the coercive field, EC. Further increase of the 

field in the negative direction will cause the alignment of dipoles and saturation in the 

reverse direction [5]. Removal of the electric field, followed by another reversal completes 

the cycle to produce the hysteresis loop. 

 

Figure 1.3. A typical polarization-electric field (P-E) hysteresis loop for a 
ferroelectric material. Pr is the remanent polarization and EC is the 
coercive field. 

Ferroelectric properties are only observed over a certain temperature range that is 

characteristic to the material. It is typically a lower-temperature state, because increasing 

thermal motion at high temperatures often breaks down the common displacements in 

adjacent octahedra [2]. The temperature at which there is a phase transition between the 

ferroelectric, polar state and a paraelectric, nonpolar state is known as the Curie 

temperature, TC. This phase transition may be first or second order [5]. 

In a second order phase transition, the spontaneous polarization (which is the 

order parameter) changes continuously through the phase transition [6]. Figure 1.4(a) 

shows the free energy G as a function of polarization at various temperatures for a second 

order phase transition. At T < TC, in the lower symmetry ferroelectric phase, there are two 

minima in free energy for two stable polarization states, with a maximum in free energy at 

P = 0. At T = TC, the potential well flattens out with a minimum at P = 0, and the material 

is in a highly polarizable state, causing the anomalies seen in the temperature 

dependence of the dielectric, thermal, and optical properties around the phase transition 
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temperature. At T > TC, the free energy has a single minimum at P = 0 and the material is 

in a nonpolar, paraelectric state.  

The spontaneous polarization changes discontinuously with temperature at the 

phase transition temperature for a first order phase transition. The free energy G as a 

function of polarization at different temperatures for a first order phase transition is shown 

in Figure 1.4(b). At T << TC the free energy has two minima, similar to that seen in a 

second-order phase transition. At higher temperatures that are still below TC, a third, local 

minimum appears at P = 0 [6]. In this state, the ferroelectric phase is stable, and the 

paraelectric phase is metastable. At T = TC, all three minima have the same depth; 

therefore, the free energy of the paraelectric and ferroelectric phase are equal. An 

example of the anomalies in properties that occur at the phase transition is given in Figure 

1.5 for the dielectric constant ε’ (or dielectric permittivity) as a function of temperature. At 

T > TC, the central minimum is lower in energy than the other minima, creating a 

metastable ferroelectric phase. There is a single minimum at P = 0 at T >> TC, and the 

paraelectric state is stable. 

(a) 

 

(b) 

 

Figure 1.4. Free energy G as a function of polarization P at various 
temperatures for (a) a second order phase transition, and (b) a first 
order phase transition. 
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Figure 1.5. The variation of the dielectric permittivity as a function of 
temperature for a normal ferroelectric, showing the anomaly in 
permittivity that occurs at TC. 

1.4. Applications of Piezo- and Ferroelectric Materials 

The properties of piezo- and ferroelectric materials have led to their use in many 

applications in both industry and every-day life. Ferroelectrics are mainly used in 

capacitors because of their high permittivity ε’, which is typically in the 102-104 range [2], 

and in memory devices because of their switchable polarization. 

Ferroelectric random access memory (FeRAM) makes use of the reversible 

polarization in ferroelectrics. The negative and positive remanent polarizations in 

ferroelectric materials can represent the binary “0” and “1”, respectively [7]. FeRAM has 

several advantages over the currently dominating flash memory. For example, FeRAMs 

have low power consumption, and write and read cycle times that are less than 100 ns 

[8]. Unfortunately, current storage densities possible with FeRAM are relatively low, 

reaching 128 Mb at the laboratory level [9]. 

The direct and converse piezoelectric effect are often used in sensor and actuator 

applications, respectively. For example, both sensing and actuating elements are used in 

atomic force microscopy cantilevers. There are many applications in acoustic sensors, 

ultrasonic transducers for medical diagnostics and imaging, and sonar [10]. 
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Energy harvesting aims to obtain energy from ambient energy sources and convert 

this energy into a useable form, such as electrical power [11]. This allows for the creation 

of “battery-less” devices [12]. Thus, the direct piezoelectric effect, which converts 

mechanical vibrations into electrical energy, can also be utilized for energy harvesting. For 

example, several researchers have developed piezoelectric shoe inserts, aiming to 

harvest the mechanical energy from walking [13–17], as well as piezoelectric energy 

harvesters to harvest energy from ocean waves [18–20]. 

Finally, we can find these materials throughout our daily lives. Piezoelectrics are 

used in inkjet printers, camera shutters and autofocusing, loud speakers, and gas igniters  

[4]. They also have many uses in cars, from actuators that can adjust mirrors, piezoelectric 

fuel injectors, tire pressure sensors, or engine knock sensors that detect engine vibrations. 

Based on all the aforementioned examples of potential applications, it is clear why these 

materials are so heavily studied. 

1.5. Relaxor Ferroelectrics 

A special class of ferroelectric materials are relaxor ferroelectrics, such as 

Pb(Mg1/3Nb2/3)O3 (PMN) [5]. Relaxor materials were first reported in 1961 [4]. In addition 

to the applications outlined for ferroelectrics in Section 1.4, relaxors can possess 

particularly large dielectric constants (>25,000), making them ideal for applications in 

multilayer capacitors [21,22]. 

The most significant contributions to the permittivity in relaxors are the 

conventional relaxor polarization and the universal relaxor polarization. The conventional 

relaxor contribution is associated with the reorientation of dipole moments of the polar 

nanoregions (PNRs, discussed below), and contributes to about 80-90% of the total ε’ 

value [23]. The remaining part results mainly from the universal relaxor contribution, the 

nature of which is controversial and can be presumably attributed to the relaxation of 

mobile charge carriers [24]. At high frequencies, the contribution from universal relaxation 

is negligible [25]. 
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Relaxors have many interesting properties that differentiate them from normal 

ferroelectrics. In measurements of the dielectric constant ε’ (also known as dielectric 

permittivity) as a function of temperature, relaxors exhibit a relatively broad maximum of 

permittivity, as shown in Figure 1.6. This differs from the sharp peak observed in normal 

ferroelectrics (see Figure 1.5).  Furthermore, relaxors show strong frequency dispersion 

(due to conventional relaxor polarization), resulting in the frequency dependence in the 

temperature of maximum permittivity (Tmax) observed in Figure 1.6. Tmax increases with 

increasing measurement frequency. In contrast, the TC in ferroelectrics is frequency 

independent. The frequency dependence of the Tmax in relaxors can be fit to the Vogel-

Fulcher Law: 

 � = �� exp[−�a/��max − �VF	] , (1.6) 

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

[26,27]. An alternative, empirical definition of relaxors, given by Bokov et al. in 2012, 

defines relaxors as ferroelectrics in which the Vogel-Fulcher law for Tmax (Equation 1.6) 

and the quadratic law for permittivity (Equation 1.8, see below) are observed [24]. 
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Figure 1.6. The dielectric permittivity ε’ as a function of temperature and 
frequency for a relaxor ferroelectric. Tm1 indicates the dielectric peak 
measured at 1 Hz, and Tm2 at 100 kHz. 

Note. Reprinted from Solid State Communications, 116, A.A. Bokov, Z.-G. Ye, 
Phenomenological description of dielectric permittivity peak in relaxor ferroelectrics, 105-
108, Copyright 2000, with permission from Elsevier [28]. Minor adaptations were added 
for clarity. 

Relaxor behaviour is believed to arise from chemical disorder that prevents the 

formation of the long-range, ordered ferroelectric state [29]. This may occur in complex 

perovskites where more than one cation occupies the same crystallographic site, such as 

in PMN where Mg2+ and Nb5+ cations both occupy the B-site. This compositional 

heterogeneity occurs on the nanometre scale [5]. Randomly oriented polar nanoregions 

(PNRs) form as a result. Their existence has been confirmed by high resolution diffraction 

studies [30–33] and analysis of the diffuse scattering near the Bragg peaks [32–39]. 

Numerous models [23,40–42] have been developed to explain the cause and mechanism 

of the formation of PNRs and relaxor behaviour, but the mechanisms are still not 

completely understood and are often controversial [26,43]. PNRs can be reoriented with 

an external electric field leading to large polarization. In the canonical relaxor PMN, a 
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macroscopic polarization can be induced by external electric fields, leading to a square-

shaped hysteresis loop, resulting from the induced ferroelectricity [44]. 

The high permittivity in relaxors arises from the PNRs which begin to nucleate and 

grow in size at a temperature called the Burn’s temperature (TB), which is greater than 

Tmax [26]. This causes deviation from the Curie-Weiss Law, which is followed by relaxors 

at temperatures above TB, and is given by: 

 "# = $
%&%CW

  , (1.7) 

where ε’ is the real part of the permittivity, C is the Curie constant, and TCW is the Curie-

Weiss temperature. The permittivity above Tmax (but below TB) for PMN and other relaxors 

fits to the following quadratic law: 

 )A
)+ = 1 + �%&%A	.

�/.  , (1.8) 

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 of the peak [26,28,45]. This high temperature slope of the permittivity peak is 

typically frequency independent, ergo the parameters TA, εA, and δ obtained from fitting 

this region are also frequency independent [24]. The permittivity above Tmax is dominated 

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

(conventional relaxation). However, a small amount of dispersion (universal dispersion) 

may appear in this region at low frequencies. 

In contrast to normal ferroelectrics, the peak in permittivity at Tmax in relaxors does 

not arise from a structural phase transition. Below Tmax, the dipolar motion slows down 

because of the increased size of the PNRs and the interactions between them, resulting 

in the peak in ε’(T) [29]. Further evidence of the absence of a phase transition is given by 

X-ray diffraction (XRD). Canonical relaxors show no X-ray line splitting, even at T << Tmax, 

suggesting a pseudocubic structure (i.e. small distortions from cubic symmetry, or a 

rhombohedral structure that is almost cubic) [21]. 
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1.6. Search for High-Performance, High Curie Temperature 
Piezo-/Ferroelectric Materials 

There have been continued efforts over the years to develop new high-

performance piezo-/ferroelectric materials. Several milestones are outlined in Figure 1.7, 

such as the discovery of BaTiO3 in the 1940s, and Pb(Zr1-xTix)O3 (PZT) in the 1950s [46]. 

Park and Shrout [47] reported a breakthrough increase in d33 in the late 1990s in single 

crystals of certain compositions of (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 (PMN-PT) and 

(1-x)Pb(Zn1/3Nb2/3)O3-xPbTiO3 (PZN-PT). A key element that these high-performance 

materials have in common is lead, which has some interesting crystal chemistry features 

to be described in the following sections. 

 

Figure 1.7. Historical development of perovskite-based piezoelectric materials 
in terms of their piezoelectric constants d33. 

Note. Reproduced from Ref. [46] with permission from Cambridge University Press. 
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1.6.1. The Lead(II) 6s2 Lone Electron Pair 

Prior to the knowledge and awareness of lead toxicity and health effects, lead had 

many practical and industrial historical uses, including use in lead piping and for 

architecture, statues and coins. Lead compounds were also used in glass, paints, 

cosmetics, and medical applications [48]. Lead(II) is a key component in the enhanced 

piezo-/ferroelectric properties in many perovskite materials. Pb2+ has the electronic 

configuration [Xe]4f145d106s2 and an ionic radius of 1.49 Å [49]. 

In ferroelectric perovskites, the 6s2 lone electron pair in Pb2+ is stereochemically 

active. This means that the lone pair induces distortion into the coordination around the 

metal, evidenced by the asymmetric bond lengths, as shown in Figure 1.8. It causes a 

shortening of the Pb-O bonds opposite to the side occupied by the lone pair and a 

lengthening of the bonds closer to the lone pair side [48]. This raises one main question: 

how can electrons in a spherical s orbital be stereochemically active? In addition, the Pb2+ 

6s2 lone pair is not always active in all compounds and structures. Active and inactive 

lead(II) compounds in organometallic chemistry are referred to as hemidirected or 

holodirected, respectively [50]. 

 

Figure 1.8. A perovskite structure looking down the (110) plane, depicting the 
anisotropic Pb-O bond lengths resulting from the stereochemically 
active lone electron pair (illustrated by ). The closest oxygen 
anion is omitted for clarity. O1 and O2 represent the two types of 
oxygens in different crystallographic sites. 
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The activity of 6s2 lone pairs depends on hybridization. According to the classical 

model introduced by Orgel [51,52], when the bonding environment about Pb2+ is 

asymmetric, the s orbital will have some p character, as the cation 6s orbital will mix with 

the empty 6p orbitals [53]. As a result, the orbital loses its spherical symmetry and the 

electron density has its centre displaced from the nucleus, off to one side of the cation 

[53,54]. These sp hybridized orbitals can only be formed in non-centrosymmetric sites 

because the s and p orbitals are of different parity [51,52]. This explains the distorted 

structures seen in materials with active lone pairs. 

However, since not all lead(II) compounds are asymmetric, this classical model 

does not completely explain the nature of the stereochemically active lone pair. There 

must also be chemical interaction with the anions. For example, PbO adopts the litharge 

structure, whereas PbS crystallizes in a perfectly symmetric rock salt structure, despite 

both having the necessary Pb2+ electronic configuration [55]. This suggests there is close 

interaction of the lead(II) with the oxygen anions in the case of ferroelectric perovskites 

[56]. 

A revised lone pair model has been proposed by Walsh et al. that suggests 

hybridization occurs between the Pb 6s, Pb 6p, and O 2p states, using PbO as an example 

[55]. Based on density functional theory studies of the structure of PbO, s2 electrons 

interact strongly with the anion p states in the valence band, which gives rise to the 

bonding and antibonding states seen in Figure 1.9. The antibonding states must have 

substantial contribution from the cation s states for the lone pair to be stereochemically 

active. The relative energies of the cation s and anion p states are crucial. The interaction 

between the anion p states and the cation s states is reduced for heavier anions. As shown 

in Figure 1.9, in PbS the sulfur anion 3p states are too high in energy in comparison to the 

low energy Pb 6s, explaining the inactive lone pair despite the lead(II) electronic 

configuration. Less interaction between the anion p states and the cation s states also 

leads to weaker hybridization between the cation s and p states. 
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Figure 1.9. Orbital interactions that lead to lone pair formation in PbO (top) and 
the corresponding energy level diagram (bottom).  

Note. Reproduced from Ref. [55] with permission from The Royal Society of Chemistry. 

The interaction of the 6s and 6p states described by the classical model is essential 

for stereochemical activity. An initial asymmetric site (coordination environment) is needed 

for the 6s-6p interaction to occur and for the 6s2 lone pair to be stereochemically active, 

which in turn will make the bonding more asymmetrical, enhancing the structural distortion. 

Thus, there must be some distortion of the crystal structure. For example, in tetragonal 

BiVO4, Bi is located in a centrosymmetric site, making the Bi 6s-6p interaction forbidden; 

the lone pair remains inactive [57]. However, in an off-centric position in monoclinic BiVO4, 

the Bi 6s and 6p states can interact, and the lone pair is stereochemically active. In a 

distorted lattice, the unoccupied cation p states hybridize with the Pb 6s-O 2p antibonding 

states, as shown in Figure 1.9, reducing the antibonding destabilization [55]. This results 

in the asymmetric lone pair electron density. 
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Figure 1.10. (a) Calculated electronic density of states and (b) partial calculated 
electronic density of states for α-PbO. 

Note. Reprinted with permission from G.W. Watson, S.C. Parker, Origin of the Lone Pair of α-
PbO from Density Functional Theory Calculations, J. Phys. Chem. B. 103 (1999) 1258–
1262. doi:10.1021/jp9841337. Copyright 1999. American Chemical Society. 

The electronic density of states for α-PbO (Figure 1.10) reported by Watson and 

Parker [56] support the above-mentioned revised lone pair model. The oxygen 2s states 

are below -15 eV and indicate no hybridization with other oxygen or lead orbitals. Between 

-10 to -5 eV, the bands are composed of lead 6s and oxygen 2p states, favouring the 

creation of the bonding and antibonding states. Furthermore, the higher energy bands that 

are just below the Fermi level consist primarily of oxygen 2p character, with small 

contributions from both the lead 6s and lead 6p [56]. Thus, there is a mixing of the lead 6p 

states with the antibonding Pb 6s-O 2p states, leading to the distorted electron density. 
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1.6.2. Effects of the 6s2
 Lone Pair on Piezo-/Ferroelectric 

Properties  

The presence of a stereochemically active 6s2 lone pair enhances the structural 

asymmetry in a material, as discussed in Section 1.6.1. This leads to an improvement in 

many crystal physical properties. For example, take a comparison of select properties of 

BaTiO3 and PbTiO3, given in Table 1.1. BaTiO3 does not have a 6s2 lone pair, whereas 

PbTiO3 contains Pb2+, which has a stereochemically active lone pair. Upon replacing Ba2+ 

with Pb2+, an increase in structural asymmetry occurs, as shown in Figure 1.11 and 

evidenced by the increase in the tetragonality (the ratio of lattice parameters c/a) of the 

material [3,58]. The displacement of both A and B cations in the perovskite increases in 

PbTiO3, leading to an increase in the spontaneous polarization, from 25.2 µC/cm2 for 

BaTiO3 to 84.7 µC/cm2 for PbTiO3 [59]. The presence of the strongly polarized, non-

spherical Pb2+ also leads to a large increase in TC, because more thermal energy is 

required to destabilize a polar perovskite structure for the more distorted PbTiO3 than for 

BaTiO3. 

Table 1.1. Properties of BaTiO3 versus PbTiO3 [58–60]. 

Compound Tetragonality c/a PS (µC/cm2) TC (°C) 

BaTiO3 1.01 25.2 120 

PbTiO3 1.063 84.7 490 
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Figure 1.11. Atomic displacements in the ferroelectric phases of (a) BaTiO3 and 
(b) PbTiO3. 

Note. Reprinted from Comptes Rendus l’Académie Des Sci. - Ser. IIC - Chem., Vol 3, J. 
Ravez, Ferroelectricity in solid state chemistry, 267-283, Copyright (2000), with 
permission from Elsevier. 

1.6.3. Limitations of Leading Ferroelectric and Piezoelectric 
Materials 

Many of the highest-performing commercial piezoelectric and ferroelectric 

materials are PbTiO3-based solid solutions [61]. A solid solution is formed between two or 

more distinct compounds called end-members. This creates a single phase in which there 

is a continuous sequence of compositions intermediate between the two end-members 

[62]. Solid solutions in perovskites are typically formed by substituting different cations into 

the A and/or B sites. For example, PZT is a well-known solid solution between PbZrO3 

and PbTiO3. Properties of some of the leading piezoelectric and ferroelectric materials are 

given in Table 1.2. 

Despite the widespread usage of lead-based materials, many high-performing 

materials suffer from a low TC and even lower phase transition temperatures between 

phases of different symmetries. For example, although 67%PMN-33%PT (or PMN-

33%PT) has a high piezoelectric constant (d33 = 2200 pC/N), it has a relatively low TC of 

166 °C and an additional phase transition between the rhombohedral and tetragonal 
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phases at TRT ≈ 80-90 °C [10,46]. These phase transitions make high-performance piezo-

/ferroelectrics materials unsuitable for applications in high-temperature regimes, which 

has prompted intensive research for new high-performance piezo-/ferroelectrics. 

Table 1.2. Properties of leading dielectric, piezo-/ferroelectric ceramics and 
single crystal materials of the perovskite structure. 

Property Type II PZT 
Ceramics 

Type III PZT 
Ceramics 

Type VI PZT 
Ceramics 

PZN-4.5%PT 
Crystals 

PMN-33%PT 
Crystals 

Dielectric Constant 2050 1000 3900 5000 8000 

Dielectric Loss 0.018 0.003 0.025 0.01 0.01 

Curie Temperature 
(°C) 

340 300 210 155 166 

Piezoelectric 
Coefficient (d33, 

pC/N) 

400 225 690 2200 2200 

Note. <001> oriented crystals. Adapted from Ref. [10]. Type II PZT ceramics are modified for high 
electromechanical activity. Type III PZT ceramics are modified for high electric drive with low 
losses. Type VI PZT ceramics are modified to have higher dielectric constants at the expense of a 
reduced TC [63]. 

There are two major disadvantages to low TCs. The main limiting factor is that 

piezo-/ferroelectric properties are only observed below TC. Therefore, higher TCs provide 

greater ranges of operating temperatures. Secondly, polycrystalline piezoelectrics, such 

as ceramics, do not naturally exhibit piezoelectric properties due to the randomly oriented 

polarization within the grains [5]. An electric field must be applied to orient the 

spontaneous polarization, or “pole” the material, in order for it to display piezoelectric 

properties [5]. This will give the material a remanent polarization, Pr, not equal to zero. 

Once a poled ferroelectric/piezoelectric material is heated through a phase transition (e.g. 

TC or TRT), it will thermally depole. It will no longer exhibit piezoelectric properties upon 

cooling back below TC because the spontaneous polarization within the grains will again 

be randomly oriented. To avoid accidental depoling, materials are generally operated at 

half the TC (or TRT) [64]. Thus, low phase transition temperatures are undesirable because 

they limit the potential temperature range for operation and present a risk of thermal 

depoling. 

With typical operating temperatures for piezo-/ferroelectrics that are less than half 

the TC, there are many applications which require TCs greater than that shown in Table 
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1.2. Materials with TCs as high as 300 °C are required for under-hood automotive 

applications, and aerospace and aircraft applications have particularly stringent 

temperature requirements [64,65]. High temperatures are also required for materials 

processing. As a result of these materials limitations and technological requirements, 

continued efforts have been made to develop high-TC piezo-/ferroelectric materials in 

order to increase the temperature range of operation and thermal stability of the materials 

and their properties [10,46,65–72]. This is a challenge because the development of high-

TC materials typically comes at the expense of a significantly reduced piezoelectric 

coefficient d33; this trend is shown in Figure 1.12 for some typical piezoelectric materials 

[72,73]. 

 

Figure 1.12. Piezoelectric coefficient d33 as a function of the Curie temperature 
(TC) for piezoelectric ceramics including PZT, modified PZTs, and 
relaxor-PT systems. 

Note. PNN-PZT is the solid solution between Pb(Ni1/3Nb2/3)O3 and Pb(Zr1-xTix)O3. © 1997 IEEE 
[73]. 

Many of the leading, high-performance piezoelectrics currently used in 

applications are lead-containing, presenting concerns about lead toxicity in addition to the 

aforementioned limitations due to low TCs. Lead can bind to biologically important 
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molecules and interfere with their functions [48]. It affects nearly every system in the body. 

Lead inhalation and ingestion are a particular hazard for workers in lead industries such 

as mining, chemical manufacture or ceramics [48]. While the environmental risk can be 

well-managed during production, the whole life cycle of lead-containing materials must be 

considered. In particular, lead-based piezoceramics disposed of at the end of their use 

may end up in corrosive conditions [74]. As a result, legislations have been introduced to 

reduce this hazard. For example, the European Union introduced the Restriction of 

Hazardous Substances (RoHS) directive which aims to restrict the use of hazardous 

substances such as lead [75]. The RoHS restricts lead use to 0.1% by weight in 

homogenous materials. Commercial and research organizations in Japan and North 

America support this restriction [76]. Piezoelectronic devices are currently exempted from 

this restriction. The End of Life Vehicles (ELV) directive aims to get producers to 

manufacture new vehicles without hazardous substances, as well as limit waste by 

ensuring ELVs and their components are reused, recycled or recovered, where possible 

[77]. Electrical and electronic equipment waste is also addressed in the Waste Electrical 

& Electronic Equipment (WEEE) directive, which aims to prevent waste by ensuring the 

equipment is recovered, reused, or recycled [78]. With legislation such as the RoHS, ELV, 

and WEEE directives, the demand for lead alternatives in industry will increase. Thus, it 

is important to try to find alternatives or replacements for lead-based ferro-/piezoelectric 

materials, with the goal of one day eliminating lead entirely. 

To address the concerns of relatively low TCs and lead toxicity, much effort has 

been made to find a replacement for Pb2+ to develop both high-performance and high TC 

materials. Bismuth-based materials turn out to be promising candidates. 

1.6.4. Bismuth-Based Complex Perovskite Solid Solutions 

Bismuth is a logical replacement for lead because it neighbours lead in the periodic 

table, and is relatively non-toxic in comparison to other heavy metals. This is evidenced in 

its many applications, such as those in medicine or cosmetics [79]. Many people are 

familiar with bismuth subsalicylate, as it is sold under the brand name of Pepto-Bismol, 

and used for treatment of stomach and gastrointestinal tract discomfort. Lead has a toxic 

intake level of 1 mg for a 70 kg human, whereas bismuth has a toxic intake level of 15 g 
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for a 70 kg human [76]. Despite this high tolerance, there have been a few reported cases 

of bismuth poisoning. However, these have generally resulted from accidental or 

deliberate over-dosage of bismuth drugs [76]. Thus, bismuth is a safer alternative to lead. 

The most common and stable form of bismuth is Bi(III), which has the same 

electronic configuration as lead(II); therefore, it possesses the same stereochemically 

active 6s2 lone pair, which enhances structural distortion [80]. However, due to the lower 

energy level of Bi 6s relative to Pb 6s, there may be less hybridization between the O 2p 

and Bi 6s orbitals [55]. Bi3+ has a smaller ionic radius (1.17 Å) than lead Pb2+ (1.49 Å), 

which may allow for greater displacement of Bi3+ within the perovskite structure, leading 

to a further enhancement in the spontaneous polarization, in particular because of its 

smaller ionic size relative to the size of the A-site [49,81]. The relatively large radius of Bi3+ 

is appropriate for the A-site, but too large for B-site occupation in the perovskite. Bi3+ is 

often found to be eight-coordinate to oxygen anions, unlike lead-based perovskites, which 

exhibit a lead coordination number of twelve. 

One complex, Bi-based perovskite that has been studied is Bi(Zn1/2Ti1/2)O3 (BZT). 

The enhancement in asymmetry due to Bi3+ is evidenced in its high tetragonality (ratio of 

lattice parameters c/a = 1.211), and large cation displacements for Bi and Zn/Ti of 0.88 Å 

and 0.57 Å, respectively [61]. The calculated polarization for BZT is greater than 

150 µC/cm2, which is among the largest spontaneous polarization for Pb or Bi-based 

perovskites [61,82]. The increased structural distortion afforded by bismuth makes 

bismuth a viable candidate as the A-cation for my research. 

Although some bismuth-based perovskites (BiMeO3 compounds, Me = metal) 

previously studied show promise as lead-free ferroelectrics, they are difficult to synthesize, 

often requiring high pressures [61,65,68,80,83]. For example, BZT needs a pressure of 

6 GPa to be synthesized [61]. The instability of these perovskites is due to the relatively 

small size of Bi3+ for the perovskite A-site, that destabilizes the perovskite structure, which 

is expected given the low tolerance factors of these materials [68]. However, Bi-based 

perovskites can be stabilized by formation of solid solutions with other perovskite 

compounds. 
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Several PbTiO3-Bi(Me’Me”)O3 solid solutions that have been previously studied 

indicate that the formation of a bismuth perovskite solid solution with PT can increase TC 

[71,84]. For example, the TC of (1-x)Bi(Zn1/2Ti1/2)O3-xPbTiO3 (BZT-PT) exceeds 700 °C at 

x = 0.6, which is one of the highest reported TCs for a PbTiO3-based system [71]. This 

contrasts the typical trend in TC, where solid solutions with PbTiO3 tend to cause a 

decrease in TC from that of PT. The poled (1-x)BiScO3-xPbTiO3 solid solution ceramics 

exhibit high piezoelectric properties, with d33 > 400 pC/N, and have TC = 450 °C [65]. 

These examples suggest that Bi-containing solid solutions may be a viable route to high-

performance, high-TC materials. 

1.7. Objectives of this Work and Organization of the Thesis 

Based on the aforementioned reasoning and analysis, the push for high-

performance, high-TC materials and the need for the replacement of lead has naturally 

become the centre of this work. Although many high-performance materials have been 

developed, they are limited by their relatively low TCs and they present concerns about 

lead toxicity. Therefore, the general objectives of this work are to develop and characterize 

high-TC piezoelectric and ferroelectric materials that have reduced lead content or are 

lead-free. 

This work will focus on bismuth(III) as a replacement for lead(II). Although a great 

deal of work has been done on the investigation of Bi-based perovskite materials, an ideal 

replacement for leading materials has not yet been found and bismuth-based perovskites 

are still not completely understood in terms of crystal chemistry and structure-property 

relations. 

1.7.1. The Complex Perovskite Bismuth Zinc Niobate 

The work in this thesis centres on Bi(Zn2/3Nb1/3)O3 (BZN) as an end-member. 

Bismuth is selected as the A cation due to the aforementioned similarities to lead, with the 

aim of developing high TC materials. Zn2+ and Nb5+ are good candidates for the B-site 

because they have full and empty d orbitals, respectively, fulfilling the ferroelectric “d0” (or 

“d10”) rule [85]. Previous work has shown that the displacement of the B-site cation, which 
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gives the material a spontaneous polarization, is hindered if d electrons are present [85]. 

In addition, based on displacement magnitudes for B cations obtained through density 

functional theory calculations, Zn2+ is a strongly ferroelectrically active cation, as it 

displaces a large amount within the BO6 octahedron, and Nb5+ is a moderately 

ferroelectrically active cation [86]. 

There are no reports of pure BZN adopting the perovskite structure. This is not 

surprising because it has a low tolerance factor (t ~ 0.93), suggesting instability of the 

perovskite phase. Kim et al. reported the preparation of BZN that adopts a disordered-

fluorite structure (space group Fm-3m) [87], but this work has not been expanded upon. 

BZN can be stabilized in the perovskite structure when it is an end-member in a solid 

solution with a more stable perovskite, such as PbTiO3. 

1.7.2. The (1-x)PbTiO3-xBi(Zn2/3Nb1/3)O3 Solid Solution 

The first part of this thesis work focuses on the (1-x)PbTiO3-xBi(Zn2/3Nb1/3)O3 

(PT-BZN) solid solution. This solid solution was first studied by Nomura et al. who reported 

that for compositions up to x = 0.20 mol % BZN, the substitution of BZN results in an 

increase in TC above that of pure PT [88]. This suggests it may be a promising high TC 

material. However, the detailed structure, in particular the local structure, and piezo-

/ferroelectric properties of PT-BZN have not yet been systematically studied, so this work 

expands upon the work done by Nomura et al. through detailed structural refinements, as 

described below. 

The first part of this project (Chapter 3) focuses on the synthesis, preparation and 

characterization of the ceramics of the PT-BZN solid solution. Detailed Rietveld 

refinements are performed on the X-ray diffraction (XRD) patterns to reveal the structural 

changes in the perovskite structure that arise from the substitution of BZN. Dielectric 

measurements were also carried out to elucidate the phase transition temperatures of the 

prepared ceramics. The structure of this solid solution was then studied in detail with XRD 

pair distribution function (PDF) studies under ambient conditions (Chapter 4). This allows 

us to observe the differences between the local structure and the average structure of the 

PT-BZN solid solution. 
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Single crystals have the potential to have better properties than their ceramic 

counterparts [47]. The directionality of the large, single grain in crystals may lead to 

improved piezoelectric properties. Therefore, the next part of this work (Chapter 5) 

focuses on the PT-BZN single crystals and their characterization by XRD, dielectric 

measurements, polarized light microscopy, and piezoresponse force microscopy. 

1.7.3. The (1-x)BaTiO3-xBi(Zn2/3Nb1/3)O3 Solid Solution 

The second part of this thesis work focuses on the (1-x)BaTiO3-xBi(Zn2/3Nb1/3)O3 

(BT-BZN) solid solution. This project aimed to study a lead-free analogue to the PT-BZN 

solid solution. BaTiO3 was chosen as an end-member as it is a prototypical, lead-free 

piezo-/ferroelectric material. It was first used as a ceramic capacitor in 1941. 

Ferroelectricity was discovered in BaTiO3 in 1944 and BaTiO3 was soon thereafter used 

in piezoelectric transducers [4]. This solid solution also allows for the study of a system 

where there is substitution of a cation with no stereochemically active lone pair (Ba2+) for 

a cation with a 6s2 lone pair (Bi3+), and a comparison with the PT-BZN system, where both 

A-cations possess the 6s2 lone pair. 

The first part of this project (Chapter 6) focuses on the synthesis, preparation and 

characterization of ceramics of the novel BT-BZN solid solution. BT-BZN was studied by 

XRD and dielectric measurements. The results were used to develop a partial phase 

diagram for this solid solution. Its piezoelectric and ferroelectric properties were also 

studied. This solid solution was also studied by X-ray total scattering (ambient conditions) 

to obtain PDFs (Chapter 7) to analyze the difference between the local and average 

structures, as was done for the PT-BZN solid solution. 

Lastly, a brief summary and conclusions for this thesis work, with suggestions for 

future work are provided in Chapter 8. 

Note that each of these chapters are written in the form of publications to allow for 

each chapter to be more self-contained, inevitably resulting in some repetition. 
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Chapter 2.  
 
Characterization: Principles and Techniques 

2.1. Introduction 

This chapter presents the basic principles behind the various experimental 

techniques that were used to investigate and characterize the structure and properties of 

the materials studied in this thesis. These techniques include powder X-ray diffraction 

(XRD), pair distribution function analysis/calculations, polarized light microscopy (PLM), 

dielectric spectroscopy, ferroelectric and piezoelectric measurements, and piezoresponse 

force microscopy. 

2.2. Powder X-ray Diffraction (XRD) 

X-rays are electromagnetic radiation. They occupy the region between gamma and 

ultraviolet rays in the electromagnetic spectrum and have a wavelength in the range of 

0.01 to 1.0 nanometres [89]. They are produced when high-energy charged particles 

collide with matter. Here, diffraction refers to the coherent and elastic scattering of 

radiation from a collection of atoms. In this work, we use powder X-ray diffraction (XRD) 

to determine the phases, structure, symmetry and structural parameters of the materials 

studied. 

2.2.1. Laboratory X-ray Source 

For laboratory diffractometers, X-rays are generated from the collision of electrons, 

accelerated through a cathode ray tube, into a metallic target such as copper. The incident 

electrons have enough energy to cause the ejection of some metal electrons. For copper, 

upon this collision some core 1s (K-shell) electrons of copper are ejected. Electrons from 

the outer 2p or 3p orbitals drop down to fill the vacancies caused by the ejected electrons, 

and release X-ray radiation during the transition. These events are illustrated in Figure 

2.1. 
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Figure 2.1. Generation of Cu Kα X-rays, arising from the 2p ���� 1s transition. 

The X-rays produced are characteristic of the target. For copper, the 2p � 1s 

transition (L shell to K shell) produces Kα1 and Kα2 X-rays of wavelength 1.54051 and 

1.54433 Å, respectively, corresponding to transitions from the two possible spin states of 

the 2p electron [90]. The electronic transition from the 3p � 1s produces Kβ X-rays of 

wavelength 1.3922 Å. The Kα transitions are more common, so the more intense Kα 

radiation is used in diffraction experiments. Nickel foil is used to filter out the Kβ radiation 

to obtain a monochromatic beam. 

The lab diffractometer experiments in this thesis utilize a copper source 

(Kα = 1.5418 Å, the intensity weighted average of the doublet transition). There are two 

instruments that are used. The first is a Rigaku Rapid Axis Diffractometer (46 kV, 42 mA), 

equipped with an image plate detector and a triple axis goniometer, allowing for rapid 

screening of crystallinity. The second is a Bruker D8 Advance Diffractometer for high 

resolution powder diffraction, equipped with a Goebel mirror for a parallel X-ray beam. 

This instrument uses Bragg Brentano geometry with a scintillation detector. 
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2.2.2. Bragg’s Law 

Since crystals are made up of periodically arranged lattices, they can diffract X-ray 

radiation. Bragg’s law describes the conditions necessary for constructive interference of 

the scattered beams. Bragg’s law is given in Equation 2.1: 

 21�2 sin 6 = 7λ , (2.1) 

where dhkl is the interplanar spacing between crystal planes hkl (the d-spacing), θ is the 

Bragg angle or angle of incidence, n is the order, and λ is the wavelength of the X-rays. 

There are several solutions to Bragg’s law for a given set of planes at different values of 

n, but it is customary to set n to 1 [90]. For example, when n = 2, the d-spacing is instead 

halved to keep n = 1. 

The Bragg condition is illustrated in Figure 2.2. For two beams scattered from 

adjacent planes, one beam travels an extra distance xyz. Based on trigonometric relations, 

xyz = 2dsin θ. For the two scattered beams to be in phase, the distance xyz must be a 

whole number of wavelengths λ, thus yielding Equation 2.1 [90]. The diffracted beams are 

detected and plotted as a function of 2θ to give characteristic X-ray diffraction (XRD) 

patterns of materials, which are directly related to their structure. 

 

Figure 2.2. Schematic showing Bragg diffraction from a set of lattice planes 
with an interplanar spacing d. 

Note. Adapted from “BraggPlaneDiffraction.svg”, which was released into the public domain 
with no restrictions by user Furiouslettuce, 2009, via Wikimedia Commons. 
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2.2.3. Principles Used for Crystal Symmetry Determination 

XRD patterns are used as “fingerprints” for identification, because compounds of 

the same crystal structure do not give rise to the same diffraction pattern. There are two 

main factors that determine the XRD pattern for a material: 1) the size and shape of the 

unit cell, and 2) the position and identity of the atoms [90]. Consequently, we can utilize 

the diffraction pattern to identify the crystal symmetry. 

There are seven possible crystal systems that can be distinguished by the 

combination of their unit cell lengths, lattice parameters a, b, and c, and the angles α, β, 

and γ, denoted in Figure 2.3. The symmetry requirements of these systems are outlined 

in Table 2.1. Lattice parameters are sensitive to phase symmetry and composition, making 

XRD a valuable tool in characterizing phase purity, as these parameters can be extracted 

from the XRD patterns. 

 

Figure 2.3. A unit cell, defining the different lattice parameters and angles that 
are used to define the crystal symmetry. 

Table 2.1. Unit cell shapes for the seven crystal systems. 

Symmetry Lattice Parameters Angles 

Cubic a = b = c  α = β = γ = 90° 

Tetragonal a = b ≠ c α = β = γ = 90° 

Orthorhombic a ≠ b ≠ c α = β = γ = 90° 

Hexagonal a = b ≠ c α = β = 90°, γ = 120°  

Rhombohedral a = b = c α = β = γ ≠ 90° 

Monoclinic a ≠ b ≠ c α =γ = 90°, β ≠ 90° 

Triclinic a ≠ b ≠ c α ≠ β ≠ γ ≠ 90° 
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Depending on the structure, 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: 

 
9
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?. + 2.
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where hkl are the Miller indices that designate the lattice plane of interest. The d-spacing 

for a particular plane can be calculated from the 2θ value at which the peak associated 

with the plane appears in the diffraction pattern, by using Bragg’s law. The d-spacing can 

subsequently be used to determine the lattice parameters using Equation 2.2. 

 The peak splitting in XRD patterns provides information about the crystal 

symmetry, which can be used to monitor chemical reactions, phase transitions and phase 

purity. Crystal structure changes affect the d-spacing, which will in turn affect the peak 

splitting. For example, upon a transition from the cubic to the tetragonal phase, peak 

splitting is seen in the (200) peak because the lattice parameters are no longer all equal, 

so the d-spacing for (200) = (020) ≠ (002). Characteristic splitting patterns for the (111), 

(200) and (220) reflections are given for cubic, tetragonal and rhombohedral symmetries 

in Figure 2.4. 

 

Figure 2.4. Characteristic X-ray splittings in the (111), (200), and (220) 
reflections for various symmetries. 
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2.2.4. Rietveld Refinements 

The Rietveld method is a crystal structure refinement method, developed by H. 

Rietveld [91]. It uses a least-squares approach to refine a theoretical, calculated XRD 

pattern until it matches an experimental XRD pattern. The theoretical pattern is calculated 

given a model for the crystal structure, including the space group, lattice parameters, 

atomic positions, occupancies, atomic displacement parameters, as well as background 

subtraction and instrumental information. These parameters are refined until a satisfactory 

solution is obtained. Several hundred papers a year make reference to this refinement 

method, evidencing the fact that it is a powerful crystal structure refinement tool [92]. The 

software used for the Rietveld refinement of data in this thesis is TOPAS-Academic. Using 

this software, we can obtain structural information from the diffraction pattern fitting, such 

as the lattice parameters and atomic displacements. 

2.3. Pair Distribution Functions (PDFs) and Analysis 

2.3.1. Theory and Description 

Before discussing pair distribution functions (PDFs) it is important to differentiate 

between local structure and average structure. The structures obtained by traditional X-

ray crystallography reflect spatially-averaged structures, in which there is a loss of 

displacement information and local chemical details. The information obtained gives only 

the average bond distances and lattice constants. The actual local bond length must be 

obtained using a local probe, and may be different from the average values. For example, 

in the semiconductor (Ga1-xInx)As, based on the average structure the distance between 

the (Ga,In) site and the As site changes linearly with x. However, local probes (i.e. the 

PDF pattern) shows two different distances, which can be correlated to the Ga-As and In-

As distances in pure compounds [93]. 

The study of local structure may provide insight into the origin of various properties 

of materials and structure-property relationships. In addition to the information contained 

in the Bragg peaks, critical information is contained in the diffuse scattering, which is not 

examined explicitly in conventional XRD analysis. Diffuse scattering contains information 
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about defects and disorder in a material. Thus, an alternative approach to crystallographic 

analysis is total scattering, which looks at both Bragg and diffuse scattering.   

For elastic scattering, the magnitude of the diffraction vector is known as Q, and is 

defined by 

 A = |Q| = DE FGH I
J  , (2.3) 

where θ = 2θ/2 and 2θ is the angle between the incident and diffracted beams, and λ is 

the wavelength of the scattered particle. The scattering intensity is measured as a function 

of Q. A higher Q-resolution allows for data to be obtained over a larger range of distance 

r. The Fourier transform of the corrected and normalized total scattering intensity, S(Q), is 

given by 

 K�L	 = �
E M A[��A	 − 1] sin�AL	 dAO

�  (2.4) 

and yields G(r), the reduced pair distribution function (PDF). The Fourier transform 

converts the diffraction data, which is a function of reciprocal space, into a PDF, which is 

a function of real space. However, Equation 2.4 is not reflective of real experiments, 

because in reality, due to experimental limitations from the incident radiation, detector 

position and geometry, we do not have access to infinite Q range, nor can we reach Q = 

0 [94]. Therefore, practically, the equation can be written as: 

 K�L	 = �
E M A[��A	 − 1] sin�AL	 dAPQRS

PQGH  . (2.5) 

In this work, we use the software PDFgetX3 [95] to convert the intensity data to the total 

scattering function S(Q) and the PDF, G(r). This software allows you to scale/subtract the 

background intensities, and to set parameters such as the Qmin and Qmax to cut off artifacts. 

Pair distribution functions are a powerful technique as they give insight into the 

local structure of the material. A PDF is a histogram of all the atom-atom distances in a 

material. The atom-pair distances are obtained from the peak positions. An example of a 

PDF for nickel, which crystallizes in a face-centered cubic (fcc) structure, is given in Figure 
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2.5 [96]. PDFs give information about the local environment of atoms, such as the number 

of neighbours and how far away they are [93]. In the nickel PDF, the first peak is at r1 = 

2.50 Å, corresponding to the closest distance that two nickel atoms can approach each 

other in this material. Each peak in the PDF corresponds to a particular atom-atom 

distance or correlation. However, as r increases, peaks may begin to overlap, depending 

on the structure, so that a single peak may not result from a single atom-atom distance. 

 

Figure 2.5. The result of a PDF refinement of nickel of the face-centered cubic 
(fcc) structure. The points are the experimental data, the solid line is 
the calculated PDF, and a difference curve is plotted below the data. 
The Ni-Ni pair distance corresponding to each peak is indicated in 
red on each fcc unit cell. 

Note. Reproduced with permission of the International Union of Crystallography [96]. Minor 
adaptations were added for clarity. 
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The integrated intensity under each peak is proportional to the coordination 

number of the associated atom-atom pair. The peak width and shape gives information 

about the atomic probability distribution [93]. The peak width provides insight into the static 

and dynamic disorder of atoms in that pair. Wider peaks indicate that there is a broader 

distribution of interatomic distances for an atom-atom pair. The peak height is proportional 

to the product of the scattering power of the atoms involved in the atom-atom pair [93,97]. 

 Like the XRD patterns, a least-squares refinement of the PDF patterns can be 

performed to extract the structural information. A theoretical structural model is refined to 

minimize the difference between the calculated PDF pattern and the experimental data. 

In this work, least-squares refinements of the experimental PDF data were done using the 

software PDFgui [98]. 

2.3.2. Synchrotron X-ray Source 

The Kα X-rays generated from copper sources in the laboratory have a 

characteristic wavelength of 1.5418 Å that limits the range of Q to below 8 Å-1, allowing 

only a few diffraction peaks to be detected [93]. For PDF analyses, a Q range of ~30 Å-1 

is required; thus, an X-ray synchrotron source is preferable, because it allows for higher 

resolution and accuracy. Spallation neutron sources are also capable of accessing the Q-

range required for PDF measurements; however, they were not used in this work. 

Synchrotron radiation is emitted by accelerated particles, such as electrons, 

moving at relativistic speeds, that are forced to follow a curved path [99]. This is 

accomplished by using accelerators such as electron storage rings. Electrons are steered 

through the curved regions using bending magnets, and emit synchrotron radiation 

tangentially to the electron path, which forms the beamlines for various instruments, as 

shown in the schematic in Figure 2.6 [2]. The Advanced Photon Source (APS) is an X-ray 

synchrotron source, at Argonne National Laboratory in Lemont, IL, USA. The APS storage 

ring generates high-energy X-ray beams that can be utilized for many research 

techniques, including PDFs. The data in this thesis was obtained using the 11-ID-B 

beamline at the APS. 
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Figure 2.6. Schematic diagram of a synchrotron storage ring showing the 
emission of synchrotron radiation tangentially to the electron path. 

2.4. Polarized Light Microscopy 

Polarized light microscopy (PLM) is a useful optical technique that allows 

researchers to determine the crystal symmetry and crystallographic group, to observe and 

analyze the domain structure, and to measure the birefringence of anisotropic single 

crystals. An Olympus BX60 polarized light microscope equipped with a Linkam THMS600 

heating/cooling stage is used in this work. This microscope consists of crossed polarizers 

and a rotating sample stage. A schematic of the set-up is shown in Figure 2.7. White light 

passes through the polarizer and is polarized. The analyzer is rotated 90° to the polarizer 

so that in the absence of a sample placed between the polarizer and analyzer, as in Figure 

2.7(a), no light will be transmitted through the analyzer and the microscope field will appear 

dark (i.e. extinction is seen) [100]. 
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Figure 2.7. A schematic of (a) light passing through crossed polarizers. No light 
is transmitted past the analyzer. (b) A birefringent sample is placed 
between crossed polarizers and converts the light from the polarizer 
into two orthogonal light waves. These waves pass through the 
analyzer to form linearly polarized light. 

Isotropic crystals have the same refractive index in all directions. When an isotropic 

single crystal is placed between the crossed polarizers, extinction will be observed. 

Anisotropic crystals have a refractive index that is dependent on direction, due to unequal 

spacing of atoms in different directions [101]. If the sample placed between the crossed-

polarizers is anisotropic, light will pass through the analyzer, as shown in Figure 2.7(b). 

However, if the crystal is oriented such that its principle refractive indices are parallel to 

the polarizer, the crystal will appear extinct [102]. In the microscope, the polarized light 

from the polarizer enters the crystal, where it is refracted into two perpendicularly polarized 

components (the extraordinary and ordinary rays) that are vibrating parallel to the 

crystallographic axes. The extraordinary ray has its light polarized parallel to the optical 

axis, whereas the ordinary ray is polarized perpendicular to the optical axis. The light 

transmitted through the crystal then passes through the analyzer, which only allows the 

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

through, allowing us to view the sample. One of these rays lags behind the other due to 

the different speeds between the ordinary and extraordinary rays diffracted by the 

anisotropic crystal. This retardation R can be calculated using the following equation, 
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 R = t (Δn) , (2.6) 

where t is the crystal thickness and Δn is the birefringence. 

The crystals studied in this work are uniaxial, meaning they have two principle 

refractive indices [103]. The difference between the highest and lowest refractive indices 

is known as the birefringence (Δn) [103], defined in Equation 2.7, 

 Δn = |ne – no| , (2.7) 

where ne and no are the refractive indices experienced by the extraordinary and ordinary 

rays, respectively. 

The birefringence of anisotropic crystals can be calculated by measuring the 

optical retardation. In this work an Olympus U-CBE Berek compensator is used. A Berek 

compensator consists of a birefringent material, such as a calcite or magnesium fluoride 

optical plate that can be tilted using an adjustment dial. This plate is inserted perpendicular 

to the optical axis of the microscope, between the sample and the analyzer. With zero tilt, 

it has no effect on the light that passes through it. However, upon tilting, it slows down the 

light passing through it, resulting in a tilt-angle dependent phase shift. The compensator 

crystal is tilted until compensation is achieved – i.e. no light is transmitted through the 

analyzer. The rotation angle θ can be converted to the retardation using Equations 2.8 

and 2.9: 

 T = U ∙ �WX9&FGH. I/Z.&X9&FGH.I /). W
|9/).&9/Z.|  , (2.8) 

 U = :∙Z
� W 9

). − 9
Z.W , (2.9) 

where C = invariables of the compensator, ω and ε are the ordinary and extraordinary 

refractive indices of the compensator, respectively, and d is the thickness of the 

compensator [104]. Equation 2.6 can then be used to calculate the birefringence of the 

crystal sample. By studying the birefringence as a function of temperature, the phase 

transition at TC and any additional phase transitions can be analyzed. 
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 When one of the refractive indices of a crystal platelet is parallel to the axes of the 

crossed polarizers, no light can pass through. This is known as an extinction position. 

Extinction angles can be used to determine crystal symmetry, because the orientation of 

the optical axis is dependent on the crystal symmetry. An isotropic, cubic symmetry will 

show extinction at all angles. When a crystal’s principle refractive indices are parallel to 

the polarizer or analyzer, it appears extinct [102]. A schematic is given in Figure 2.8 for 

crystals of tetragonal or rhombohedral symmetry. For a tetragonal symmetry, the 

spontaneous polarization is oriented in the <100> crystallographic direction (there are six 

equivalent <100> directions). The optical axis is also parallel to the <100> direction. 

Observation of a (001)cub platelet would show extinction when the axes of the elliptic cross 

section of the optical indicatrix (a sphere or ellipsoid surface representing the indices of 

refraction) is parallel to the crossed polarizer or analyzer. For a tetragonal symmetry, this 

occurs when the cross-polarizers are at 0° and 90° to the <100>cub direction [105]. 

 

Figure 2.8. A schematic showing (a) the possible polarization (and optical axis) 
orientation of a tetragonal phase (T) and a rhombohedral (R) phase. 
(b) Possible extinction positions under crossed polarizers for a 
(001)cub oriented crystal platelet of tetragonal (T) and rhombohedral 
(R) symmetry. 

The possible extinction conditions that are observable in a tetragonal crystal are 

further elaborated on in Figure 2.9. Figure 2.9(a) shows the possible spontaneous 

polarizations and optical axes oriented parallel to <001>cub. Three possible domain 

orientations are possible depending on the direction of the spontaneous polarization, as 

shown in Figure 2.9(b) [106]. The extinction angles can also be monitored as a function of 

temperature to analyze phase transition behaviour and crystal symmetry. 
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Figure 2.9. Schematic showing (a) the orientation of the spontaneous 
polarization and optical axis in the tetragonal phase, and (b) the 
extinction directions of the tetragonal optical indicatrix sections 
when observed on a (001)cub platelet along <001>cub directions. 

Note. Reprinted from Z.-G. Ye, M. Dong, Morphotropic domain structures and phase 
transitions in relaxor-based piezo-/ferroelectric (1−x)Pb(Mg1/3Nb2/3)O3−xPbTiO3 single 
crystals, J. Appl. Phys. 87 (2000) 2312–2319. doi:10.1063/1.372180, with the 
permission of AIP Publishing [106]. Minor adaptations were added for clarity. 
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2.5. Dielectric Spectroscopy 

Dielectric relaxation phenomena in ferroelectrics reflect the time dependence in 

the frequency response of a group of dipoles to an applied external electric field. The 

polarization vector cannot always keep up with the variation of the field applied, so the 

response is expressed as the complex permittivity ε*: 

 ε* = ε’ – iε” , (2.10) 

where ε’ is the real part of the permittivity, ε” is the imaginary part of the permittivity and 

i = √−1 [107]. Dielectric measurements provide values of the dielectric permittivity and 

loss. By measuring the variation of these values as a function of temperature and 

frequency, phase transition temperatures and relaxor behaviour can be revealed. The 

dielectric measurements in this thesis were performed using a Novocontrol Alpha high 

resolution broadband dielectric analyzer with a Novotherm heating system. This 

instrument measures permittivity indirectly from the impedance. The sample is coated with 

gold or silver electrodes to form a capacitor and then connected to the instrument via gold 

wires. A schematic of the circuit used in these measurements is given in Figure 2.10 [108]. 

 

Figure 2.10. Schematic diagram of the circuit used in the dielectric permittivity 
measurements. 

A voltage (V) of a frequency ω/2π is applied by a signal generator to the sample, 

which generates a current I of the same frequency in the sample. The current of the 

sample capacitor will be phase shifted from the voltage by the phase angle φ. The complex 

voltage V* and complex current I* is measured with a phase sensitive current-voltage 
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analyzer. These values relate to the impedance Z* of the sample according to the following 

equation: 

 [∗ = [# + ][" = _∗/`∗ , (2.11) 

where Z’ is the real impedance and Z” is the imaginary impedance [108]. The impedance 

of a capacitor is 

 [a
∗ = − b �

Z$c
d , (2.12) 

where Cs is the capacitance of the sample [108]. Equation 2.13 gives the capacitance for 

a parallel plate capacitor, where ε0 is the permittivity of free space (8.854 x 10-12 F/m), ε’ 

is the real permittivity of the sample, A is the area of the electrodes, and d is the distance 

between the electrodes. Dividing equation 2.13 by equation 2.14, where C0 is the 

capacitance of the empty sample capacitor, yields equation 2.15 [90]. This equation allows 

us to calculate the real permittivity ε’ of the material. The magnitude of ε’ depends on the 

polarizability of the material. For ferroelectric materials such as BaTiO3, ε’ = 103 to 104 [2]. 

 Ue = "�"# f
: (2.13) 

 U� = "�
f
: (2.14) 

 "′ = Ue/U� (2.15) 

Dielectric loss may be caused by leakage current or relaxation. The imaginary part 

of the permittivity (ε”) represents the dielectric loss; however, engineers frequently use 

tan δ to express this loss [109]. Tan δ is defined as the tangent of the dielectric loss angle 

δ between the imaginary (ε”) and real (ε’) components of the permittivity: 

 tan δ = ε”/ ε’ , (2.16) 

as illustrated in Figure 2.11. 
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Figure 2.11. The dielectric loss angle (δ) in terms of the imaginary and real 
components of the permittivity. 

2.6. Ferroelectric Hysteresis Measurements 

The RT66A Standard Ferroelectric Testing System (Radiant Technologies) is used 

to measure polarization as a function of electric field, to characterize the ferroelectric 

properties of materials in this work. Ferroelectric hysteresis loops can be observed by 

using a modified Sawyer-Tower circuit, seen in Figure 2.12. An alternating voltage is 

applied to the electrodes of a sample capacitor (Cs) [109]. A resistor-capacitor circuit is 

connected to the sample in series, which compensates for phase shift due to conductivity 

or dielectric loss in the sample [110]. The voltage (Vr) across the reference capacitor (Cr) 

is proportional to the polarization of the sample because the sample and reference 

capacitors are connected in series [109]. The charge developed on the surface of the 

sample (Qsample) can be calculated by 

 Ur_r = Ar = Asample. (2.17) 

The polarization P can then be calculated with Equation 2.18, 

 j = k
f , (2.18) 

where A is the area of the sample electrodes. The applied electric field E is calculated 

from the sample thickness d, and the voltage across the sample V, with the following 

equation: 
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 � = l
: . (2.19) 

The field is plotted on the x-axis and the polarization on the y-axis, to yield a ferroelectric 

hysteresis loop, such as that seen in Figure 1.3 in Chapter 1. 

 

Figure 2.12. Schematic of the modified Sawyer-Tower circuit used for the 
measurement of hysteresis loops [109–111]. 

2.7. Piezoelectric Measurements 

The piezoelectric coefficient d33 is measured in this work by a quasi-static Piezo-

d33/d31 meter (model ZJ-6B).  A schematic of the quasi-static d33 meter is given in Figure 

2.13. For a sample poled in the 3-direction with electrodes, the piezoelectric coefficient d33 

is defined by: 

 mm = bno
po

d
q

 , (2.20) 

where D3 is the charge density (C/m2) and σ3 is the applied stress (N/m2) in the 3-direction, 

when a constant electric field is maintained [112]. This equation can be simplified to  

 mm = k/f
r/f = k

r = $l
r  , (2.21) 

where F is the force applied to an area A of a sample, Q is the charge developed by the 

sample, C is the shunt capacitance and V is the potential difference across the shunt 
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capacitor [112]. It is clear from Equation 2.21 that a direct method of determining d33 is to 

apply force on a piezoelectric sample and measure the charge developed. In the quasi-

static method of measuring piezoelectric coefficients, a small oscillating force is applied 

[112]. The potential difference V is measured and the d33 is calculated in pC/N and 

displayed digitally. We report average d33 values after taking measurements at several 

points across a ceramic sample. 

 

Figure 2.13. Schematic diagram for the measurement of the piezoelectric 
coefficient using a quasi-static d33 meter. 

2.8. Piezoresponse Force Microscopy 

Piezoresponse force microscopy (PFM) uses a standard contact mode atomic 

force microscope set-up with a conductive cantilever and tip [113]. A Bruker Dimension 

Icon microscope with a conductive tip (DDESP, Bruker) was used in this work. The sample 

under investigation is placed between a bottom electrode and the conductive PFM tip, 

which serves as a movable top electrode that can apply an AC field with or without a DC 

bias [114], according to the following equation: 

 Vtip = VDC + VAC cos(ωt) , (2.22) 

where VDC is the DC bias (switching bias), VAC is the AC bias (probing bias), and ω is the 

AC bias frequency (driving frequency) [115]. 
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PFM utilizes the converse piezoelectric effect: a voltage applied between the tip 

and the bottom electrode results in sample strain and the sample expands and contracts. 

When the polarization is in the same direction as the applied electric field, the material 

locally expands, and when the polarization is in the opposite direction of the applied field, 

it locally contracts, as shown in the schematic in Figure 2.14.  In other words, when the 

surface oscillations are in phase with the tip voltage (φ = 0°), the sample expands. When 

they are out of phase (φ = 180°), the sample contracts [116]. The out-of-plane sample 

deformation causes vertical deflection of the cantilever. PFM measures this mechanical 

response to the electrical stimulus, allowing for imaging of the domain configuration. In 

addition to the vertical deflection of the cantilever, torsion caused by the shear 

piezoelectric mode/response (piezoelectric coefficient d15), and buckling from the 

interaction of the cantilever with the surface when an in-plane force acts along the 

cantilever axis are also possible [115], but these responses are not observed in this work. 

 

Figure 2.14. Schematic of the deformation in a piezoelectric material under the 
PFM tip under (a) zero bias, (b) a negative voltage applied to the tip 
and (c) a positive voltage applied to the tip.  

The typical imaging resolution for PFM is ~10-30 nm [115]. Direct comparison of 

microstructure and local properties is possible because topography images and 

piezoresponse images can be collected simultaneously. Consequently, interactions 

between domain walls and grain boundaries and size effects on domain configuration can 

be studied [117]. 

PFM allows for direct studies of domain structure development under external 

electric fields. A DC voltage can be applied to the tip that is greater than the coercive field 

for most ferroelectrics, resulting in local polarization reversal [114]. By switching between 
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positive and negative DC bias, 180° polarization switching can occur, with polarization 

oriented upward or downward, and these domains can be imaged. A clear example of the 

imaging of polarization switching is given in Figure 2.15 for an organic ferroelectric. In 

Figure 2.15(b), a tip bias of -60 V switches the polarization, as evidenced by the 

appearance of the purple region. In Figure 2.15(c), the opposite bias of +60 V was applied 

to the tip to switch the polarization in the centre of the square back to its original state. 

Local polarization switching in ferroelectrics with PFM tips has been proposed as a 

promising approach for an ultrahigh density rewritable data storage system [118]. 

 

Figure 2.15. The PFM phase images for a thin film of (R)-( ̶ )-3-
hydroxlyquinuclidinium chloride, an organic ferroelectric, showing 
the reversible polarization switching. (a) Images for the initial state. 
(b) Image after scanning with a tip bias of -60 V. (c) Image after 
scanning a smaller region within the square with a tip bias of +60 V 
to switch it back to its original polarization state. (d). Image after 18 
hours. The purple and yellow regions indicate the regions with 
polarization oriented “upward” and “downward”, respectively. 

Note. This article has been distributed under a Creative Commons Attribution 4.0 International 
License. P.-F. Li, Y.-Y. Tang, Z.-X. Wang, H.-Y. Ye, Y.-M. You, R.-G. Xiong, 
Anomalously rotary polarization discovered in homochiral organic ferroelectrics, Nat. 
Commun. 7 (2016) 13635. doi:10.1038/ncomms13635 [119]. 

PFM can also be used to obtain local piezoresponse (polarization)-electric field 

hysteresis loops, to gain insight into local ferroelectric behaviour, by measuring the 

piezoresponse phase as a function of applied voltage, when sweeping the DC voltage in 

a cyclic manner [114]. Butterfly-loop plots of amplitude versus applied voltage can be 

obtained to reveal the local piezoelectric response, providing information on the magnitude 

of the local electromechanical coupling. 
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Chapter 3.  
 
Synthesis, Structure, and Characterization of the 
(1-x)PbTiO3-xBi(Zn2/3Nb1/3)O3 Solid Solution 

3.1. Abstract 

In order to search for high Curie temperature (TC) piezo-/ferroelectric materials for 

numerous applications in advanced technologies, the solid solution of (1-x)PbTiO3-

xBi(Zn2/3Nb1/3)O3 [(1-x)PT-xBZN] has been prepared in the form of ceramics with x = 0 – 

0.30. The effects of BZN substitution for PT on the crystal structure and dielectric 

properties are examined. Detailed structural analysis and Rietveld refinements based on 

X-ray diffraction data indicate that the solid solution of all the compositions studied 

crystallizes in a tetragonal structure (space group P4mm). Interestingly, the ferroelectric 

TC, measured by the temperature dependence of dielectric permittivity, increases above 

that of pure PT with increasing BZN content up to x = 0.20. Moreover, the tetragonality 

and the average A-cation displacement in the unit cell increase with the increasing molar 

percentage of BZN, while the average B-cation displacement decreases in the presence 

of BZN. Based on these results, we conclude that the Bi3+ cation, with its 6s2 lone pair 

electrons, plays a role in enhancing the tetragonal distortion and thereby the ferroelectric 

stability, and that the structural origin of this enhancement arises from the increased 

anisotropy in the Bi-bonding environment and the Bi-O bond lengths. These results and 

conclusions provide guidance for designing new piezo-/ferroelectric materials with high TC 

and high performance based on bismuth compounds, as it demonstrates the importance 

of A-cation selection in the perovskite structure. 

3.2. Introduction 

Ferroelectrics and piezoelectrics form a technologically important class of 

materials for applications in sensors and actuators. The most widely used ferroelectric 

materials are members of the ABO3 perovskite family [4]. Solid solutions with lead titanate 

(PbTiO3) as an end-member exhibit some of the highest piezoelectric properties, making 
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them excellent materials for high-performance electromechanical sensors, actuators, and 

transducers. The compounds that form each component of a solid solution are known as 

end-members. PbTiO3 is a favourable end-member of ferroelectric solid solutions due to 

its Pb2+ ion that possesses a stereochemically active 6s2 lone electron pair that increases 

the structural distortion and asymmetry of the perovskite structure, and thereby enhances 

the polarization and ferroelectricity. The Pb 6s and O 2p states strongly hybridize in 

PbTiO3, giving rise to its high Curie temperature (TC), large tetragonality, and large 

spontaneous polarization [59,120,121]. However, many solid solutions with PbTiO3, such 

as Pb(Mg1/3Nb2/3)O3-PbTiO3, suffer from a relatively low TCs and even lower morphotropic 

phase boundary temperatures, resulting in limited temperature ranges of operation and 

device fabrication, as well as a low thermal stability of properties such as polarization and 

dielectric permittivity [10]. There have been continued efforts to search, develop and 

investigate high-performance, high-TC materials to rectify these issues [65,68,122]. 

Bismuth-based perovskite compounds are a suitable end-member to form solid 

solutions with PbTiO3 because Bi3+ also possesses the 6s2 lone pair that has been known 

to be stereochemically active in perovskite structures [61,71,121], which is expected to 

help maintain or even enhance the TC and properties of PbTiO3. Although the formation 

of solid solutions with PbTiO3 has often been shown to decrease the TC to temperatures 

below that of PbTiO3, some PbTiO3-BiMeO3 systems (where Me = a trivalent cation or a 

combination of ions), such as (1-x)PbTiO3-xBi(Zn1/2Ti1/2)O3, actually display a rare 

increase in TC with increasing BiMeO3 content [84]. Bi3+ has a smaller ionic radius (1.36 

Å) than Pb2+ (1.49 Å), allowing for increased A-site cationic displacement, thereby 

increasing spontaneous polarization due to its different A-O bonding environments 

[49,122]. In (1-x)PbTiO3-xBi(Zn1/2Ti1/2)O3, Bi displacement was shown to create three or 

four very short Bi-O bonds, while the other O atoms have a negligible contribution to 

bonding, resulting in a Bi-O3 or Bi-O4 complex within the Bi-O12 cage [122]. The resultant 

distorted structure gives rise to a large tetragonality (ratio of lattice parameters c/a), a 

strong spontaneous polarization and a high TC [121], desirable for high-temperature 

applications. 

Previous studies on the bismuth-containing solid solution (1-x)PbTiO3-

xBi(Zn2/3Nb1/3)O3 [(1-x)PT-xBZN] have shown an increase in TC (> 490 °C) up to a 
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maximum at x = 0.20, followed by a decrease until the apparent solubility limit of x = 0.30 

[84,88]. However, detailed structural information has been missing, and thereby, so have 

the effects of BZN substitution for PT on the structure and properties of this solid solution. 

Given its potential as a high-TC, high-performance piezo-/ferroelectric material for high 

temperature applications, in this work we have investigated the structural and dielectric 

properties of the (1-x)PT-xBZN solid solution in detail, and revealed the structural origin 

of enhanced Curie temperature and ferroelectricity arising from the Bi3+ substitution for 

Pb2+ on the A-site. The results provide a better understanding of the structure-property 

relationships of bismuth-based solid solutions and a useful guide for designing new high-

TC, high-performance piezo-/ferroelectric materials. 

3.3. Experimental 

3.3.1. Synthesis 

The (1-x)PT-xBZN solid solution with nominal compositions of x = 0.05 – 0.32 was 

prepared in the form of ceramics by solid state reaction from the constituent oxides. 

Stoichiometric amounts of PbO (99.9%, Alfa Aesar), TiO2 (99.5%, Alfa Aesar), Bi2O3 

(99.9%, Alfa Aesar), ZnO (99.9%, Kojundo Chemicals) and Nb2O5 (99.9%, Strem 

Chemicals) were mixed together and hand ground with a mortar and pestle in acetone for 

1 hour.  The mixtures were pressed uniaxially into a pellet and calcined between 900 to 

950 °C for 6 hours to form the desired perovskite phase as verified by X-ray diffraction 

(XRD). The pellets were then pulverized, ball milled in acetone in a rotary tumbler using 

zirconia balls for 24 hours, and pressed uniaxially into 10 mm diameter discs for sintering, 

using polyvinyl alcohol as a binder. A bed of sacrificial (1-x)PT-xBZN powder of the same 

composition was used during the sintering process to prevent the evaporation of PbO and 

Bi2O3 from the samples. The pellets were sintered at temperatures between 1025 to 

1130 °C to form dense ceramics. Slow cooling rates were used to avoid cracking during 

the cubic/tetragonal phase transition at which a large structural change is expected to take 

place [71], due to a large tetragonality (see Section 3.4.1). These synthetic conditions 

reproducibly yield pure perovskite ceramics. 
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3.3.2. Structural Analysis 

The sintered ceramics were polished to provide flat, parallel surfaces. XRD was 

performed on the polished ceramics using Cu Kα radiation (Bruker D8 Advance 

Diffractometer, 40 mA, 40 kV, 0.01° steps, 2θ = 15 - 80°). PT single crystals were ground 

into a powder and XRD data was collected and used as structural reference for PT [123]. 

The resulting diffraction data was analyzed using TOPAS-Academic Software by Rietveld 

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

bonding environments of the solid solution. 

3.3.3. Dielectric Measurements 

The two surfaces of the polished ceramics were painted with a layer of silver paste 

and gold wires were attached to both surfaces of the samples. The dielectric properties of 

the (1-x)PT-xBZN ceramics were measured as a function of temperature at various 

frequencies from 1 – 100 kHz, using a Novocontrol Alpha high resolution broadband 

dielectric analyzer. The temperature was measured in 3 or 5 °C increments, and the 

dielectric constant and loss tangent recorded after stabilization at each temperature. The 

resulting dielectric data was used to determine the TC and examine the ferroelectric phase 

transition of the solid solution. 

3.4. Results and Discussion 

3.4.1. Structural Analysis 

Figure 3.1 shows the XRD patterns for the (1-x)PT-xBZN solid solution ceramics 

with x = 0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30 and 0.32, sintered at different temperatures. 

A pure perovskite phase is observed for x ≤ 0.30. For compositions with greater x, a 

pyrochlore impurity phase appears, as shown by the stars in Figure 3.1 for x = 0.32, 

indicating that the solubility limit is reached at x = 0.30. The XRD patterns indicate that the 

(1-x)PT-xBZN solid solution adopts a tetragonal symmetry with the P4mm space group 

for all the compositions within the solubility limit. 
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Figure 3.1. X-ray diffraction patterns of (1-x)PT-xBZN (x = 0.00 – 0.32) ceramics 
prepared at optimal sintering temperatures, showing the formation 
of solid solutions of perovskite structure. Stars indicate the peaks of 
a pyrochlore phase in the x = 0.32 ceramics. 

The Rietveld refinements were performed on the XRD patterns, using a structural 

model of a tetragonal P4mm phase. Figure 3.2(a) shows the dependence of the lattice 

parameters a and c on the BZN content. It can be seen that both lattice parameters 

increase with increasing concentration of BZN. Figure 3.2(b) shows the variation of the 

tetragonality (c/a ratio) as a function of BZN concentration. The substitution of BZN for PT 

generally increases the c/a ratio in the lattice, leading to an enhanced structural distortion. 

Similar enhanced tetragonality was also observed in another bismuth-containing solid 

solution of (1-x)PbTiO3-xBi(Zn1/2Ti1/2)O3 [71]. 
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Figure 3.2. Variations of (a) the lattice parameters a and c, and (b) the 
tetragonality c/a, as a function of BZN concentration for the 
(1-x)PT-xBZN solid solution. Error bars are smaller than the symbols 
in (a). 
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3.4.2. Dielectric Properties and Ferroelectric Phase Transition 

Figure 3.3 shows the variation of the dielectric constant ε’ and the dielectric loss 

tan δ as a function of temperature, measured at different frequencies, for the ceramics of 

the (1-x)PT-xBZN solid solution with x = 0.05, 0.10, 0.15 and 0.20. The peak in the 

temperature dependence of the dielectric constant indicates the TC at which the material 

undergoes a phase transition from paraelectric, nonpolar phase to the ferroelectric, polar 

phase, upon cooling. The sharp peaks indicate a first-order phase transition, which is 

confirmed by the measurements performed upon heating that exhibit a higher TC than that 

measured upon cooling, i.e. showing a thermal hysteresis. Note that the peak 

temperatures do not depend on the frequency of measurement, indicating a normal 

ferroelectric phase transition rather than possible relaxor ferroelectric behaviour [26]. The 

Curie temperatures obtained from the dielectric measurements upon cooling and heating 

are given in Figure 3.4 as a function of concentration. It is interesting to note that TC 

increases with increasing amount of BZN from 490°C for PT to 520°C (on heating) for BZN 

content up to 20 mol%. 
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Figure 3.3. Dielectric constant ε’ and tan δ as a function of temperature of the 
(1-x)PT-xBZN solid solution, measured upon cooling at various 
frequencies: (a) x = 0.05, (b) x = 0.10, (c) x = 0.15, and (d) x = 0.20. 
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Figure 3.4. Curie temperatures for the solid solution of (1-x)PT-xBZN as a 
function of composition, obtained from dielectric measurements on 
cooling and heating, indicating thermal hysteresis. Errors were 
determined by the step size of the temperature measurements. 

Nomura et al. found, through thermal expansion measurements using a 

comparative quartz dilatometer with a differential transformer, that the transition 

temperature decreases when the content of BZN exceeds 20 mol% [88]. The solid 

solutions of BiInO3, BiScO3, Bi(Ni1/2Ti1/2)O3, and Bi(Mg1/2Ti1/2)O3 with PT exhibit this same 

enhancement in TC, followed by a decrease [84]. For compositions with x > 0.20, the 

dielectric permittivity measurements were unreliable due to relatively high conductivity in 

the sample [88]. Therefore, the decrease in TC with higher concentration of BZN needs to 

be confirmed and the development of a comprehensive understanding to account for these 

cases that attain a maximum TC and then decrease is underway. 
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Figure 3.5 shows the TC as a function of the mol% of an end-member ABO3 for 

select, heavily studied PT-based solid solution systems, in comparison to our results for 

the (1-x)PT-xBZN system (in black) [84,124–126]. Many solid solutions with PT tend to 

decrease the TC significantly, so these results show that (1-x)PT-xBZN may be a 

promising, high TC system, as the TC initially increases with increased BZN content. 

 

Figure 3.5. Curie temperatures for PbTiO3-based solid solutions prominent in 
literature. 

A higher TC usually indicates a stronger polar state and a more stable ferroelectric 

phase. The initial increase in TC in the (1-x)PT-xBZN solid solution with the increased 

substitution of BZN for PT may be attributed to the increase in the tetragonality of the 

structure. Detailed structural refinements are carried out to provide further insight into this 

enhanced ferroelectric state. 

3.4.3. Structural Origin of the Enhanced Properties 

Detailed Rietveld refinements are performed with the B-site cations fixed at the 

origin, (0, 0, 0). A detailed analysis of the atomic positions and bonding environments 
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obtained from the Rietveld refinements allows us to depict the trends in the cationic 

displacements. 

Figure 3.6(a) and (b) show the refined B-site-centred unit cell for 100PT and 

70PT-30BZN, respectively. The structure becomes more asymmetrical with increasing 

BZN concentration, as is evident in the increased asymmetry of the oxygen octahedron in 

70PT-30BZN. The z-coordinates for the O2 anions as a function of BZN concentration are 

given in Figure 3.6(c). In a symmetrical perovskite, both O2 and B-cations would have the 

same coordinates (0, 0, 0). In the (1-x)PT-xBZN system, the z-coordinate for O2 is non-

zero. Thus, the z-coordinates for O2 provide a representation of the average B-site cation 

displacement away from the plane of the O2 anions. Although the B-site coordinating 

octahedron becomes more distorted with increasing BZN concentration, the relative 

displacement of the B-cation with respect to the O2-plane is smaller in the solid solution 

compared to pure PT, which can be seen in the z-coordinates for O2. Figure 3.6(c) shows 

that the substitution of BZN for PT results in a decrease in the absolute value of the z-

coordinates for O2 for all compositions containing BZN in comparison to pure PT. This 

indicates the decreased displacement of the B-cation in the <001>cub direction, as the B-

site cations shift towards the plane of the O2 anions, reducing the dipole moment. This 

suggests that the substitution of (Zn2/3Nb1/3)3+ for Ti4+ on the B-site is not playing a major 

role in the increased TC observed. In contrast, the similar solid solution 

(1-x)PbTiO3-xBi(Zn1/2Ti1/2)O3 exhibits an increase in the average B-site displacement with 

increasing Bi(Zn1/2Ti1/2)O3 content [122]. The smaller displacement on the B-site in 

(1-x)PT-xBZN may be due to the introduction of Nb5+, which is only a moderately 

ferroelectrically active cation in comparison to Zn2+ and Ti4+, evidenced by its smaller 

B-site cation displacement in several PbTiO3 solid solutions, as calculated by density 

functional theory calculations [86]. 
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(a)  (b) 

 

(c) 

 

Figure 3.6. Refined crystal structure for (a) 100PT and (b) 70PT-30BZN, with 
green arrows indicating the displacement of the B-site cation away 
from the plane of the O2 anions, and (c) the z-coordinates for the O2 
oxygen as a function of BZN concentration with standard 
uncertainty. 

In contrast to the decrease in the B-site displacement relative to the O2 anions 

upon addition of BZN, the bonding environment of the A-site cations becomes increasingly 
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asymmetric as the concentration of BZN increases. Figure 3.7(a) shows the off-centre 

displacement of the A-cation in 70PT-30BZN. In a symmetrical perovskite, the A-site 

occupies the (0.5, 0.5, 0.5) position. Figure 3.7(b) is the plot of the z-coordinate of the A-

cation as a function of BZN concentration. It shows that the A-cation displacement in the 

<001>cub direction increases as the BZN concentration increases. This increase in A-site 

cation displacement is supported by the increase in the anisotropy in the bond lengths, 

depicted in Figure 3.8(a). Since the A-cation is off centre, there are two different A-O2 

bond lengths, designated as the “short” bond length and the “long” bond length in the 

Figure. Figure 3.8(b) shows the trend in the A-O2 bond lengths as a function of the BZN 

concentration. The A-O “long” bond lengths increase while the “short” bond lengths 

decrease with increasing BZN concentration. This results in the increased distortion of the 

unit cell as the BZN concentration increases. These variations indicate that the enhanced 

tetragonal distortion results mainly from the increased displacements of A cations. 
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(a) 

 

 

Figure 3.7. (a) Refined crystal structure for 70PT-30BZN indicating the 
displacement of the A-cation from the centre of the perovskite 
structure. (b) A-site cation z-coordinates as a function of BZN 
concentration for the (1-x)PT-xBZN solid solution, indicating the off-
centre position relative to the symmetric A-cation coordinates (0.5, 
0.5, 0.5), with standard uncertainty. 
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    (a)  

 

Figure 3.8. (a) View of the refined crystal structure of 70PT-30BZN down the 
(110) plane, depicting the anisotropic A-O bond lengths. The closest 
oxygen anion is omitted for clarity. The A-cations are displaced 
along the polar axis, generating short A-O bonds (red) and long A-O 
bonds (blue). (b) Anisotropic A-O bond lengths as a function of BZN 
concentration for the (1-x)PT-xBZN solid solution, calculated from 
the Rietveld analysis of the crystal structure, with standard 
uncertainty. 
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It is interesting and important to observe that compared with the B-cation, the A-

cation has a larger influence on the structure of the (1-x)PT-xBZN solid solution. Thus, the 

enhanced unit cell distortion (evidenced by the high tetragonality with increasing 

substitution of BZN) is mostly caused by the incorporation of the Bi3+ onto the A-site. This 

increase in unit cell distortion can be explained by the chemistry of the Bi3+ ion that 

possesses the same 6s2 lone pair electrons as, but a smaller ionic radius than, the Pb2+ 

ion. This allows for a greater displacement within the perovskite A-site, leading to a more 

distorted structure, and thereby a more polar state, resulting in the increase in TC in the 

(1-x)PT-xBZN solid solution with the increasing substitution of BZN for PT. We thereby 

attribute the increase in TC to the effects of the Bi3+ cation and its strong hybridization with 

the oxygen anions. 

3.5. Conclusions 

The ceramics of the complex perovskite solid solution of (1-x)PT-xBZN were 

synthesized by a conventional solid state method with a solubility limit of x = 0.30. All 

compositions studied have a tetragonal symmetry, and the tetragonality of the unit cell 

increases with increasing mol% BZN. Dielectric measurements indicate that first order, 

normal ferroelectric phase transitions occur for compositions 0.05 ≤ x ≤ 0.20, and that the 

TC increases above that of pure PT for compositions up to x = 0.20. Rietveld refinements 

reveal that the substitution of BZN for PT results in an increase in the average A-site off-

centre cationic displacement in the unit cell, whereas the average B-cation position 

becomes more centric upon introduction of BZN. Therefore, the A-cation is found to exert 

a major influence on the enhanced tetragonality of the (1-x)PT-xBZN solid solution. 

The increase in tetragonality results in a strong spontaneous polarization and 

enhancement in ferroelectric stability, which gives rise to a higher TC. These properties 

are attributed to the presence of the Bi3+ cation and its stereochemically active 6s2 lone 

pair electrons, which allows for greater covalency and displacement within the unit cell. 

This is evidenced by increasing anisotropy in the A-O2 bond lengths with increasing BZN 

concentration. This demonstrates that the enhanced ferroelectricity is the result of the 

increased A-site cubooctohedral distortion rather than oxygen octahedral distortion such 

as octahedral tilting. 



 

63 

The (1-x)PT-xBZN solid solution may be promising for new high-temperature 

piezoelectric and ferroelectric applications, because of its increased TC and strengthened 

structural distortion, as the spontaneous polarization is correlated to the magnitude of 

ferroelectric properties [121]. It is worth noting at this point that saturated hysteresis loops 

of polarization as a function of applied electric field could not be obtained for these 

ceramics, as the coercive field was higher than the field that caused dielectric breakdown 

of the samples, likely because of the large polarization in the material due to the A-cation 

displacements. This breakdown limits the full exploration of this material’s piezoelectric 

and ferroelectric potential. Nevertheless, the results and conclusions obtained in this work 

provide insight into the structure-property relationships in this material and guidance for 

designing new, high-performance piezoelectrics and ferroelectrics with increased TC. 



 

64 

Chapter 4.  
 
Pair Distribution Function Studies of the (1-x)PbTiO3-
xBi(Zn2/3Nb1/3)O3 Solid Solution 

Use of the Advanced Photon Source, an Office of Science User Facility operated 

for the U.S. Department of Energy (DOE) Office of Science by Argonne National 

Laboratory, was supported by the U.S. DOE under Contract No. DE-AC02-06CH11357. 

4.1. Abstract 

The crystal structure of the (1-x)PbTiO3-xBi(Zn2/3Nb1/3)O3 [(1-x)PT-xBZN] solid 

solution is examined by synchrotron X-ray diffraction and synchrotron pair distribution 

function (PDF) analysis for the compositions of x = 0.05, 0.20, and 0.30. The Rietveld 

refinements of the XRD data provide information about the long-range structure, while the 

PDF data reveals the details of the short-range structure and local bonding environment. 

The solid solution is found to adopt a tetragonal structure of the P4mm space group, at all 

compositions studied. Both fitting of the full r-range (1-50 Å) of PDF data and box-car fitting 

of smaller r-ranges reveal no dependence of the lattice parameters on the length-scale 

studied, i.e. the local structure does not differ significantly from the long-range structure. 

This suggests that studies of the average structure will provide reasonable insight into the 

structure-property relationships in this material system, validating the results and 

conclusions obtained in Chapter 3. 

4.2. Introduction 

Perovskite solid solutions with PbTiO3 as an end-member often exhibit high 

piezoelectric properties. These solid solutions form a major part of the ferroelectric and 

piezoelectric materials used in commercial applications for electromechanical sensors and 

actuators. However, their further use is limited by their lower Curie temperatures (TC) and 

additional phase transitions that occur at temperatures below the TC, which limit their 

operational temperature range and reduce the thermal stabilities of their properties such 
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as the dielectric constant and polarization. For example, single crystals of the 

Pb(Mg1/3Nb2/3)O3-PbTiO3 solid solution have a very high piezoelectric coefficient (d33) of 

2200 pC/N, but suffer from a low TC = 166 °C and an even lower additional phase transition 

temperature of TMPB ≈ 80-90 °C (MPB stands for “morphotropic phase boundary”) [10,46]. 

In addition, there are concerns about lead toxicity. Consequently, much work has been 

done on the development of lead-reduced or lead-free piezo-/ferroelectric materials, and 

bismuth-based perovskites have been recognized as a suitable replacement candidate 

[61,65,68,71,127–130]. 

Bi3+ has the same electronic configuration as Pb2+. The 6s2 lone pair is 

stereochemically active in these materials, and thereby helps enhance structural distortion 

and anisotropic physical properties [55]. Many BiMeO3 (Me = metal) perovskites exhibit 

promising properties, but they are difficult to synthesize under ambient conditions. For 

example, Bi(Zn1/2Ti1/2)O3 (BZT) has a calculated ionic polarization of 150 µC/cm2, and an 

extremely large tetragonality (ratio of lattice parameters c over a: c/a) of 1.211 [61], but 

needs a pressure of 6 GPa for the synthesis. To stabilize these bismuth-based 

perovskites, one approach is to form solid solutions with other stable perovskite end-

members such as PbTiO3 or BaTiO3. Several PbTiO3-BiMeO3 perovskites previously 

studied are promising for high-temperature applications [71,84]. 

It is well known that the macroscopic properties of functional materials depend 

closely not only on their average crystal structure, but more on their local structures at an 

atomistic scale. To better understand the effects of chemical substitution in bismuth-based 

solid solutions on the structures and properties, in this work, we examine the local 

structure of the (1-x)PbTiO3-xBi(Zn2/3Nb1/3)O3 [(1-x)PT-xBZN] solid solution using the 

method of pair distribution functions (PDFs). PDFs are sensitive to local ionic 

displacements and short-range order, thereby providing insight into local structures and 

distortions. Previous studies show that this solid solution exhibits Curie temperatures 

reaching ~520-530 °C at x = 0.20, suggesting that this material may be useful for high-

temperature piezo-/ferroelectric applications [84,88]. However, local structural studies of 

this material are lacking, so we undertake these studies in the current work. 
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4.3. Experimental 

The (1-x)PT-xBZN solid solution with compositions of x = 0.05, 0.20, and 0.30 were 

prepared in the form of ceramics by solid state reaction from the constituent oxides. A 

stoichiometric amount of PbO (99.9%, Alfa Aesar), TiO2 (99.5%, Alfa Aesar), Bi2O3 

(99.9%, Alfa Aesar), ZnO (99.9%, Kojundo Chemicals) and Nb2O5 (99.9%, Strem 

Chemicals) were mixed together and hand ground with an agate mortar and pestle in the 

presence of acetone for 1 hour.  The mixtures were pressed uniaxially into a pellet and 

calcined between 900 to 950 °C for 6 hours to form the desired perovskite phase as 

verified by X-ray diffraction (XRD). The pellets were then pulverized, ball milled in acetone 

in a rotary tumbler using zirconia balls for 24 hours, and pressed uniaxially into 10 mm 

diameter discs for sintering, using polyvinyl alcohol as a binder. A bed of sacrificial 

(1-x)PT-xBZN powder of the same composition was used to prevent the evaporation of 

PbO and Bi2O3 from the samples during sintering. The pellets were sintered at 

temperatures between 1025 to 1130 °C to form dense ceramics. Slow cooling rates were 

used to avoid cracking during the cubic/tetragonal phase transition, at which a large 

structural change is expected to take place [71]. 

The compositions of x = 0.05, 0.20, and 0.30 were selected for studies by PDF 

because they have the highest PT content, the highest Curie temperature, and the highest 

BZN content (of the ceramics studied in Chapter 3), respectively. 

The synchrotron X-ray total scattering data were collected at the synchrotron 

Beamline 11-ID-B at the Advanced Photon Source (APS) at Argonne National Laboratory 

(Lemont, IL, USA). The sample stage design is the same as that described by Daniels et 

al. [131] and is shown in Figure 4.1. It was used to collect in situ data of the samples while 

applying static electric fields. The samples, with opposing faces coated with silver 

electrodes, were placed in a tube made of Kapton tape, and immersed in FluorinertTM FC-

40, an electrically insulating liquid. In this work, only the zero-field data obtained from the 

samples before application of fields is analyzed and presented. The in situ data under 

external electric fields will be analyzed at a later date. 
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Figure 4.1. Custom-made sample stage used for running high voltage in situ 
experiments on the 11-ID-B beamline. 

The incident synchrotron X-ray wavelength of 0.1430 Å (86.7 keV) was used to 

collect the diffraction data, at room temperature. The diffraction patterns were recorded 

on a Perkin Elmer amorphous silicon flat-panel area detector [132], at a sample-to-

detector distance of 35 cm, for an exposure time of 5 minutes at zero field for each sample. 

The program Fit2D was used to reduce the data: one-dimensional diffraction patterns were 

extracted by integrating the two-dimensional diffraction image [133,134]. CeO2 was used 

as an external calibrant. 

The program PDFgetX3 [95] was used to convert the intensity data to the total 

scattering function S(Q) and the pair distribution function (PDF), G(r) (see Section 2.3.1 

for the definitions). Background scattering from the Kapton tube and FluorinertTM FC-40 

were subtracted during the data reduction. Based on the noise levels in the collected 

data, the total scattering data was cut off at a Qmax ≈ 22-23 Å-1. 

The intensity as a function of Q, I(Q), was refined using the Rietveld refinement 

method with TOPAS-Academic software, to obtain the lattice parameters of the average 

structure and to allow for comparison to the local-scale PDF results. Least-squares 

refinements of the experimental PDF data were done using the software PDFgui [98]. The 

two cations occupying the A-site (Pb2+ and Bi3+) and the three cations occupying the B-

site (Ti4+, Zn2+, and Nb5+) were constrained to identical values for their positions and atomic 

displacement parameters. The cation and anion atomic positions were refined separately, 

and the occupancies were fixed at their ideal values. 
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4.4. Results and Discussion 

4.4.1. X-ray Diffraction Average Structure Refinement 

The intensity I(Q) data obtained from the APS on the (1-x)PT-xBZN ceramics was 

fit using the Rietveld refinement method to provide a reference for comparison of the 

average lattice parameters and those obtained from the PDF fitting. All the compositions 

studied showed observable peak splitting in the (100) and (200) peaks and a shoulder in 

the (110) peak, which are characteristic of a tetragonal symmetry. These results were 

consistent with the lab X-ray diffraction (XRD) studies previously performed on the 

(1-x)PT-xBZN solid solution (see Chapter 3). Based on this splitting pattern the diffraction 

data was fit using a structural model of the space group P4mm. An example of the Rietveld 

refinement fit result for 0.80PT-0.20BZN is given in Figure 4.2. All fits resulted in 

reasonable weighted profile R-factor (Rwp) values, a goodness of fit parameter, ranging 

from 3.87-7.22%. 

 

Figure 4.2. Rietveld refinement results from the synchrotron X-ray diffraction 
data for 0.80PT-0.20BZN. 

The lattice parameters obtained from the Rietveld refinements of the synchrotron 

diffraction data are listed in Table 4.1. It can be seen that they are in agreement with the 
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lattice parameters previously obtained from the refinements of the conventional XRD data 

(see Chapter 3). An increase in the BZN concentration results in an increase in the 

tetragonality (c/a) of the unit cell. Similar behaviour was observed in the (1-x)PbTiO3-

xBi(Zn0.5Ti0.5)O3 (PT-BZT) solid solution [71]. The enhanced distortion with BZN 

substitution is attributed to the incorporation of Bi3+ onto the A-site. Bi3+ has the same 

propensity for sitting off-centre in the perovskite structure as Pb2+, but it has a smaller ionic 

radius, allowing for greater off-centre displacement within the perovskite 12-coordinate A-

site. The A-site distortion can couple with the B-site off-centre distortion to result in the 

large tetragonal distortions [71]. 

Table 4.1. Refined lattice parameters of the (1-x)PT-xBZN ceramics from XRD 
and PDF. 

 XRD PDF 

Composition a (Å) c (Å) c/a a (Å) c (Å) c/a 

0.95PT-0.05BZN 3.9068(4) 4.1436(6) 1.0606(2) 3.9024(3) 4.1405(7) 1.0585(2) 

0.80BT-0.20BZN 3.9173(3) 4.1858(5) 1.0686(1) 3.9121(4) 4.184(1) 1.0695(3) 

0.70BT-0.30BZN 3.9275(8) 4.207(1) 1.0710(3) 3.9202(6) 4.2026(15) 1.0720(2) 

4.4.2. Pair Distribution Function Refinements 

The Rietveld refinements performed on the (1-x)PT-xBZN diffraction data provide 

insight into the long-range average structures of (1-x)PT-xBZN. However, many materials 

exhibit differences between their local structures and average structures. For example, 

this difference has previously been observed in (1-x)BaTiO3-xBi(Zn0.5Ti0.5)O3 (BT-BZT) 

[135] and Na0.5Bi0.5TiO3 [136]. To compare the local and average structures, the method 

of pair distribution functions (PDFs) is used here. PDFs are calculated from the sine 

Fourier transform of the total scattering data, and provide the probability of the atom-atom 

pairs as a function of distance r [93]. Because it is calculated from the total scattering, 

which includes both Bragg and diffuse scattering, it describes both periodic and aperiodic 

structures [137]. 

The detailed PDFs, G(r), of the three compositions of (1-x)PT-xBZN studied are all 

plotted together in Figure 4.3 for (a) low r-range (1-10 Å) and (b) high r-range (40-50 Å). 

At low r-range, as the BZN concentration increases, the peak heights decrease, and the 
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peak widths increase slightly. Some of this decrease in peak height can be attributed to 

the change in the X-ray scattering factors as a function of composition. This trend stays 

the same at high r-range, suggesting again that there is no significant difference between 

the local structure and longer-range structures. This is in contrast to the PDF patterns for 

a similar lead-free solid solution, BT-BZT, where the peak height trend reverses at high r-

range, which Usher et al. attributed to the formation of ferroelectric domains, since some 

atom-atom distances will span domains with different polarization directions [135]. The 

BT-BZT compositions studied range from tetragonal to pseudocubic phases, and the 

pseudocubic phases do not form ferroelectric domains, hence the observed reversal in 

peak heights. The reversal in peak heights at high r-range is not expected in the current 

(1-x)PT-xBZN system, as all compositions studied are normal ferroelectrics. 

 

Figure 4.3. PDFs of the three (1-x)PT-xBZN compositions at (a) low r-range and 
(b) high r-range. 
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To further deconvolute the peaks in the experimental PDF pattern, the partial PDFs 

from some of the atom-atom pairs in 0.95PT-0.05BZN are plotted in Figure 4.4. We 

focused on the partial PDFs for the PT end of the solid solution, in the interest of space 

(with five cations and one anion, there are numerous possible atom-atom pairs) and since 

Pb2+ and Ti4+ are present in a much larger quantity in this solid solution. However, one 

would expect that the peaks for the pairs that contain Bi3+ and Zn2+/Nb2+ would be located 

at the same general r-values, since these cations are occupying the same crystallographic 

sites as Pb2+ and Ti4+, i.e. the A- and B-site of the perovskite structure, respectively. 

Atom-atom pairs consisting of atoms that have higher X-ray scattering factors will 

generate larger peaks than atoms with small scattering factors, as evidenced by the partial 

PDF calculated for the O-O pair in comparison to the partial PDF for the Pb-Pb pair. Each 

peak in the experimental PDF pattern can be assigned to a particular atom-atom pair upon 

examination of these partial PDFs. The first peak in each partial PDF corresponds to the 

shortest possible distance for that atom-atom pair. These shortest atom-atom distances 

are marked on the perovskite structure shown in Figure 4.5 by the thicker lines of the same 

colours as the corresponding PDF patterns shown in Figure 4.4. 
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Figure 4.4. Calculated partial PDFs, plotted with a y-axis offset, for the X-ray 
PDF of 0.95PT-0.05BZN, showing which atom-atom pairs give rise to 
the corresponding peaks in the experimental PDF pattern. 
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Figure 4.5. Perovskite structure with thick coloured lines indicating one of the 
shortest distances for each of the possible atom-atom pairs within 
the unit cell. The line colours match the colour for the associated 
atom-atom pair in the partial PDF patterns plotted in Figure 4.4. 

Uncertainties in the pair distribution function, G(r), were absent in our input data 

for our PDF refinements because the Fit2D software only outputs Q and intensity data 

after integration of the 2D image. Therefore, the software PDFgui warns that although the 

refined parameters themselves are unaffected, the values of the estimated uncertainties 

on refined parameters may not be reliable. Fortunately, our interest is in the lattice 

parameters, which are determined from the PDF peak positions rather than peak heights 

(the uncertainties in G(r) are mainly in the peak height rather than the r-values). 

Consequently, the errors in the lattice parameters obtained from fitting with PDFgui are 

more reliable than those on other parameters in the refinement (such as thermal 

parameters), and thereby we report the generated lattice parameter errors in this work. 

The PDFs of all the compositions studied were refined in the r-range of 1-50 Å. 

The results are given in Figure 4.6, and the refined lattice parameters are reported in Table 

4.1 for comparison with the parameters obtained from XRD. The results are very 

consistent with each other, and show the same increase in tetragonality with increasing 
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BZN, suggesting that there may not be a significant difference between the structure at 

the local scale and the average structure in the (1-x)PT-xBZN solid solution. The PDF 

patterns for the three compositions were all fit using a P4mm structural model, yielding a 

good criteria of fit with Rw = 12.00%, Rw = 6.79%, and Rw = 13.3% for 0.95PT-0.05BZN, 

0.80PT-0.20BZN, and 0.70PT-0.30BZN, respectively (Rw is the weighted residual from 

PDFgui refinements). 

 

Figure 4.6. The PDF refinements in the range of 1-50 Å for (a) 0.95PT-0.05BZN, 
with Rw = 12.00%, (b) 0.80PT-0.20BZN, with Rw = 6.79%, and (c) 
0.70PT-0.30BZN, with Rw = 13.3%. All compositions were fit with a 
P4mm structural model. The experimental PDFs are plotted as black 
circles, the calculated fits are plotted in red, and the differences are 
plotted in green. 
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4.4.3. Box-Car Fitting Analysis 

In order to confirm that the local structure of (1-x)PT-xBZN is not significantly 

different from the average structure determined by XRD, a box-car fitting analysis of the 

PDF data was performed. This allowed for the structure to be refined as a function of 

length scale. The box-car fitting method has been previously used in the studies of 

Na0.5Bi0.5TiO3 [136] and BT-BZT [135] to investigate bond length and lattice parameters 

as a function of r, respectively. In this method, 10 Å r-ranges are sequentially fit (1-10, 5-

15, 10-20, 15-25,…40-50 Å). These ranges are larger than a single unit cell (~4 Å), and 

overlap with one another. Through this analysis, gradual structural changes can be 

characterized as a function of r. An example of this box-car fitting is plotted in Figure 4.7, 

which shows select r-ranges from the fitting carried out for 0.95PT-0.05BZN. 

 

Figure 4.7. Example of box-car fitting of the PDF pattern of 0.95PT-0.05BZN for 
select r ranges of (a) 1-10, (b) 10-20, (c) 20-30, (d) 30-40 and 
(e) 40-50 Å. The r-ranges from 5-15, 15-25, 25-35, and 35-45 Å were 
also fit, but not included in this figure. 

Figure 4.8 shows the variation of the lattice parameters obtained from the box-car 

fitting as a function of r for the three compositions of (1-x)PT-xBZN studied. The results 

show that the lattice parameters remain constant for all the compositions, i.e. they are 

practically independent of the length scale. The lattice parameters are also in agreement 

with the lattice parameters obtained from both lab XRD (Chapter 3) and the synchrotron 
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XRD data. The constant lattice parameters suggest that the local structure of this material 

is not significantly different from the average structure. 

It is interesting at this point to compare the local and average structures and 

properties of this system to the similar lead-free solid solution 

(1-x)BaTiO3-xBi(Zn2/3Nb1/3)O3 [(1-x)BT-xBZN)], a system that is also studied in this thesis 

work. With increasing substitution of BZN, the (1-x)PT-xBZN exhibits an increase in 

tetragonality, an increase in TC up to a maximum at x = 0.20, and maintains its normal 

ferroelectric behaviour. In contrast, the (1-x)BT-xBZN solid solution experiences a 

decrease in tetragonality, and exhibits a crossover from ferroelectric to relaxor behaviour 

as the BZN concentration increases [128]. In terms of structure, in contrast to 

(1-x)PT-xBZN, which does not exhibit significant differences between its local structure 

and average structure, local tetragonal distortions are clearly found in (1-x)BT-xBZN at 

short r-range (up to about 15 Å), while at longer-range, these tetragonal distortions 

“average out” to become a (pseudo-)cubic symmetry, as shown in Figure 7.8. A detailed 

discussion of these results is presented in Chapter 7. 
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Figure 4.8. The lattice parameters obtained from the box-car fitting of the PDF 
data for the (1-x)PT-xBZN solid solution for the compositions (a) 
0.95PT-0.05BZN, (b) 0.80PT-0.20BZN, and (c) 0.70PT-0.30BZN. The 
dotted red lines indicate the tetragonal lattice parameters obtained 
from the Rietveld refinements of the I(Q) data. Error bars are smaller 
than the symbols. 
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The difference in the local versus average structures in these two solid solutions, 

as depicted from the PDF results suggests that the crystal chemistry of the constituent 

elements and their chemical order/disorder plays an important role in the structures which, 

in turn, determines the behaviour of the material. The (1-x)PT-xBZN solid solution 

maintains its tetragonality at all length scales. We attribute this behaviour to the presence 

of two stereochemically 6s2 active lone pairs (Pb2+ and Bi3+), which both enhance structural 

distortion and maintain the ferroelectric order and the polar structure, from local to average 

scales, in (1-x)PT-xBZN. The (1-x)BT-xBZN solid solution shows the same tetragonal 

distortion that is observed in BaTiO3, but only at local length scales, which can be 

attributed to the fact that the aliovalent substitutions of Bi3+ for Ba2+ and (Zn2/3Nb1/3)3+ for 

Ti4+ introduce strong chemical disorder to disrupt the tetragonal distortion and long-range 

ferroelectric order at longer scales in the absence of a second active lone pair of electrons. 

Consequently, we see the decrease in the c/a ratio at longer length-scales in 

(1-x)BT-xBZN, while the long-range ferroelectric order is maintained in (1-x)PT-xBZN. 

Therefore, the macroscopic properties and phase transition behaviour of the materials 

depends closely on their crystal chemical features of the A-site ions and the resulting local 

structures. 

4.5. Conclusions 

In this work, we have studied the long-range average structure of the 

(1-x)PT-xBZN solid solution and fit the synchrotron XRD data using Rietveld refinements. 

All compositions studied were found to adopt the tetragonal P4mm space group, which 

confirms the previously reported results [88] and our lab XRD refinement results (see 

Chapter 3). 

More detailed box-car fitting analysis of the PDF patterns shows that there is no 

significant difference between the local scale structure obtained from PDF and the 

average long-range structures obtained from conventional laboratory XRD: the lattice 

parameters remain constant and are practically independent of the length scale in the 0 

to 50 Å range. Both XRD and PDF results show that the tetragonality c/a increases as the 

concentration of BZN increases. This is attributed to the increase in the Bi3+ concentration, 

because Bi3+ has a smaller ionic radius than Pb2+, so it has more room to displace off-
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centre in the perovskite structure, giving rise to a larger structure anisotropy. The A-site 

distortion couples with the B-site off-centre distortion to result in the larger tetragonal 

distortions [71]. These results suggest that studies of the average structure provide 

reliable insight into the structure-property relationships in this material. 

This is the first PDF study of (1-x)PT-xBZN, and it reveals that the structure of this 

solid solution system remains tetragonal at both short length scales and longer scales, 

which contrasts the structural features obtained in the (1-x)BT-xBZN solid solution by PDF 

analysis. In PbTiO3, the Pb 6s and O 2p states strongly hybridize and enhance the 

structural asymmetry [120]. Density functional theory calculations also suggest that the 

lone pair electrons on A-site cations in the presence of ferroelectrically active cations on 

the B-site enhance the TC and tetragonality [82,86,138,139]. It is possible that with Ba2+ 

(which does not possess a 6s2 lone pair) instead of Pb2+, the chemical disorder introduced 

from the aliovalent substitution of Bi3+ for Ba2+ and (Zn2/3Nb1/3)3+ for Ti4+ is strong enough 

to disrupt the distortion and ferroelectric order that would be promoted by Bi3+, leading to 

the change from a local tetragonal structure to an average (pseudo-)cubic structure, 

promoting the relaxor-type behaviour. The presence of two cations with stereochemically 

active lone pairs in (1-x)PT-xBZN helps maintain the polar structure and ferroelectric order 

throughout the length scale studied. For further PDF analysis of the (1-x)BT-xBZN solid 

solution, refer to Chapter 7. 
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Chapter 5.  
 
 
High-Temperature Solution Growth and 
Characterization of (1-x)PbTiO3-xBi(Zn2/3Nb1/3)O3 
Single Crystals 

5.1. Abstract 

Piezoelectric and ferroelectric materials form an important class of inorganic 

functional materials that may be used as electromechanical sensors and actuators. 

PbTiO3-Bi(Me’Me”)O3 solid solutions have been studied as potential new materials 

systems that possess a higher Curie temperature (TC) than the relaxor-PbTiO3 solid 

solutions, which is well needed in order to increase the operating range for potential 

applications. To this end, novel ferroelectric single crystals of the 

(1-x)PbTiO3-xBi(Zn2/3Nb1/3)O3 (PT-BZN) solid solution were successfully grown by the 

high-temperature solution growth method (HTSG). Powder X-ray diffraction shows that 

the symmetry of the grown crystals is tetragonal. The dielectric permittivity and optical 

domain structures were characterized by dielectric measurements and polarized light 

microscopy (PLM), respectively, as a function of temperature, revealing a first-order 

ferroelectric-paraelectric phase transition at a TC of 436 ± 2 °C. Based on the TC value, the 

average composition of the crystal platelet was estimated to be 0.58PT-0.42BZN. HTSG 

allowed for an increased BZN content to be incorporated into the crystals in comparison 

to PT-BZN ceramics previously studied [84,88]. Piezoresponse force microscopy 

measurements of the phase and amplitude as a function of voltage reveal the complex 

polar domain structure and demonstrate the ferroelectric switching behaviour of these 

materials. These results suggest that the PT-BZN single crystals indeed form a new family 

of high TC piezo-/ferroelectric materials which are potentially useful for the fabrication of 

electromechanical transducers for high-temperature applications. 
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5.2. Introduction 

Piezoelectric and ferroelectric materials form an important class of functional 

materials that may be used in actuator and sensor applications. Most materials used in 

commercial applications are based on Pb(Zr1-xTix)O3 (PZT); however, a new class of 

relaxor-based single crystals has been studied in recent years. Single crystals of solid 

solutions between relaxor ferroelectrics Pb(Mg1/3Nb2/3)O3 (PMN) or Pb(Zn1/3Nb2/3)O3 

(PZN) and the ferroelectric PbTiO3 (PT) with compositions near the morphotropic phase 

boundary (MPB) exhibit high piezoelectric coefficients exceeding 2500 pC/N [47]. This 

piezoelectric response is significantly higher than that observed in the leading PZT 

materials, which typically have a d33 ≈ 220-600 pC/N [140]. 

Although the new generation of high-performance materials possesses high 

piezoelectric coefficients and exceptionally high electromechanical coupling factors 

(k33 > 92%) [46], their operating temperature range in applications and device fabrication 

processing temperatures are limited by their low phase transition temperatures. For 

example, PMN-33%PT has a relatively low TC of 166 °C and an additional phase transition 

between the rhombohedral and tetragonal phases at TMPB ≈ 80-90 °C [10,46]. Their use 

under high fields is also limited by their low coercive fields (~2-3 kV/cm) [10]. 

Consequently, there have been continued efforts to develop high-performance, high-TC 

materials [10,46,65–72]. However, piezoelectric coefficients typically decrease with 

increasing TC, making this development a challenge [72,73]. 

Bismuth-based perovskites have received significant attention as potential 

alternatives to PZT due to the stereochemically active 6s2 lone pair electrons in Bi3+ (also 

present in Pb2+) which enhance lattice distortion, and their non-toxicity [80]. For example, 

Bi(Zn1/2Ti1/2)O3 (BZT) has a high tetragonality (c/a = 1.211), and a calculated polarization 

greater than 150 µC/cm2 [61,82]. Unfortunately, these BiMeO3 compounds (Me = metal) 

are difficult to synthesize and often require high pressures [61,65,68,80,83]. However, 

BiMeO3 compounds can be stabilized by formation of a solid solution with other perovskite 

end-members, such as PbTiO3. 

Solid solutions with PT typically result in TCs which are lower than that of PT 

(490°C). However, there are several PbTiO3-Bi(Me’Me”)O3 solid solutions that have been 
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shown to possess TCs that are greater than that of pure PT [71,84], which are of particular 

interest. For example, the TC of (1-x)Bi(Zn1/2Ti1/2)O3-xPbTiO3 (BZT-PT) exceeds 700 °C at 

x = 0.6 [71]. The poled ceramics of the (1-x)BiScO3-xPbTiO3 solid solution exhibit high 

piezoelectric properties, with d33 > 400 pC/N, while maintaining a high TC = 450 °C [65]. 

These examples suggest PbTiO3-Bi(Me’Me”)O3 solid solutions may be a viable route to 

high-performance, high-TC piezo-/ferroelectric materials. 

This work focuses on the (1-x)PbTiO3-xBi(Zn2/3Nb1/3)O3 (PT-BZN) solid solution. 

This solid solution was first studied by Nomura et al., who reported that for compositions 

up to x = 0.20 mol % BZN, the substitution of BZN results in an increase in TC above that 

of pure PT [88]. This suggests that this solid solution may be a promising high TC material. 

The polycrystalline materials (ceramics) of this solid solution were studied in detail in 

Chapter 3 and Chapter 4. However, no single crystals of PT-BZN have been reported. 

Single crystals allow researchers to study anisotropic properties and domain 

structures that cannot be studied in ceramics. Single crystals have no grain boundaries. 

This allows for the exploitation of directionality (i.e. anisotropy) that may afford improved 

properties, such as improved piezoelectric response in comparison to their ceramic 

counterparts [47]. To develop a new class of high-TC piezocrystals, PT-BZN single crystals 

were grown from high temperature solutions in this research. The grown crystals were 

characterized by powder X-ray diffraction, polarized light microscopy, dielectric 

measurements, and piezoresponse force microscopy to further understand the structure 

and properties of the PT-BZN solid solution. 

5.3. Experimental 

5.3.1. Single Crystal Growth 

Single crystals of the PT-BZN solid solution were grown using the high temperature 

solution growth (HTSG) method. A schematic of the growth set-up is given in Figure 5.1. 

The crystals were grown in a platinum crucible, which was sealed inside an alumina 

(Al2O3) crucible by alumina cement, and placed inside a cylindrical furnace with an alumina 

cover. 
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Figure 5.1. Schematic of the furnace and crucible set-up for high-temperature 
solution growth of the PT-BZN crystals. 

In the HTSG growth of crystals, we dissolve the constituent oxide starting materials 

in a suitable solvent (the flux), and crystallization occurs when the solution becomes 

supersaturated. This supersaturation state may be reached by evaporation of the solvent 

or by cooling the solution. In our laboratory, we use slow cooling to achieve 

supersaturation. Two temperature profiles that were used in this work are plotted in Figure 

5.2, which consist of (i) heating at a regular rate (3 °C/minute in this work) to the maximum 

temperature, (ii) soaking at the maximum temperature for a period of time to ensure the 

complete dissolution, (iii) slow cooling to allow the crystals to grow by spontaneous 

nucleation, and (iv) normal cooling to room temperature. The main advantage of this flux 

growth method is that the addition of flux allows the crystal growth to occur at a lower 

temperature than that required for the pure melt, because the flux lowers the melting point 

of the system [141], which could also avoid possible incongruent melting of the solute 

phase. 
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Figure 5.2. Temperature profiles used for the growth of PT-BZN crystals (Batch 
#1 and Batch #2) in the high-temperature solution growth process. 

The flux used was a mixture of PbO and H3BO3. A stoichiometric amount of the 

starting oxides, PbO (99.9%, Alfa Aesar), TiO2 (99.5%, Alfa Aesar), Bi2O3 (99.9%, Alfa 

Aesar), ZnO (99.9%, Kojundo Chemicals) and Nb2O5 (99.9%, Strem Chemicals) were 

weighed according to the following chemical reaction: 

�1 − s	PbO + �1 − s	TiO� + bx
yd Nb�O{ + bx

�d Bi�Om + b�x
m d ZnO  

→ �1 − s	PbTiOm − sBi�Zn�/mNb9/m�Om , 

with a nominal composition of x = 0.3. The starting oxides (the charge, or solute) were 

mixed with the flux (i.e. solvent) and packed into a platinum crucible, which is then placed 

into a sealed alumina crucible to prevent the evaporation of PbO and Bi2O3, and then  

placed into the crystal growth furnace, as shown in the schematic in Figure 5.1. The 

mixture of the starting materials and the flux is heated to high temperatures (1100 °C for 

Batch #1 and 1150 °C for Batch #2) and held for one day to ensure complete melting of 

the solute, and then slowly cooled at rates of 1-5 °C per hour to allow for the growth of 

crystals by spontaneous nucleation when supersaturation is reached. At lower 
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temperatures, the whole mixture is solidified, and the grown crystals embedded in the 

solidified flux were cooled to room temperature and removed from the furnace. 

Two batches of crystals were grown under different chemical and thermal 

conditions, as outlined in Table 5.1. Further discussion of these growth conditions is 

provided in Section 5.4.1. 

Table 5.1. Chemical and thermal conditions used to grow PT-BZN crystals. 

Batch # Flux:Charge  
(mole ratio) 

PbO:H3BO3  
(mole ratio) 

Maximum 
Temperature (°C) 

Cooling Profile 

1 5.5:1 7.9:1 1100 1°C/h to 900°C 
+ 

50°C/h to 25°C 

2 2:1 20:1 1150 

1°C/h to 900°C 
+ 

5°C/h to 850°C 
+ 

50°C/h to 25°C 

5.3.2. Characterization Methods 

Selected crystals from Batch #1 and 2 were ground into powders using an agate 

mortar and pestle. X-ray diffraction was performed on these ground crystals using Cu Kα 

radiation (Rigaku Rapid Axis Diffractometer, 42 mA, 46 kV, collection time = 5 minutes, 

0.01° steps, 2θ = 10 - 80°). The lattice parameters were calculated from the data with the 

software MDI Jade. 

A single crystal from Batch #2 was polished to 346 µm in thickness on the parallel 

(001)cub facets. An Olympus BX60 polarized light microscope (PLM) equipped with a 

Linkam THMS600 heating/cooling stage was used for PLM imaging. Birefringence 

measurements were carried out on the Linkam stage using an Olympus U-CBE Berek 

compensator under white light. The same crystal was then polished further down to 

106 µm in thickness and the optical measurements were repeated to confirm that the 

correct order of compensation was used in the birefringence measurements and 

calculations, and to reduce the likelihood of observing overlapping domains (which is 

possible in a thicker crystal). 
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The two surfaces of the polished crystal were painted with a layer of silver paste 

and gold wires were attached to both surfaces of the sample for electrical measurements. 

The dielectric properties of this crystal were measured as a function of temperature at 

various frequencies from 1 – 100 kHz, using a Novocontrol Alpha high-resolution 

broadband dielectric spectrometer. The resulting dielectric data was used to determine 

the TC and examine the ferroelectric phase transition of the solid solution. 

Piezoresponse force microscopy (PFM) was used to study another PT-BZN crystal 

from Batch #2. This crystal was polished on the (001)cub facets. A Bruker Dimension Icon 

atomic force microscope with a conductive tip (DDESP, Bruker) was used for the PFM 

imaging measurements, operating at 45 kHz. The hysteresis loops were obtained by 

applying a triangular bipolar voltage onto the crystal through the tip while the tip was fixed 

on one point. 

5.4. Results and Discussion 

5.4.1. Crystal Growth 

The crystals grown from the first batch are shown in Figure 5.3. The conditions 

were selected based on those used by Tailor et al. for successful growth of 

PbTiO3-Bi(Zn1/2Ti1/2)O3 single crystals [142]. PbO and H3BO3 were used as flux. PbO has 

been shown to be an effective solvent for complex perovskites, and is a starting 

component for PT-BZN, avoiding incorporation of foreign ions into the crystals [143]. The 

H3BO3 decomposes into B2O3 at high temperatures, which increases the viscosity of the 

solution [143]. Addition of B2O3 into PbO helps further lower the melting point of the 

complex flux, facilitating the melting of the whole system. Based on the visual inspection 

of the solidified flux and crystals, it was likely that the contents of the crucible had not been 

completely melted in this batch. The crystals were leached out from the melted flux by 

soaking in 20% nitric acid at room temperature for several days until the crystals could be 

removed from the crucible. 
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(a) 

 

(b) 

Figure 5.3. Batch #1 of (1-x)PT-xBZN crystals: (a) as-cooled crystals embedded 
in the solidified flux inside the crucible, and (b) crystals obtained 
after leaching in 20% nitric acid. 

The crystals obtained are very small, which was probably due to the fact that the 

system had not been fully melted, as can be seen in Figure 5.3(a). The small size and the 

not-fully-melted system suggested that it was necessary to increase the solubility of the 

flux. Consequently, the growth conditions were modified in Batch #2, mainly by increasing 

the PbO:H3BO3 ratio and the maximum soaking temperature, as shown in Table 5.1 and 

in Figure 5.2. The maximum temperature was increased to 1150 °C and the cooling rate 

was slowed to achieve larger crystals. The amount of flux was also reduced, to increase 

the amount of the starting oxides available in the crucible to form more, and larger crystals. 

The presence of boric acid is known to increase the viscosity of the melt. By decreasing 

the amount of boric acid in the flux, ions could move about more freely within the solution, 

promoting crystal formation [144], while the solubility of the flux was increased with a 

higher PbO concentration. In addition, too much B2O3 has been shown to lead to the 

formation of pyrochlore crystals in the HTSG of other perovskite systems such as 

(1-x)Pb(Zn1/3Nb2/3)O3-xPbTiO3 [145]. The crystals of Batch #2 were leached out from the 

melted flux by soaking in 20% glacial acetic acid at room temperature for several days. As 

shown in Figure 5.4 and Figure 5.5, these conditions successfully improved the growth 

results in Batch #2, leading to larger crystals with better quality and more regular 

morphology. 
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Figure 5.4. Batch #2 of grown (1-x)PT-xBZN crystals: (a) crystals embedded in 
the solidified flux in the as-cooled crucible, and (b) grown crystals 
after partial leaching in 20% glacial acetic acid. 

 

Figure 5.5. A collection of as-grown crystals of (1-x)PT-xBZN after leaching in 
20% glacial acetic acid. The red circle indicates a pseudo-cubic (with 
a square (001)cub facet) crystal that was further characterized by PLM 
and dielectric spectroscopy. 

5.4.2. Structural Analysis by XRD 

Figure 5.6 shows the XRD pattern obtained from a few of the small crystals shown 

in Figure 5.3(b) that were ground into a fine powder. It exhibits a typical perovskite 

structure with tetragonal symmetry (space group P4mm), as evidenced by the clear 
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splitting in the {100} and {200} peaks. The lattice parameters a and c were calculated to 

be 3.906 ± 0.002 Å and 4.118 ± 0.004 Å, respectively, giving rise to a high tetragonality 

c/a of 1.054. 

 

Figure 5.6. XRD pattern obtained from single crystals of (1-x)PT-xBZN from 
growth Batch #1 that were ground into a powder. 

For Batch #2, a small crystal, shown in Figure 5.7, was sacrificed for powder XRD 

analysis and produced the XRD pattern shown in Figure 5.8, which indicates a pure 

perovskite structure. The lattice parameters a and c were calculated to be 3.894 ± 0.002 

Å and 4.119 ± 0.007 Å, respectively, giving a slightly higher tetragonality c/a of 1.058. This 

tetragonality is, however, lower than that reported for all compositions in Figure 3.2(b) for 

the (1-x)PT-xBZN ceramics, suggesting that compositional segregation occurred during 

the crystallization process and the composition of the grown crystals is not between 

0 ≤ x ≤ 0.30. Dielectric measurements and PLM studies of this crystal support this 

suggestion (see below). 
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Figure 5.7. An as-grown PT-BZN crystal from Batch #2 that was crushed into a 
powder for analysis by powder XRD. 

 

Figure 5.8. The XRD pattern from growth Batch #2, obtained from the ground 
single crystal of (1-x)PT-xBZN shown in Figure 5.7, indicating a pure 
perovskite phase of tetragonal symmetry. 

5.4.3. Dielectric Properties and Phase Transition 

Figure 5.9 shows the variations of the dielectric constant (ε’) and loss (tan δ) as a 

function of temperature measured upon cooling. The sharp peak in permittivity 

corresponds to the phase transition between the paraelectric, nonpolar phase and the 

ferroelectric, polar phase. Thus, this crystal has a Curie temperature TC of 436 ± 2 °C 

(error in the Curie temperature was determined by the measurement step size). The peak 

temperatures do not depend on the frequency of measurement, indicating a normal 
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ferroelectric phase transition [26], rather than any sign of relaxor behaviour [24]. The sharp 

dielectric peak indicates a first order phase transition. The room temperature dielectric 

constant, measured at 100 kHz, is 137, and the dielectric loss (tan δ) is 0.01. The 

measurements upon heating (not shown) also result in similar variations of dielectric 

permittivity and loss tangent with temperature, with a frequency-independent sharp 

dielectric peak appearing 1 °C higher than the peak temperature measured upon cooling. 

Therefore, a slight thermal hysteresis exists between the TC values of cooling and heating 

curves, which is consistent with the characteristics of first-order phase transitions. 

 

Figure 5.9. Temperature dependences of the dielectric constant ε’ and loss 
(tan δ), measured upon cooling, for a (001)cub PT-BZN crystal from 
Batch #2. 

5.4.4. Domain Structure and Phase Transition by Polarized Light 
Microscopy (PLM) 

The (001)cub PT-BZN single crystal platelet, circled in red in Figure 5.5, was 

polished to a thickness of 346 µm and examined by PLM to analyze the domain structure 
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and phase transitions, deduce the crystal symmetry, and measure the birefringence (see 

Section 2.4 for the principles of PLM). Based on the tetragonal symmetry revealed by the 

XRD pattern in Figure 5.8, extinction of the domains is expected when the cross-polarizers 

are at 0° and 90° to the <100>cub direction for a (001)cub platelet. This is what is observed 

from the optical domains imaged by PLM in Figure 5.10. In Figure 5.10(a), the cross-

polarizers are parallel to the <100>cub direction, and some domains are in “extinction” in 

the crystal, while in Figure 5.10(b), the <100>cub edge of the crystal is at 45° to the cross-

polarizers and the crystal is at the “diagonal” position, appearing bright due to its 

birefringence. However, the measured birefringence (Δn) at room temperature was found 

to be 0.0038, which is relatively low in comparison to other crystals of complex perovskite 

structure studied in our laboratory, such as PbTiO3-Bi(Zn1/2Ti1/2)O3 single crystals, which 

have a room temperature birefringence on the order of 0.010 [146]. This weak 

birefringence appeared in a relatively thick crystal of PT-BZN. Due to the thickness of the 

crystal, it is possible that there were several overlapping domains superimposed along the 

<001>cub observation/measurement direction, partially cancelling the birefringence. To 

characterize the intrinsic birefringence (Δn = ne – no) of the tetragonal crystal, the crystal 

was polished thinner to 106 µm to obtain single domains along the <001>cub direction. 

 

Figure 5.10. Images of a (001)cub platelet of PT-BZN (thickness = 346 µm) 
observed by PLM at room temperature with crossed polarizers: 
(a) parallel, and (b) at 45°, to the <100>cub direction. 
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Figure 5.11 shows PLM images of the 106 µm thick (001)cub-oriented crystal at 

selected temperatures upon heating. Note that the temperatures initially read from our 

Linkam stage of the PLM were found to be systematically drifted to higher values. Thus, 

the temperatures indicated in this section have been rectified to be consistent with the TC 

determined by the dielectric measurements. This does not affect the nature and behaviour 

of the phase transition that is characterized by the domain structure change and the 

variation of the birefringence, as described below. 

Images observed with the crossed polarizers oriented parallel to the <100>cub 

directions of the crystal are not shown, but the crystal showed extinction at all 

temperatures in this configuration, which is consistent with the situation in Figure 5.10(a). 

At room temperature, the crystal is the brightest when its <100>cub edge is at 45° to the 

crossed polarizers, in agreement with the tetragonal symmetry observed in the thicker 

sample. From Figure 5.11, it can be seen that this thinner plate shows stripe domains with 

domain walls oriented along the <100>cub directions. The domains appear to be larger, 

with clear, homogeneous interference colour, suggesting that they are single domains 

(without overlap), suitable for birefringence measurements. Use of a compensator allows 

for the domain orientation to be determined, as shown by the optical indicatrix sections 

marked by the white ellipses in Figure 5.11(a). Upon heating, the domains become less 

bright, suggesting a decrease in birefringence, and thereby the crystal anisotropy. At 

436 °C (Figure 5.11(b)), extinction begins to occur at all angles, while the domains merge 

and domain walls move, corresponding to the phase transition from the tetragonal phase 

to an isotropic cubic phase. At 440 °C (Figure 5.11(e)) the crystal is cubic; however, weak 

birefringence is observed, likely due to residual stress present within the crystal. 
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Figure 5.11. PLM images that show the domain structure and orientation, and the 
tetragonal to cubic phase transition of a (001)cub-oriented 
(1-x)PT-xBZN single crystal (thickness = 106 µm), observed under 
cross polarizers upon heating: (a) T = 23 °C, (b) T = 436 °C, 
(c) T = 438 °C, (d) T = 439 °C, (e) T = 440 °C, and (f) T = 492 °C. 

This phase transition is also clearly observed in the variation of the birefringence 

as a function of temperature measured upon heating. The birefringence was measured at 

the point of the crystal indicated by the white arrow in Figure 5.11(a). At room temperature, 

the birefringence is 0.0083, confirming that the lower birefringence measured previously 

in the thicker platelet was indeed the result of overlapping domains. As the crystal is 

heated up, a slight decrease in the birefringence is observed. At 436-438 °C, the 

birefringence drops sharply to a near-zero value, which is characteristic of a first-order 

phase transition between the anisotropic tetragonal phase and the isotropic cubic phase. 

This abrupt phase transition is consistent with the dielectric measurement result, 

corresponding to the sharp dielectric peaks in Figure 5.9. 
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Figure 5.12. Variation of the birefringence of a (001)cub PT-BZN crystal platelet as 
a function of temperature, measured upon heating, showing the 
first-order phase transition at the Curie temperature, 
TC = 436-438 °C. 

5.4.5. Composition Estimate for Batch #2 Crystals 

Based on the lattice parameters and the phase transition temperatures determined 

from dielectric measurements and PLM, we have observed that the composition of the 

crystals grown in Batch #2 deviates from the nominal composition of 0.70PT-0.30BZN. 

Stringer et al. [84] reported a TC of about 510°C for the 0.70PT-0.30BZN ceramics, but the 

TC determined experimentally for our crystal was 436 ± 2 °C, as measured by dielectric 

measurements and PLM, indicating that the actual composition of the grown crystals is 

shifted from the nominal composition of the starting materials, which indicates some 

degree of composition segregation. This phenomenon is commonly observed in the crystal 

growth of oxide solid solutions where a separation between the solidus and liquidus curves 

usually exists between the two-end members, as shown in the schematic binary phase 

diagram in Figure 5.13 [2]. This composition segregation can be attributed to the different 

melting points and solubility of the metal oxides in multicomponent systems. 
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From the series of (1-x)PbTiO3-xBi(Me’Me”)O3 solid solutions [84], where Me’ and 

Me” are metal cations, the trends of TC as a function of Bi(Me’Me”)O3 content were found 

to fit the following polynomial expression, 

 ���s	 = � + �s + �s�, (5.1) 

where x = mol% Bi(Me’Me”)O3, α = TC (x = 0) at PbTiO3 (495 °C) and β and ɣ are constants. 

For the PT-BZN solid solution, the β and ɣ coefficients are 500 and -1500, respectively. 

Using Equation 5.1 and the TC obtained from the dielectric measurements and PLM 

observations, the average composition of the crystals from Batch #2 can be estimated to 

be close to 0.58PT-0.42BZN. To obtain a more reliable estimate of composition, a 

technique such as X-ray fluorescence or laser-ablation inductively-coupled-plasma mass 

spectrometry (LA-ICP-MS) should be used in the future. 

 

Figure 5.13. A schematic binary phase diagram proposed for PT-BZN to explain 
the composition segregation observed in the grown crystals. 

According to the estimated crystal composition from the TC, the grown crystal has 

a higher BZN content than the nominal composition (0.70PT-0.30BZN) used for the 

growth. The melting point of pure PT is known. Although the melting point of BZN is not 

known, based on the estimated composition, we can propose a schematic phase diagram 

for the PT-BZN system as shown in Figure 5.13. Crystallization of PT-BZN crystals with 

decreasing temperature results in a greater concentration of BZN than that present in the 
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nominal composition, as shown in the schematic, explaining the observed composition 

segregation. 

It is interesting to note that through high-temperature solution growth of single 

crystals we have achieved a higher solubility limit than that obtainable in the ceramics of 

PT-BZN, i.e. a higher concentration of BZN can be “dissolved” in PT in the form of single 

crystals than in ceramics. This suggests that this solution growth method provides more 

favourable conditions for incorporating more BZN into the crystals than the solid-state 

synthesis method used for ceramics (discussed in Chapter 3). The 

(1-x)PbTiO3-xPb(Zn1/3Nb2/3)O3 (PT-PZN) solid solution has also demonstrated similar 

behaviour: through single crystal growth methods, increased amounts of PZN are 

incorporated into the crystals of this solid solution compared with the ceramics of PT-PZN 

[125,147,148]. These results demonstrate that single crystal growth is a more favourable 

method to form solid solutions, especially for those systems in which an end-member has 

low chemical stability (like BZN or PZN). 

5.4.6. Piezoresponse Force Microscopy 

PFM was used to gain further insight into the local polar domain structure and 

polarization switching behaviour of the PT-BZN crystals. A PT-BZN crystal from Batch #2 

was polished on the (001)cub surface. Figure 5.14(a) depicts a schematic diagram of the 

PFM measurements: the conducting tip was scanned along the [100]cub and [010]cub 

directions, to image the domain distribution in the [001]cub direction (or on the (001)cub 

surface), as shown in Figure 5.14(b) and (c), respectively. Only out-of-plane domains were 

detected in this measurement, indicating that there are no polarization components along 

the [100]cub and/or [010]cub directions. Regular labyrinth-like domain patterns are observed 

on the (001)cub surface, which are similar to those typically seen in ferroelectrics with 

micron or sub-micron size domains arising from some degree of disorder [149]. When the 

scanning direction was rotated by 90° (i.e. from the [100]cub to the [010]cub direction), the 

domain patterns on the (001)cub surface also rotated by 90°, as seen in Figure 5.14(b) and 

(c), confirming that the observed domains are independent of the scanning direction. 
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Figure 5.14. (a) Schematic diagram of PFM measurements carried out on a 
(001)cub PT-BZN crystal platelet. (b) Out-of-plane PFM phase image of 
the crystal obtained with the tip scanning along the [100]cub 
direction, and (c) out-of-plane PFM phase image obtained with the 
tip scanning along the [010]cub direction, both showing the 
correlated domain structures on the (001)cub surface. 

The crystal was mirror polished, with surface undulation within 100 nanometres, 

as shown in the surface topography image in Figure 5.15(a). Two different colours are 

visible in the phase images (Figure 5.14(b) and (c), and Figure 5.15(b)), with a phase 

difference of about 180°, corresponding to two polarizations of opposite directions. The 

light-coloured domains are oriented with polarization “up”, while the dark-coloured 

domains are oriented with polarization “down”, resulting from the 180° phase difference 

between the two domain regions, characteristic of 180° ferroelectric domains. These two 

different domain regions are clearly seen in Figure 5.15(b), and illustrated in Figure 

5.15(d). The PFM amplitude inside the domains is large, but drops to zero at the domain 

walls, as shown in Figure 5.15(c), suggesting that the domain walls are nearly non-polar 

(or neutral). Figure 5.15(d) is a schematic showing the labyrinth-like domain patterns found 

in the crystal. The spontaneous polarizations of the domains are arranged along the 

[001]cub directions. The beige-coloured domains in this figure represent the domains with 
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polarization oriented “up”, and the brown-coloured domains represent the domains with 

polarization oriented “down”. These domains are separated by 180° domain walls of zero 

polarization. 

 

Figure 5.15. PFM images of the PT-BZN crystal showing (a) the surface 
topography and (b) the corresponding out-of-plane phase image, 
and (c) the amplitude image. (d) A schematic diagram of the three-
dimensional domain pattern structure deduced from the PFM 
images. 

To examine the polarization switching phenomenon in the crystal, the region 

indicated by the blue square in Figure 5.16(a), which contains both “up” and “down” 

domains, was poled by various voltages; a negative voltage corresponds to a field pointing 

upward. When the crystal is poled with a dc bias of -60 V (upward), the dark areas with 

“down” domains are switched to an “up” polarization and become light, as seen in Figure 

5.16(b). Upon application of a voltage of 30 V (downward), some of these domains 

switched to a polarization “down” state, and become dark-coloured (Figure 5.16(c)). 

However, upon further increase in the poling voltage to 80 V, the originally light-coloured 

“up” domains did not switch further to more “down” domains, although their colour 

becomes slightly darker, as shown in Figure 5.16(d). Even the initial “down” domains seen 

in the box in Figure 5.16(a) did not completely return to their original state after switching, 

as the dark region in Figure 5.16(d) is not as large as in Figure 5.16(a). These results 

show that the switching behaviour in this crystal is asymmetric, i.e. the domains can be 
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completely switched to an “up” polarization state (Figure 5.16(b)), while the downward 

switching of those domains cannot be complete even at a higher voltage. This behaviour 

suggests the presence of internal bias electric fields which seem to point upward, 

favouring the complete switching of the “up” domains, but preventing the completion of the 

reverse process. 

 

Figure 5.16. The ferroelectric domain switching in the PT-BZN crystal: (a) the 
initial domain patterns at 0 V. (b) Nearly complete switching of 
domains to the “up” polarization by a voltage of -60 V applied within 
the blue square. (c) and (d) Only partial switching of domains to the 
“down” polarization by a voltage of 30 V and 80 V, respectively. 

To obtain the variations of PFM phase and amplitude as a function of 

voltage/applied field, a triangular ± voltage was applied on the tip while the tip was fixed 

at one point. This resulted in the phase and amplitude versus voltage hysteresis loops 

shown in Figure 5.17. It can be seen that the PT-BZN crystal exhibits typical switching 

hysteresis loops in the phase-field relationship, and butterfly hysteresis loops in the 

amplitude response to the field, confirming its ferroelectric nature and piezoelectricity. 

However, an asymmetric behaviour is observed in all the loops, consistent with the 

asymmetric switching behaviour observed in the phase images in Figure 5.16. In the 

“down” domains, the loops shift toward positive voltages. This horizontal offset on the 

voltage-axis confirms that the crystal possesses an internal electric field or bias, which 

effectively increases the coercive field in the material [150]. This shift prevents the material 

from switching at moderate electric fields, explaining the asymmetrical switching 

behaviour observed in Figure 5.16 [151]. 
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Figure 5.17. Local hysteresis loops measured by PFM in the dark, “down” 
domains: (a) the phase-switching loop and (b) the amplitude 
butterfly-hysteresis loop, both showing a horizontal off-set. 

The effect of the internal bias is explained in more detail in Figure 5.18. Internal 

bias results in the polarization being easier to switch in one direction than the other. This 

is evidenced in Figure 5.16, which shows that the “up” domains are harder to be switched 

completely to the “down” state. If a material has an internal bias, then the polarization that 

has the same orientation as the bias field will be harder to switch to the opposite direction, 

as shown in Figure 5.18(b) to (c). Consequently, a larger applied electric field will be 

required to switch the polarization. This is the scenario observed in Figure 5.17(a) and (b). 

The loop was measured in a “down” domain, starting with a negative applied voltage. A 

smaller negative bias is required to switch the domain to the “up” position, because there 

is an internal bias field in the crystal already pointing upward (Figure 5.18(a) to (b)). 

However, to switch from this “up” position back to “down”, a larger positive bias is required, 

since the bias field and the polarization are in the same direction (Figure 5.18(b)). 

Consequently, the loops in Figure 5.17 are shifted to the right. The phase loop is shifted 

to the right by ~3.6 V (the bias voltage), while the butterfly loop is shifted by ~3.2 V. This 

slight discrepancy could be due to the different responses measured. This internal bias 

field may arise from domain wall pinning and possible defects in the crystal that make the 

polarization switching less favourable [150]. Detailed understanding of the origin of this 

bias field requires further study. 
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Figure 5.18. Schematic of the internal bias field and its effects on the polarization 
switching in the PT-BZN crystal. (a) The spontaneous polarization 
(“down”) is in the opposite direction of the bias field. (b) A smaller 
field switches the polarization upward completely as the bias field is 
in the same direction as the applied field. (c) A larger field of 
opposite polarity is required to switch the polarization downward 
because the spontaneous polarization and bias field have the same 
directionality, and this process can only be partially completed. 

After annealing the crystal at 600 °C for 1 hour, the labyrinth-like domain patterns 

disappeared, with a reduction in the density of domain walls, as seen in Figure 5.19, 

leaving the crystal surface with the light yellow domains in majority. Therefore, thermal 

annealing seems to favour domains with the “up” polarization, further evidencing the 

existence of a bias field and the resultant asymmetric switching. 

 

Figure 5.19. PFM phase image showing the domain pattern of the (001)cub crystal 
after annealing at 600°C for 1 hour. 
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5.5. Conclusions 

Novel ferroelectric single crystals of the complex perovskite solid solution 

(1-x)PbTiO3-xBi(Zn2/3Nb1/3)O3 (PT-BZN) were successfully grown by the high-temperature 

solution growth method (also known as the flux method). The crystal structure is found to 

be tetragonal by powder X-ray diffraction. The dielectric permittivity measurements as a 

function of temperature (upon cooling) and frequency showed a sharp ferroelectric phase 

transition at TC = 436 ± 2 °C. The domain structure and phase transition were also 

analyzed by means of polarized light microscopy studies performed on a (001)cub platelet. 

At 436-438 °C, the crystal starts becoming extinct at all angles, and there is a sharp drop 

in birefringence, indicating the transition from the anisotropic tetragonal phase to the 

isotropic cubic phase at TC ≃ 436 °C. The sharp dielectric anomaly and the abrupt 

vanishing of the birefringence are both characteristics of the first-order phase transition at 

TC. Based on the TC of 436°C ± 2°C, the average crystal composition was estimated to be 

close to 58PT-42BZN. These results show that a higher solubility limit is achieved through 

this single crystal growth method than that obtained in the ceramic counterparts using 

solid state synthesis (Chapter 3), which is favourable for the goals of reducing lead content 

in these materials. Piezoresponse force microscopy measurements of the phase and 

amplitude as a function of voltage show that these crystals exhibit polarization switching 

behaviour characteristic of ferroelectric properties. The asymmetric switching of the phase 

hysteresis loop and amplitude butterfly loop indicate the presence of an internal bias field 

which leads to asymmetric switching of the “up” and “down” polarization. The origin of the 

internal bias field is still under investigation. These results suggest that PT-BZN single 

crystals indeed constitute a new family of high-TC piezo-/ferroelectric materials with 

reduced lead content that may be promising candidates for high-temperature 

electromechanical transducer applications because of their high TC and observed 

ferroelectric switching. 
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Chapter 6.  
 
Synthesis and Characterization of the Novel Lead-
Free Solid Solution of (1-x)BaTiO3-xBi(Zn2/3Nb1/3)O3 

The majority of the following chapter is based upon work previously published. 

Reprinted from Ceram. Int., Vol 41, A. Paterson, H.T. Wong, Z. Liu, W. Ren, Z.-G. Ye, 

Synthesis, structure and electric properties of a new lead-free ferroelectric solid solution 

of (1−x)BaTiO3–xBi(Zn2/3Nb1/3)O3, S57-S62, Copyright (2015), with permission from 

Elsevier. (I have performed the majority of the work done in this chapter, including the 

synthesis, structural characterization by X-ray diffraction, the dielectric measurements and 

fitting, and the ferroelectric and piezoelectric measurements, and I wrote this manuscript. 

The other authors contributed to the exploration of the ideal synthesis conditions and 

participated in discussions.) 

6.1. Abstract 

Ceramics of a novel solid solution, (1−x)BaTiO3–xBi(Zn2/3Nb1/3)O3 [(1-x)BT-xBZN], 

have been prepared with x = 0 – 0.125 and their structure and dielectric properties 

investigated. The effects of BZN substitution for BT on the crystal structure and dielectric 

properties are examined. The structure at room temperature is refined to be tetragonal for 

x ≤ 0.025, a mixture of rhombohedral and tetragonal phases for x = 0.05, and cubic for 

x ≥ 0.075. As the BZN content increases, the Curie temperature TC of the solid solution 

decreases, and the phase transition becomes more diffuse. At x ≥ 0.075, relaxor-like 

behaviour appears, and the dielectric permittivity and Tmax fit well to the quadratic law and 

the Vogel-Fulcher law. The higher degree of diffuseness and the relaxor character are 

explained by the increased cationic disorder due to the aliovalent substitutions of Bi3+ for 

Ba2+ on the A-site and (Zn2/3Nb1/3)3+ for Ti4+ on the B-site of the perovskite structure. A 

partial phase diagram of the solid solution is established, which delimits the tetragonal 

ferroelectric phase, mixture of tetragonal and rhombohedral ferroelectric phases, and the 

cubic paraelectric phase, as well as the crossover from the ferroelectric phase to the 

relaxor state. 
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6.2. Introduction 

Ceramics and single crystals of solid solutions with lead titanate, PbTiO3 (PT), as 

an end member, such as (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 (PMN-PT), exhibit the highest 

piezoelectric properties, making them excellent materials for high performance actuator 

applications. The highest properties are observed at the morphotropic phase boundary 

(MPB) compositions. These MPB-based materials are compositionally engineered to 

enhance performance, but this generally results in a decreased Curie temperature (TC) 

[47]. Therefore, MPB systems often possess a decreased temperature range of operation, 

more temperature-dependent properties, and less polarization stability due to their 

relatively low TC and even lower MPB temperature, TMPB [10]. There have been many 

efforts to investigate potential high performance, high TC materials in order to broaden the 

operating temperature range in applications [65,68,122]. 

Many lead-based perovskite materials exhibit exceptional piezoelectric and 

ferroelectric properties; however, there are concerns about lead toxicity, which has led to 

an increase in the studies of lead-free materials in the past decade. As a result, there has 

been a particular renewed interest in barium titanate, BaTiO3 (BT), a well-known 

ferroelectric material, and systems containing BT due to its lead-free nature. The intent of 

this work is to explore a novel solid solution with BT as one end-member, with the goal of 

developing a new lead-free ferroelectric material with a TC greater than that of pure BT. 

There is great interest in bismuth-based perovskites as a substitute for lead, as 

both A-site cations Pb2+ and Bi3+ possess a 6s2 stereochemically active lone pair of 

electrons, which could enhance spontaneous polarization and increase TC. The ionic size 

of Bi3+ (1.36 Å) compared to Pb2+ (1.49 Å) allows for different A-O bonding motifs, as its 

smaller size may allow for increased A-site cationic displacement, increasing spontaneous 

polarization [122]. For instance, Bi(Zn1/2Ti1/2)O3 (BZT) has a calculated ionic polarization 

of over 150 µC/cm2. A more pronounced influence of the 6s2 lone pair is seen in the A-site 

bismuth environment in BZT, which is more distorted than that of lead in PbTiO3 [61]. 

However, Bi-based perovskites are less stable than Pb-based perovskites and often 

require high pressure synthetic techniques. Consequently, many studies explore Bi-based 
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perovskite compounds by stabilizing them as an end-member in solid solutions with PT 

[65,68,71]. 

An enhanced tetragonality (c/a = 1.08) and a TC greater than that of PT have been 

reported in the solid solution of (1-x)PbTiO3-xBi(Zn2/3Nb1/3)O3 (PT-BZN) [88]. In this work, 

we stabilize the Bi-based perovskite Bi(Zn2/3Nb1/3)O3 in a solid solution with BT, to form 

the lead-free analog to PT-BZN. We have synthesized the novel solid solution 

(1-x)BaTiO3-xBi(Zn2/3Nb1/3)O3 [(1-x)BT-xBZN] and investigated its structure and dielectric 

properties. 

6.3. Experimental 

6.3.1. Synthesis 

The ceramics of the (1-x)BaTiO3-xBi(Zn2/3Nb1/3)O3 [(1-x)BT-xBZN] solid solution 

with compositions of x = 0.0 to 0.15 were prepared by solid state reaction from the 

commercially available constituent oxides and carbonates. The starting compounds of 

stoichiometric amounts, BaCO3 (99.95%, Alfa Aesar), TiO2 (99.5%, Alfa Aesar), Bi2O3 

(99.9%, Alfa Aesar), ZnO (99.9%, Kojundo Chemicals) and Nb2O5 (99.9%, Strem 

Chemicals), were mixed together, and hand ground with a mortar and pestle in acetone 

for 1 hour.  The mixtures were pressed uniaxially into a pellet and calcined between 1000 

and 1350 °C for 4 to 6 hours to form the desired perovskite phase, as verified by X-ray 

diffraction (XRD). The pellets were then pulverized, hand ground in acetone with a mortar 

and pestle for 1 hour, and pressed uniaxially into 10 mm diameter discs for sintering. A 

bed of sacrificial (1-x)BT-xBZN powder of the same composition was used during the 

sintering process to prevent Bi2O3 evaporation. The pellets were sintered at temperatures 

between 1300 to 1375 °C for 6 hours to form ceramics. 

6.3.2. Structural Analysis 

The sintered ceramics were polished to provide flat, parallel surfaces. XRD was 

performed on the ceramics using Cu Kα radiation (Bruker D8 Advance Diffractometer, 40 

mA, 40 kV, 0.01° steps, 2θ = 15 - 80°). The resulting diffraction data were analyzed using 
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TOPAS-Academic software to perform the Rietveld refinements to determine the 

symmetry and refine the lattice parameters of the ceramics. 

6.3.3. Dielectric Measurements 

The two surfaces of the polished ceramics were painted with a layer of silver paste 

and gold wires were attached to both surfaces of the samples. The dielectric properties of 

the (1-x)BT-xBZN ceramics were measured as a function of temperature and frequency 

using a Novocontrol Alpha high resolution broadband dielectric analyzer. 

6.3.4. Ferroelectric and Piezoelectric Measurements 

The hysteresis loops were measured using a Radiant RT-66 standardized 

ferroelectric testing system. For piezoelectric measurements, the samples were poled at 

room temperature in silicon oil using a Stanton PS350 high voltage power source. The 

piezoelectric constants were measured using a Model ZJ-6B quasistatic piezoelectric 

meter. 

6.4. Results and Discussion 

6.4.1. Structural Analysis 

Figure 6.1 shows the XRD patterns for the ceramics of x = 0, 0.025, 0.05, 0.075, 

0.10, 0.125, and 0.15 sintered at different temperatures. The XRD patterns indicate that 

the (1-x)BT-xBZN solid solution crystallizes in a pure complex perovskite phase up to a 

solubility limit of x = 0.125. An impurity phase appeared when x ≥ 0.15, as marked with 

the stars in Figure 6.1. 
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Figure 6.1. X-ray diffraction patterns of the (1-x)BT-xBZN (x = 0.00 – 0.15) 
ceramics prepared at optimal sintering temperatures. Stars indicate 
impurity peaks in the x = 0.15 ceramics. 

The Rietveld refinements were performed on the XRD patterns using the software 

TOPAS-Academic. The fitting was carried out based on a model of a tetragonal phase. 

The refinement fitting results for the x = 0.025 ceramic are shown in Figure 6.2. Slight 

splitting can be seen in the (200) peaks, shown in the inset, confirming the tetragonal 

symmetry. The calculated lattice parameters of the tetragonal phase and the tetragonality 

for the x = 0 and 0.025 ceramics are listed in Table 6.1. It can be seen that, with the 

substitution of BZN for BT, the lattice parameter a increases while c decreases, leading to 

a decreased tetragonality, which is contrary to what we expected for the effect of BZN 

substitution. 
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Table 6.1. Calculated lattice parameters for the tetragonal phase and the 
tetragonality of the (1-x)BT-xBZN ceramics. 

Composition a (Å) c (Å) c/a 

x = 0 3.9947 ± 0.0006 4.0386 ± 0.0006 1.0110 ± 0.0002 

x = 0.025 4.0003 ± 0.0002 4.0290 ± 0.0002 1.00717 ± 0.00007 

 

Figure 6.2. Rietveld refinement results of the XRD data for x = 0.025 of 
(1-x)BT-xBZN. The black line represents the experimental data, the 
red line represents the calculated fitting data, and the difference 
between these two sets of data is indicated by the grey line. The 
inset shows an enlarged view of the (200) splitting, which is 
characteristic of the tetragonal phase. 

The XRD pattern for the x = 0.05 solid solution (Figure 6.3) shows splitting of the 

(111) peak and a shoulder on the (200) peak. The splitting of the (111) peak is 

characteristic of a rhombohedral symmetry, while the shoulder on the (200) peak can be 

accounted for by a tetragonal phase. Therefore, the Rietveld refinements for the x = 0.05 

composition are carried out based on a model of coexisting rhombohedral and tetragonal 

phases. The inset in Figure 6.3 is an enlarged view to clearly show the characteristic 
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rhombohedral and tetragonal phase splitting, respectively. The tetragonal phase displays 

a higher intensity than that of the rhombohedral phase, suggesting that the tetragonal 

phase is in majority. 

 

Figure 6.3. Rietveld refinement results of the XRD data of the (1-x)BT-xBZN 
solid solution with x = 0.05 based on a model of coexisting 
tetragonal and rhombohedral phases. Inset (a) shows an enlarged 
view of the splitting of the (111) peak which is characteristic of the 
rhombohedral phase, and (b) shows the shoulder on the (200) peak, 
which is characteristic of the tetragonal phase. 

Due to the absence of peak splitting, the XRD patterns for the ceramics of 

compositions with x ≥ 0.075 were fit to a cubic symmetry. The calculated lattice parameters 

obtained from Rietveld refinements of the cubic phase for the x = 0.075, 0.1 and 0.125 

ceramics are listed in Table 6.2. 
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Table 6.2. Calculated lattice parameters for the (1-x)BT-xBZN ceramics of cubic 
symmetry. 

Composition a (Å) 

x = 0.075 4.0117 ± 0.0001 

x = 0.1 4.0143 ± 0.0001 

x = 0.125 4.0156 ± 0.0001 

Overall, the XRD structural refinements indicate that increasing BZN in the 

(1-x)BT-xBZN solid solution increases the symmetry of the crystal structure and reduces 

the tetragonality, despite the population of the B-site of the perovskite by ferroelectrically 

active cations and the A-site by the Bi3+ ion with a lone electron pair. This is contrary to 

the results we have seen in the (1-x)PbTiO3-xBi(Zn2/3Nb1/3)O3 solid solution [88], where 

the increase in the BZN content results in an increase in structural asymmetry and an 

increase in the tetragonality (see Chapter 3). It is possible that the partial substitution of 

BZN for BT creates a higher degree of chemical disorder (as indicated below by the diffuse 

and dispersive dielectric properties) which could cancel the normally expected effect of 

BZN on the enhancement of structural distortion. 

6.4.2. Dielectric Measurements 

Figure 6.4 and Figure 6.5 show the dielectric constant ε’ as a function of 

temperature for four different compositions of the (1-x)BT-xBZN solid solution measured 

at different frequencies. The peak in the temperature dependence of the dielectric 

constant in Figure 6.4(a) and (b) corresponds to the Curie temperature TC at which the 

material undergoes a phase transition from the paraelectric, nonpolar phase, to the 

ferroelectric, polar phase upon cooling. The dielectric measurement results indicate that 

the x = 0.025 and x = 0.05 solid solutions have the TC = 98 ± 2°C and TC = 39 ± 2°C, 

respectively. The broad peaks indicate a second-order phase transition, which were 

confirmed by the measurements performed upon heating that yielded the same TC as that 

measured upon cooling, i.e. no thermal hysteresis. The change in the ferroelectric 

transition from first order (in pure BT) to second order has also been observed in the 

Ba(Ti1-xSnx)O3 solid solution with increasing x [152]. Note that the values of TC (the peak 

temperatures) do not depend on frequency, indicating a normal ferroelectric phase 

transition. 
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Figure 6.4. Temperature dependence of the dielectric constant ε’ measured at 
various frequencies upon cooling for the ferroelectric compositions 
of the (1-x)BT-xBZN ceramics: (a) x = 0.025 and (b) x = 0.05. 
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Figure 6.5. Temperature dependence of the dielectric constant ε’ measured at 
various frequencies upon cooling for the compositions of the 
(1-x)BT-xBZN ceramics that exhibit relaxor-like behaviour: 
(a) x = 0.075, and (b) x = 0.1. 

In the ceramics of compositions with x ≥ 0.075, the temperature of maximum 

permittivity, Tmax, increases with increasing measurement frequency, while at the same 

time the value of ε’max decreases, as shown in Figure 6.5, suggesting a relaxor-like 

behaviour. It is known that no changes in the crystal structure are observed around Tmax 
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in relaxor ferroelectrics, so the maxima in permittivity are not attributed to ferroelectric 

phase transitions, but instead are attributed to the relaxation of the dipoles from polar 

nanoregions [26]. The XRD data of these compositions are consistent with this behaviour, 

as they fit well to a pseudocubic phase model, which is typically adopted by ferroelectric 

relaxors [24]. 

In this (1-x)BT-xBZN solid solution system, increasing the BZN content first lowers 

the TC below that of pure BaTiO3 (TC = 120°C). This decrease in TC agrees with the 

structural changes refined from the XRD results, which indicate a decrease in the 

tetragonality and an increase in the crystal symmetry at room temperature, as one would 

expect a structure that is closer to cubic symmetry to possess a lower TC.  As the BZN 

content increases, the maximum of permittivity becomes more diffuse, and eventually 

begins to exhibit relaxor-like behaviour through its frequency dependent dispersion of the 

dielectric peaks. Therefore, we have found a crossover from a ferroelectric to a relaxor 

state in the (1-x)BT-xBZN solid solution with increasing BZN concentration. 

The addition of BZN into BT introduces two more heterovalent cations (Zn2+ and 

Nb5+) on the B-site and the Bi3+ cation on the A-site of the perovskite structure, which 

increases the chemical disorder in this solid solution [127]. This increase in disorder may 

be responsible for the observed broad second-order phase transition, increased 

diffuseness in the dielectric permittivity peaks, and the crossover to relaxor behaviour. 

Similar changes in structure and properties have been observed in several other systems 

[153–157]. Ogihara et al. suggested the relaxor-like behaviour of BaTiO3-Bi(Me’Me”)O3 

systems could be a result of weak coupling between nanopolar regions, making it difficult 

to obtain long-range polar order [155]. It is the increased chemical disorder in 

(1-x)BT-xBZN that weakens the coupling between polar domains, giving rise to the 

observed relaxor behaviour. 

The difference in Tmax at different frequencies, ΔTmax = [Tmax(1 kHz) - Tmax(10 Hz)] 

can be used to measure the degree of dispersion in relaxor materials [153]. These results 

are shown in Table 6.3. There is no significant change seen in ΔTmax for the two 

compositions measured. It is worth noting that this is a relatively small frequency range 

for the examination of ΔTmax. In this lower frequency range, the ΔTmax may arise due to 
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different low-frequency relaxation processes, but these processes may be the same in 

both compositions, leading to the same ΔTmax. Future examination of a larger frequency 

range (that includes frequencies > 1 kHz) is recommended, as this will provide more 

insight into the frequency dispersion due to conventional relaxor contributions. 

Table 6.3. The temperature difference ΔTmax = [Tmax(1 kHz) - Tmax(10 Hz)] of the 
dielectric peaks for the ceramics of the (1-x)BT-xBZN solid solution 
with x = 0.075 and 0.125. 

Composition ∆Tmax (°C) 

x = 0.075 24 ± 3 

x = 0.1 24 ± 3 

An alternative, empirical definition of relaxors that allows for easy verification was 

proposed by Bokov et al. in 2012 [24]: “Relaxors are ferroelectrics in which the quadratic 

law for permittivity (Equation 6.1) and the Vogel-Fulcher law for Tmax (Equation 6.2) are 

observed”. Thus, preliminary fitting of the dielectric data has been carried out to confirm 

the observed relaxor behaviour. 

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 [127]. The high temperature slope of the permittivity ε’ (> Tmax) in relaxors 

can be fit with the quadratic law: 

 
)A
)+ = 1 + �%&%A	.

�/.  , (6.1) 

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 of the peak [26,28,45]. The fitting of the dielectric data was performed using 

a least-squares method with the data measured at 1 kHz, in order to minimize the possible 

contributions from non-relaxor related components, such as low frequency dispersion from 

mobile charge carriers [127]. 

The parameters obtained from fitting the dielectric data to the quadratic law 

(Equation 6.1) are listed in Table 6.4 and the fitting results are shown in Figure 6.6. Both 



 

116 

samples fit well to Equation 6.1, which is consistent with the behaviour observed in other 

relaxor ferroelectrics [28,45,153]. It can be seen in Figure 6.6 that deviations from the 

quadratic relationship occur on the low-temperature side of the permittivity peak. This is 

due to conventional relaxor dispersion (CRD). In relaxors, as the measurement frequency 

increases, the Tmax also increases. Since the quadratic law models the static permittivity 

contribution of CRD, the measured maxima are at a higher temperature than the maximum 

of the fitting curve obtained from the high frequencies that are used for fitting [127]. 

Table 6.4. Parameters obtained from fitting dielectric data of the (1-x)BT-xBZN 
ceramics, measured at 1 kHz, to Equation 6.1. 

Composition εA TA (K) δ (K) 

x = 0.075 1644 239 184 

x = 0.10 1393 201 217 
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Figure 6.6. Fitting of the dielectric data around the peak in permittivity, 
measured at 1 kHz for the (a) 0.925BT-0.075BZN, and (b) 0.90BT-
0.10BZN solid solutions, to Equation 6.1. Deviations at low 
temperature are due to conventional relaxor dispersion. The 
experimental data is plotted as black circles and the red line is the 
fitting curve. 

The δ parameter is frequency-independent, and is used to characterize the width 

or diffuseness of the peak. From the fitted dielectric data of the two compositions, it can 

be seen that the one with more BZN content shows an increased diffuseness. This can be 

attributed to the increase in chemical disorder from the introduction of three more 

heterovalent cations onto the perovskite sites, as discussed previously. Thus, in the 

composition range beyond the crossover from ferroelectric behaviour to relaxor behaviour, 
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the increased substitution of BZN for BT results in a greater degree of relaxor-like 

behaviour. Studies of additional relaxor compositions would provide more data points, 

confirming this trend in δ in this solid solution. 

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

law, which is widely applicable to disordered systems: 

 � = �� exp[−�a/��max − �VF	] , (6.2) 

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

[26,27]. 

For the 0.925BT-0.075BZN ceramics, only relatively low frequency data (≤ 1 kHz) 

is currently available. It is worth noting that the results to be obtained from fitting this data 

would have little meaning due to low frequency contributions from universal relaxation 

[23], and excluding this low frequency data would lead to very few data points for the 

fitting. Consequently, collection of additional dielectric data should be undertaken before 

any meaningful Vogel-Fulcher fitting can be performed for this composition. 

On the other hand, the dielectric data for 0.90BT-0.10BZN was fit to the Vogel-

Fulcher law in the interval from 100 Hz to 1000 kHz, to avoid universal relaxor contributions 

at low frequencies. The fitting results for 0.90BT-0.10BZN are given in Figure 6.7, and the 

fit results in the parameters f0 = 1.266 x 1013 Hz, Ea = 0.378 eV, and TVF = -159 °C. At this 

point, it is worth drawing attention to the high activation energy seen in this material. 

0.90Pb(Mg1/3Nb2/3)O3-0.10PbTiO3, a classical relaxor system, has an activation energy of 

0.0408 eV based on fitting with the Vogel-Fulcher relationship [41]. The (1-x)BT-xBZN 

solid solution has an activation energy that is about an order of magnitude higher. Similar 

magnitudes have been observed in other BaTiO3-BiMeO3 systems such as BaTiO3-

BiScO3 and BaTiO3-Bi(Zn1/2Ti1/2)O3 [155,158]. High activation energies suggest that it is 

difficult to obtain long-range dipole alignment, as the polar clusters are isolated and 

frustrated, leading to weak coupling between clusters [159]. Further measurements of 

additional compositions and several frequencies are desirable to examine the trends in 

these parameters with composition of this solid solution. 
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Figure 6.7. The Vogel-Fulcher fitting of the dielectric permittivity in 
0.90BT-0.10BZN with f0 = 1.266 x 1013 Hz, Ea = 0.373 eV, and 
TVF = -185 °C. The low frequency data points in red were not included 
in the fitting to avoid the contributions from universal relaxation. 

6.4.3. Ferroelectric and Piezoelectric Properties 

Figure 6.8 shows the polarization-electric field loops for the (1-x)BT-xBZN solid 

solution compositions where the TC is greater than room temperature. The ceramics 

experienced breakdown before a saturated loop could be obtained, indicating that the 

coercive field is greater than that of the breakdown field. 
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Figure 6.8. Polarization versus electric field loops for (1-x)BT-xBZN ceramics 
with TC above room temperature. 

The piezoelectric measurements for the compositions x = 0.025 and x = 0.05 gave 

an attainable d33 value of 22.7 pC/N when poled at 1.6 kV/cm, and 16.2 pC/N when poled 

at 10 kV/cm, respectively. These values are significantly lower than that reported for pure 

BaTiO3 [160]. However, given the relatively large coercive field of this material, it is difficult 

to completely pole these samples and obtain reliable piezoelectric constants, as greater 

fields resulted in breakdown. 

6.4.4. Structure-Property Phase Diagram 

Based on the above structural analysis, dielectric characterization, and 

ferroelectric measurements, a partial phase diagram for the (1-x)BT-xBZN solid solution 

is established, as shown in Figure 6.9. It delimits the tetragonal ferroelectric phase, a 
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mixture of tetragonal and rhombohedral ferroelectric phases, and the paraelectric cubic 

phase. In addition, it indicates the crossover from the ferroelectric phase to the relaxor 

state with increasing BZN concentration. 

 

Figure 6.9. Partial phase diagram of the (1-x)BT-xBZN solid solution system, 
indicating the tetragonal phase, a mixture of the tetragonal and 
rhombohedral phases, and the cubic phase, as well as a crossover 
from the ferroelectric phase to relaxor state with increasing BZN 
concentration. Tmax was measured at 1 kHz. 

6.5. Conclusions 

The ceramics of a novel complex perovskite solid solution of (1-x)BT-xBZN were 

synthesized by a conventional solid state method with a solubility limit of x = 0.125. 

Compositions with x ≤ 0.025 exhibit a tetragonal symmetry, the composition with x = 0.05 

is a mixture of rhombohedral and tetragonal phases, and the compositions with x ≥ 0.075 



 

122 

have a cubic symmetry at room temperature. The substitution of BZN for BT is found to 

decrease the TC and tetragonality of the material and eventually leads to a crossover from 

the ferroelectric state to relaxor-like behaviour. The x = 0.025 and x = 0.05 solid solutions 

have the TC = 98 ± 2 °C and TC = 39 ± 2 °C, respectively, and the x ≥ 0.075 solid solutions 

exhibit frequency dispersion of the dielectric peaks, characteristic of relaxor behaviour. 

Preliminary fitting of the dielectric data for the compositions with frequency dispersion 

shows a good fit to both the quadratic law and the Vogel-Fulcher law, which are used to 

describe classical relaxor behaviour, confirming the typical relaxor behaviour observed in 

these compositions. The increased diffuseness of the phase transition and the crossover 

to relaxor behaviour are attributed to increased chemical disorder, resulting from the 

substitution of multiple heterovalent cations: Bi3+ for Ba2+ on the A-site, and Zn2+/Nb5+ for 

Ti4+ on the B-site. A partial phase diagram of the (1-x)BT-xBZN system is established 

based on the XRD analysis, and dielectric and ferroelectric measurements, which 

indicates the tetragonal phase, a mixture of tetragonal and rhombohedral phases, and the 

cubic phase, as well as the crossover from the ferroelectric phase to the relaxor state with 

increasing BZN concentration. The decrease in TC and tetragonality and the increase in 

phase symmetry at room-temperature with increasing BZN content are contrary to what 

was expected of the possible effects of BZN, as has been found in the PT-BZN solid 

solution, where an increase in TC and an enhanced tetragonality are observed with 

increased BZN concentration (see Chapter 3). These new results suggest that the 

(1-x)BT-xBZN solid solution possesses unique crystal chemistry and physics in terms of 

chemical disorder, lone electron pair effects and relaxation mechanism, which require 

further investigation, because they are not yet completely understood. 

6.6. Postscript: Further Developments Based on Our Work 

Since the publication of the main part of this work in the article titled “Synthesis, 

structure and electric properties of a new lead-free ferroelectric solid solution of 

(1-x)BaTiO3-xBi(Zn2/3Nb1/3)O3” in Ceramics International (Vol. 41, 2015), it has been cited 

6 times (as of June 27, 2017). Of particular interest are the  subsequent studies of this 

solid solution carried out by Wu et al. [159,161,162]. 
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Our work established a solubility limit of x < 0.15 for (1-x)BT-xBZN; however, Wu 

et al. reported that they prepared ceramics up to x = 0.20 with no apparent secondary 

phase [161]. They also studied a composition of x = 0.25 in a subsequent publication, but 

no XRD data was provided as evidence to whether a pure phase was achieved [162]. It is 

possible that further adjustment of calcination temperatures and time by following the 

synthesis conditions of Wu et al., which utilized much lower calcination temperatures, 

would allow us to achieve pure phase as well. Further investigations are needed to 

optimize the synthetic conditions of this solid solution system. 

Wu et al. further studied the relaxor behaviour and crossover in their studies of 

(1-x)BT-xBZN. The compositions that displayed frequency dispersion all fit well to the 

Vogel-Fulcher law, providing further support for the classification of these compositions as 

relaxors. They reported a greater dispersion (ΔTmax) with increasing BZN concentration, 

in the compositions with relaxor-like behaviour [161]. The crossover from ferroelectric to 

relaxor behaviour was also verified by Raman spectroscopy and differential scanning 

calorimetry results. 

Of particular interest is the work of Wu et al. that studied relaxor compositions of 

(1-x)BT-xBZN to examine their potential for high energy storage applications [159]. The 

energy storage density Wstor is 0.79 J cm-3 with an energy efficiency η of 93.5% is achieved 

at 131 kV cm-1 for the composition x = 0.15. This shows an interesting outcome from our 

initial work and demonstrates that the (1-x)BT-xBZN ceramics are promising candidates 

for high energy storage applications. Further investigation in this area will be highly 

rewarding. 
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Chapter 7.  
 
Local Structural Studies of the Lead-Free 
(1-x)BaTiO3-xBi(Zn2/3Nb1/3)O3 Perovskite Solid 
Solution by Pair Distribution Functions 

Use of the Advanced Photon Source, an Office of Science User Facility operated 

for the U.S. Department of Energy (DOE) Office of Science by Argonne National 

Laboratory, was supported by the U.S. DOE under Contract No. DE-AC02-06CH11357. 

7.1. Abstract 

The crystal structure of the lead-free (1-x)BaTiO3-xBi(Zn2/3Nb1/3)O3 [(1-x)BT-xBZN] 

solid solution is examined by synchrotron X-ray diffraction, and synchrotron pair 

distribution function (PDF) analysis. The Rietveld refinements of the diffraction patterns 

and the PDF analysis of the total scattering data provide valuable information about the 

average long-range structure and the short-range structure, respectively. The results show 

that the material exhibits different types of local structure depending on the length scale. 

At the short-range scale from 0-15 Å, all compositions show local tetragonal distortions. 

Box-car fitting analysis of the PDF patterns indicates that the tetragonal distortions 

decrease as the length scale increases, with the lattice parameters approaching the 

average parameters obtained from the Rietveld refinements of the Bragg diffraction data. 

Overall, this work demonstrates that as the BZN concentration is increased, there is an 

increased disorder in the material, which disrupts the long-range ferroelectric order that is 

observed in BT, giving rise to the relaxor behaviour, but interestingly, the tetragonal 

distortion persists at the local scale. These results provide the local structural origin of the 

previously reported ferroelectric to relaxor crossover observed in (1-x)BT-xBZN at 

compositions with higher x (Chapter 6 and [128]). 
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7.2. Introduction 

Lead titanate (PbTiO3) based solid solutions of the perovskite structure, such as 

PbZrO3-PbTiO3 and Pb(Mg1/3Nb2/3)O3-PbTiO3, form a class of high-performance 

piezoelectric and ferroelectric materials due to their excellent piezoelectric properties, 

such as very large piezoelectric coefficients and high electromechanical coupling factors 

[10,46,69]. However, the presence of lead has raised environmental and health concerns 

due to its toxicity, so there have been many efforts to develop more environmentally 

friendly lead-reduced or lead-free alternatives [61,68,70,74,124,128,130,163,164]. 

Bismuth-based perovskites are a good candidate for an alternative to lead because Bi3+ 

and Pb2+ cations possess the same electronic configuration, namely, with the 6s2 lone-

pair electrons, and thereby bismuth-based compounds could potentially exhibit similar 

chemical and physical features to lead-based materials. 

Indeed, many BiMeO3 (Me = metal) perovskites exhibit interesting properties. For 

example, Bi(Zn1/2Ti1/2)O3 (BZT) has a large calculated ionic polarization of 150 µC cm-2 

and an extremely large tetragonality (c/a) of 1.211 [61]. However, these perovskites are 

difficult to synthesize under ambient conditions. For example, BZT could only be 

synthesized at 900 °C at 6 GPa [61]. To stabilize these bismuth-based perovskites at 

ambient pressures, solid solutions are formed with other stable perovskite end-members 

such as PbTiO3 (PT) or BaTiO3 (BT). Due to the movement towards lead-free materials, 

there has been a renewed interest in lead-free solid solutions with BT. 

The bismuth perovskite Bi(Zn2/3Nb1/3)O3 (BZN) has been previously studied in solid 

solutions with BT and PT [84,88,128,159,161]. Our work shows that the 

(1-x)BaTiO3-xBi(Zn2/3Nb1/3)O3 [(1-x)BT-xBZN] solid solution shows a crossover between 

ferroelectric to relaxor behaviour as the BZN content increases, which is accompanied by 

a decrease in the TC and an increase in the symmetry of the structure (see Chapter 6). In 

contrast, the addition of BZN to PT to form the (1-x)PbTiO3-xBi(Zn2/3Nb1/3)O3 

[(1-x)PT-xBZN] solid solution results in an increase in TC to 520 °C at x = 0.20 and an 

increase in tetragonality (i.e. the structural distortions). (1-x)PT-xBZN also retains its 

normal ferroelectric behaviour at all compositions studied (see Chapter 3). 
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The underlying mechanisms responsible for this differing behaviour are not fully 

understood, but likely centre on the presence or absence of the lone-pair electrons on the 

A-site. The lead 6s and O 2p states are strongly hybridized in PT, enhancing the structural 

asymmetry, and thereby the polar order [120]. BT does not exhibit this hybridization and 

exhibits less cation displacement and tetragonal distortion than PT, and consequently a 

lower ferroelectric-paraelectric phase transition temperature, TC (120 °C for BT versus 

490 °C for PT). Based on density functional theory calculations, it is hypothesized that the 

lone-pair electrons on the A-site cations in the presence of ferroelectrically active cations 

on the B-site also enhance the tetragonality and TC [82,86,138,139]. Pb2+ and Bi3+ both 

possess a 6s2 lone pair, so enhanced tetragonality and TC are observed in (1-x)PT-xBZN. 

In contrast, Ba2+ lacks this lone pair, so the average ionic displacement on the A-site for 

(1-x)BT-xBZN is expected to be smaller than in (1-x)PT-xBZN, and the chemical disorder 

arising from the aliovalent substitution of Bi3+ for Ba2+ and (Zn2/3Nb1/3)3+ for Ti4+ may play  

a dominant role, leading to the observed relaxor behaviour in compositions with more 

BZN. To understand the structural origins of these strikingly different behaviours in two 

seemingly similar solid solution systems, it is necessary to investigate the local structure 

of (1-x)BT-xBZN and compare its features with those of (1-x)PT-xBZN reported in Chapter 

4. 

Pair distribution functions (PDFs) help elucidate local structural environments and 

distortions, because PDFs are sensitive to local ionic displacements and short-range 

order. These studies have been performed on a similar system, 

(1-x)BaTiO3-xBi(Zn1/2Ti1/2)O3 (BT-BZT). While the structure of the BZT-rich composition 

0.80BT-0.20BZT appears to be pseudocubic at longer length scales (> 40 Å) by both PDF 

and Bragg diffraction analyses, it shows tetragonality at a local scale. This provides 

evidence that the long-range ferroelectric order in pure BT is disrupted at larger length 

scales, resulting in a pseudocubic structure, but the local scale atomic displacements are 

unaffected.  To depict the local-structural characteristics and to further test the 

aforementioned hypotheses, pair distribution functions (PDF) studies are performed on 

the (1-x)BT-xBZN solid solution in this work, and the results are discussed in relation to 

the macroscopic local-structural properties and compared with the (1-x)PT-xBZN solid 

solution system. 
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7.3. Experimental 

Bulk polycrystalline samples of (1-x)BaTiO3-xBi(Zn2/3Nb1/3)O3 [(1-x)BT-xBZN] with 

compositions of x = 0.025, 0.05, and 0.10 were prepared by solid state reaction from the 

commercially available constituent oxides and carbonates. The starting compounds of 

stoichiometric amounts, BaCO3 (99.95%, Alfa Aesar), TiO2 (99.5%, Alfa Aesar), Bi2O3 

(99.9%, Alfa Aesar), ZnO (99.9%, Kojundo Chemicals) and Nb2O5 (99.9%, Strem 

Chemicals), were mixed together, and hand ground with an agate mortar and pestle in the 

presence of acetone for 1 hour.  The mixtures were pressed uniaxially into a pellet and 

calcined between 1125 and 1350 °C for 4 to 6 hours to form the desired perovskite phase, 

as verified by X-ray diffraction (XRD) patterns. The pellets were then pulverized, hand 

ground in acetone with a mortar and pestle for 1 hour, and pressed uniaxially into 10 mm 

diameter discs for sintering. A bed of sacrificial (1-x)BT-xBZN powder of the same 

composition was used during the sintering process to create a high partial pressure, 

preventing Bi2O3 evaporation. The pellets were sintered at temperatures between 1300 to 

1375 °C for 6 hours to form dense ceramics. The ceramics were cut into ~1 mm bars and 

silver paste was painted on opposing rectangular faces as electrodes for subsequent 

electric characterization. 

Our previous work reported in Chapter 6 shows that 0.975BT-0.025BZN is a 

normal ferroelectric with a tetragonal symmetry, 0.95BT-0.05BZN contains a mixture of 

tetragonal and rhombohedral phases, while 0.90BT-0.10BZN exhibits relaxor behaviour, 

with a  pseudocubic symmetry [128]. Therefore, the compositions selected for this study 

span from the normal ferroelectric state to the relaxor-type behaviour. 

Synchrotron X-ray total scattering data were collected at Beamline 11-ID-B at the 

Advanced Photon Source at Argonne National Laboratory (Lemont, IL, USA). The sample 

stage design is the same as that used in Chapter 4 (Figure 4.1) for the pair distribution 

function studies of (1-x)PbTiO3-xBi(Zn2/3Nb1/3)O3. It was used to collect in situ data of the 

sample while applying static electric fields. The sample was in a tube made of Kapton 

tape, immersed in FluorinertTM FC-40, an electrically insulating liquid. In this work, only the 

zero-field data obtained from the samples before application of fields was analyzed and 

presented. The in situ data will be analyzed at a later date and reported elsewhere. 
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Diffraction data were collected at room temperature using the incident X-ray 

wavelength of 0.1430 Å (86.7 keV). The diffraction patterns were recorded on a Perkin 

Elmer amorphous silicon flat-panel area detector [132], at a sample-to-detector distance 

of 35 cm, for an exposure time of 5 minutes for each sample at zero field. The program 

Fit2D was used to reduce the data. The one-dimensional diffraction patterns were 

extracted by integrating the two-dimensional diffraction image [133,134]. CeO2 was used 

as an external calibrant. 

The program PDFgetX3 [95] was used to convert the intensity data to the total 

scattering function S(Q) and the pair distribution function (PDF), G(r) (see Section 2.3.1 

for the definitions). Background scattering from the Kapton tube and FluorinertTM FC-40 

was subtracted during the data reduction. Based on the noise levels in the data, the total 

scattering data was cut off at a Qmax ≈ 22-23 Å-1. 

The intensity as a function of Q, I(Q), was refined by the Rietveld refinement 

method using TOPAS-Academic software, to obtain the lattice parameters of the average 

structure, and thereby to allow for comparison to the local-scale PDF data. The software 

PDFgui [98] was used to carry out least-squares refinements of the experimental PDF 

data. The positions and atomic displacement parameters of the two cations occupying the 

A-site, and the three cations occupying the B-site of the perovskite structure were 

constrained to identical values. The cation and anion atomic positions were refined 

separately, and occupancies were fixed at their ideal values. 

7.4. Results and Discussion 

7.4.1. Average Structure Refinements from X-Ray Diffraction 

The I(Q) data for each composition was fit using the Rietveld refinement method 

to allow for a comparison of the average lattice parameters to the local-scale lattice 

parameters obtained by box-car analysis of the PDF data (to be described in Section 

7.4.3). All the compositions studied, as shown in Figure 7.1 for the characteristic (111) 

and (200) peaks, exhibit no clear peak splitting in any of the reflections. This suggests that 

a pseudocubic symmetric is adopted by the (1-x)BT-xBZN solid solution. However, the 
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lab-XRD data from Chapter 6 shows clear peak splitting for the compositions with x = 

0.025 and 0.05 [128]. The experimental set-up used to acquire the scattering data was 

designed for rapid acquisition of total scattering data for PDF analysis, with a short sample-

to-detector distance to obtain the desirable high Q-range for PDF. Consequently, the 

resolution for Bragg diffraction data is not as high as that obtained with longer sample-to-

detector distances in conventional XRD, explaining why the peak splitting cannot be 

distinguished in Figure 7.1. However, the Bragg diffraction data obtained at the 11-ID-B 

Beamline were still refined for a general comparison to the lab XRD results reported in 

Chapter 6 and for comparison to the PDF analysis results from the same 

experiment/source. 

 

Figure 7.1. Magnified views of the characteristic (111) and (200) reflections for 
the (1-x)BT-xBZN solid solutions of different compositions, showing 
no clear peak splitting. 

Based on the lab XRD results, the synchrotron diffraction data for 

0.975BT-0.025BZN was fit using a tetragonal P4mm structural model. The best fit results 

from the Rietveld refinements are given in Figure 7.2, which results in a relatively low 

weighted profile R-factor (Rwp, a goodness of fit parameter) of 3.40%. This composition 

shows a tetragonal distortion with a c/a ratio of 1.00766(8). There is only a 0.05% 

difference between the values obtained from synchrotron XRD and lab XRD, suggesting 

a reasonable agreement between the two techniques. 
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Figure 7.2. Rietveld refinement results from the APS diffraction data for 
0.975BT-0.025BZN, showing the experimental data (red dots), 
calculated fit (black line), and the difference pattern (green). The 
insets show an enlarged view of the fit of the (111) and (200) peaks. 

The structure refinement of 0.95BT-0.05BZN performed in Chapter 6 was based 

on a mixed-phase model of P4mm and R3c. However, given the lower resolution of the 

Bragg diffraction data obtained from these total scattering measurements, it is difficult to 

fit the data to a mixture of phases, so the refinement was performed based on a P4mm 

model only, since it was the majority phase determined by the lab XRD. The best fit results 

from the Rietveld refinements are given in Figure 7.3, which results in a relatively low Rwp 

of 4.29%. This composition shows a tetragonal distortion with a tetragonality (c/a) of 

1.0024(3), which is consistent with our previous results [128]. These results show that the 

tetragonality decreases as the mol% of BZN increases from 2.5 to 5 mol%. 
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Figure 7.3. Rietveld refinement results from the synchrotron X-ray diffraction 
data for 0.95BT-0.05BZN, showing the experimental data (red dots), 
calculated fit (black line), and the difference pattern (green). The 
insets show an enlarged view of the fit of the (111) and (200) peaks. 

The structure of 0.90BT-0.10BZN is expected to adopt a cubic Pm3
m space group, 

based on previous results [128], and the observed relaxor behaviour. However, based on 

the local tetragonality seen in the PDF measurements of 0.90BT-0.10BZN (see Sections 

7.4.2 and 7.4.3), fitting was also performed based on a tetragonal P4mm model. The best 

fits for these two models are compared in Figure 7.4. The refinement using the Pm3
m 

space group yielded a Rwp of 4.71%, whereas the refinement with the P4mm space group 

yielded a Rwp of 4.44%. These Rwp values are too close to rule out one structure over the 

other. However, the degree of tetragonality obtained from the P4mm refinement, within 

the errors, indicates a nearly cubic symmetry. Therefore, it is reasonable to conclude that 

this composition likely adopts a pseudocubic structure. This conclusion is consistent with 

the observed relaxor behaviour, which typically occurs in an average cubic structure with 

chemical disorder. 
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Figure 7.4. Rietveld refinement results from the synchrotron X-ray diffraction 
data for 0.90BT-0.10BZN, showing the experimental data (red dots), 
calculated fit (black line), and the difference pattern (green) for a 
P4mm structure (top) and a Pm��m structure (bottom). The insets 
show an enlarged view of the fit of the (111) and (200) peaks. 

The lattice parameters obtained from the above refinements of the (1-x)BT-xBZN 

solid solution are summarized in Table 7.1. It is worth noting that there are minor 

discrepancies between these lattice parameters and those obtained by lab XRD. However, 

the percentage differences fall between 0.02-0.39%, which are within the limit of 

instrumental errors. 

7.4.2. Pair Distribution Function Analysis 

The Rietveld refinements of the XRD patterns in Section 7.4.1 provide some insight 

into the long-range average structures of the (1-x)BT-xBZN solid solution, which is found 

to transform from tetragonal to pseudocubic as the BZN concentration increases, 

accompanied by a crossover from normal ferroelectric to relaxor behaviour. However, the 
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local structure of the materials may differ from the long-range structure, especially given 

the different elements present on both the A-site and B-sites and the different cationic 

ratios on the B-site of the two end-members. Pair distribution functions (PDFs) are a 

histogram of all the atom-atom distances (r) in a material, and are sensitive to local-

structure [93]. Both Bragg and diffuse scattering data are included in the structural analysis 

and refinements, allowing this technique to reveal both periodic and aperiodic structures 

[137]. 

Table 7.1. Refined tetragonal (a and c) and cubic (a) lattice parameters of the 
(1-x)BT-xBZN ceramics from synchrotron XRD and PDF refinements. 

 XRD PDF 

Composition a (Å) c (Å) a (Å) c (Å) 

0.975BT-0.025BZN 3.9996(1) 4.0303(3) 3.9978(2) 4.0289(5) 

0.95BT-0.05BZN 3.9998(5) 4.009(1) 3.9994(2) 4.0103(4) 

0.90BT-0.10BZN (P4mm) 4.0058(6) 4.009(1) 4.0053(2) 4.0100(4) 

0.90BT-0.10BZN (Pm3
m) 4.00683(9) - 4.0067(1) - 

It is worth noting that uncertainties on the pair distribution function, G(r), were 

absent in our input data for refinements because Fit2D only outputs Q and intensity data 

after integration of the 2D image. As a result, PDFgui warns that the values of the 

estimated uncertainties on refined parameters may not be reliable. The uncertainties in 

G(r) are mainly in the peak height rather than the r-values. However, our interest is in the 

lattice parameters, which are determined from the PDF peak positions rather than peak 

heights. Consequently, the errors in the lattice parameters obtained from fitting with 

PDFgui are more reliable than those in other parameters in the refinement (such as 

thermal parameters), and thereby the lattice parameter errors are reported in this work. 

The PDFs of all compositions were initially refined in the r-range of 1-50 Å. These 

results are given in Figure 7.5, and the refined lattice parameters are reported in Table 

7.1 for comparison with the long-range average structure from the XRD refinements. The 

c/a ratio determined by the PDF refinements is slightly higher than that determined through 

the Rietveld refinements. This may be due to the sensitivity of the PDF method to the local 

structure, as it suggests the local structures are more distorted (or more asymmetrical) 

than the long-range structures. This is supported by the length-scale dependent modelling 

(see subsequent Section 7.4.3), which shows that there is increased tetragonal distortion 
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at the local scale. Similar behaviour was observed in the (1-x)BaTiO3-xBi(Zn1/2Ti1/2)O3 

(BT-BZT) solid solution [135]. 

The PDF data of 0.975BT-0.025BZN was refined with a structural model based on 

the P4mm space group (Rw = 8.53%), as shown in Figure 7.5(a). The PDF for 

0.95BT-0.05BZN was also fit using a P4mm model (Rw = 6.28%), as shown in Figure 

7.5(b). The resultant lattice parameters from these refinements are reported in Table 7.1. 

The PDF data of 0.90BT-0.10BZN was initially fit with a cubic Pm3
m model, 

yielding a slightly higher criterion of fit (Rw = 9.20%), as shown in Figure 7.5(c). A 

refinement using a P4mm model led to an improved fit (Rw = 6.03%), shown in Figure 

7.5(d). The P4mm model is consistent with the asymmetry visible in the peak at ~2.8 Å 

(see the enlarged peak in Figure 7.6(a)), which corresponds to the A-O distance (see 

Figure 4.5 for a schematic of possible atom-atom distances in the perovskite structure). 

The asymmetry suggests that there are two sets of slightly different A-O distances. The 

refined lattice parameters from both these fits are reported in Table 7.1 as well. 



 

135 

 

Figure 7.5. PDF refinements in the range of 1-50 Å for (a) 0.975BT-0.025BZN 
using the P4mm space group, with Rw = 8.53%, (b) 0.95BT-0.05BZN 
using the P4mm space group, with Rw = 6.28%, (c) 0.90BT-0.10BZN 
using the Pm��m space group, with Rw = 9.20%, and (d) 0.90BT-
0.10BZN using the P4mm space group, with Rw = 6.03%. The 
experimental PDFs are plotted as black circles, the calculated fits 
are plotted in red, and the differences are plotted in green. 
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The PDFs of all the three (1-x)BT-xBZN compositions studied are plotted together 

and shown in Figure 7.6, with (a) low r-range (1-10 Å), and (b) high r-range (40-50 Å). At 

low r-ranges, the PDF peaks are all at the same position. In the low r-range, the PDF 

peaks decrease in height as the amount of BZN increases, whereas at high r, the trend in 

peak heights reverses. Similar peak height reversal was also observed in the BT-BZT solid 

solution: at low r, the peak height decreases as the BZT concentration increases, whereas 

at high r, the peak height increases with increasing BZT [135]. At high r, the tetragonal 

compositions 0.94BT-0.06BZT and 0.92BT-0.08BZT exhibit increased splitting and lower 

peak heights. On the other hand, the pseudocubic compositions 0.90BT-0.10BZT and 

0.80BT-0.20BZT exhibit increased heights [135]. 

A similar reversal of peak heights was observed in the study of LiNiO2 by neutron 

PDF [165]. This reversal was temperature induced: at low r, the peaks were taller at lower 

temperatures, whereas peaks at r > 100 Å displayed an increase in height with increasing 

temperature [165]. The behaviour was attributed to nanoscale domain formation at low 

temperatures, which leads to a loss of atomic correlations at medium ranges [165]. In 

analogy to this explanation, the peak height intensity reversal, induced by composition 

change in BT-BZT was attributed to domain formation – in this case, ferroelectric domains. 

The long-range order in the tetragonal compositions is suppressed slightly due to the 

formation of ferroelectric domains, because some of the atom-atom distances will span 

two domains with different polarization directions [135]. These ferroelectric domains do 

not form in the pseudocubic compositions. 

It stands to reason that the explanation for BT-BZT can be applied to the present 

BT-BZN solid solution. The solid solution of 0.975BT-0.025BZN, the ferroelectric 

composition with the highest degree of tetragonality, is found to have a lower peak height 

at high-r, which can be attributed to the formation of ferroelectric domains. At low r, the 

decrease in peak height with increasing BZN is partially due to the change in X-ray 

scattering factors as a function of composition. 
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Figure 7.6. PDFs of the three (1-x)BT-xBZN compositions, x = 0.025, 0.05 and 
0.10, at (a) low r and (b) high r. 
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7.4.3. Box-Car Fitting Analysis 

It is interesting to note that the long-range structures determined from X-ray 

diffraction and the local structure determined by PDF are different, as shown through a 

comparison of their respective c/a ratios. This suggests that (1-x)BT-xBZN has a length-

scale dependent structure. To characterize this length-scale dependence, a box-car fitting 

analysis was performed on the synchrotron PDFs, allowing the structure to be refined as 

a function of length scale. This method has been previously used in the studies of 

Na0.5Bi0.5TiO3 [136] and BT-BZT [135] to investigate the bond length and lattice 

parameters as a function of atomic distance r, respectively. In this method, 10 Å r-ranges 

of the PDF data were sequentially fit (1-10, 5-15, 10-20, 15-25,…40-50 Å). These ranges 

were selected to overlap and are larger than a single unit cell, which is ~4 Å. Through this 

analysis, gradual structural changes can be characterized as a function of r. Figure 7.7 

shows an example of the box-car fitting carried out for 0.97BT-0.025BZN for select 

r-ranges. 

 

Figure 7.7. Example of box-car fitting of the PDF pattern of 0.975BT-0.025BZN 
for select r ranges of 1-10, 10-20, 20-30, 30-40 and 40-50 Å. The r-
ranges from 5-15, 15-25, 25-35, and 35-45 Å were also fit, but not 
included in this figure. 

Figure 7.8 shows the variation of lattice parameters a and c as a function of r-range 

for the three compositions of (1-x)BT-xBZN studied and Figure 7.9 shows the 
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corresponding variation of the tetragonality (c/a) as a function of r-range. The results for 

0.975BT-0.025BZN in Figure 7.8(a) and Figure 7.9 show that the lattice parameters at low 

r (< 15 Å) have a slightly greater tetragonality than the long-range average structure. 

However, these values approximately converge at high r to the values obtained from the 

Rietveld refinement of diffraction data. This composition, with a small concentration of 

BZN, has a local structure that is much closer to that of the average structure, with both 

structures reflecting the tetragonal symmetry of the BT end-member. 
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Figure 7.8. The lattice parameters obtained from the box-car fitting of the PDF 
data for the (1-x)BT-xBZN solid solution for the compositions 
(a) 0.975BT-0.025BZN, (b) 0.95BT-0.05BZN, and (c) 0.90BT-0.10BZN. 
The dotted red lines indicate the tetragonal lattice parameters and 
the solid green line indicates the cubic lattice parameter obtained 
from the Rietveld refinements of the I(Q) data. 



 

141 

 

Figure 7.9. Variation of the tetragonality as a function of r-range obtained from 
the box-car fitting analysis of the PDF data for the three 
compositions of (1-x)BT-xBZN studied: 0.975BT-0.025BZN, 
0.95BT-0.05BZN, and 0.90BT-0.10BZN. 

The 0.95BT-0.05BZN lattice parameters as a function of r (Figure 7.8(b)) reveal 

that the structure is significantly more distorted (with a higher c/a ratio) at the local scale 

(< 15 Å) than it is at longer ranges, as shown in Figure 7.9. Like the 0.975BT-0.025BZN 

solid solution, the lattice parameters converge at high r to the values obtained from the 

Rietveld refinements, which indicate a weakly tetragonal symmetry at long-range. 

For 0.90BT-0.10BZN, the lattice parameters at low r also show a higher c/a ratio 

(Figure 7.8(c)), revealing a clear tetragonal distortion at short range (< 15 Å). However, 

these values converge toward parity, with a being almost equal to c, indicating an average 

pseudocubic lattice structure at longer r-range (> 15 Å). The tetragonality, plotted in Figure 

7.9, does not quite reach c/a = 1, but it is likely that this occurs at a length scale between 

that accessible through these synchrotron PDFs (50 Å) and the long-range average 

structure. At the length scale reachable here, these lattice parameters at high r match well 

with the parameters obtained from the XRD refinements based on the P4mm model. 
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These results show that as the BZN concentration increases, the long-range 

average structure of the (1-x)BT-xBZN solid solutions changes towards a pseudocubic 

structure, but all compositions exhibit a local structure that shows clear tetragonal 

distortion at r < 15 Å, a local tetragonality. For 0.90BT-0.10BZN, the structure appears 

almost cubic at longer length scales. This behaviour was also seen in BT-BZT with 

increasing BZT. Local tetragonal distortions will “average out” to the long-range 

parameters when atom-atom distances are calculated across increasing numbers of unit 

cells [135]. These local-scale regions of tetragonal distortion are disrupted at longer length 

scales, possibly by the increase in chemical disorder, resulting in the pseudocubic 

structure observed by the Bragg diffraction. 

Figure 7.10 shows the variation of the tetragonality at short-range (r = 5 Å) and at 

long range (r = 45 Å) as a function of composition. It can be seen that the tetragonality at 

long-range (e.g. r = 45 Å) decreases with an increase in BZN substitution, while the short-

range tetragonality at r = 5 Å increases with increasing BZN content. Therefore, it is clear 

that the substitution of BZN does cause the local structure to be more distorted 

tetragonally, which could be caused by the lone electron pair on Bi3+ and the 

ferroelectrically active Zn2+ and Nb5+ cations. The decrease of the tetragonality at longer 

range toward a pseudo-cubic structure could be explained by the enhanced chemical 

disorder induced by the aliovalent substitutions of Bi3+ for Ba2+ and (Zn2/3Nb1/3)3+ for Ti4+ 

on the A and B-sites, respectively, which have a predominant long-range effect, overriding 

the local tetragonal distortions. 
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Figure 7.10. Variations of the tetragonality at short-range (r = 5 Å) and at long 
range (r = 45 Å) as a function of composition. 

It was suggested that the local tetragonal structural distortion may arise due to the 

strong covalent driving forces in the Zn-O bond (such as those seen in BZT) [135,166], or 

the tendency for Bi3+ to adopt an off-centre position [136,167]. These suggestions agree 

with our explanation given above. This tetragonal distortion may explain the interesting 

dielectric properties observed in this material, and may give rise to the relatively high 

permittivity, which is not often observed in perovskites with cubic symmetry. 

7.4.4. Comparison between the (1-x)BaTiO3-xBi(Zn2/3Nb1/3)O3 and 
(1-x)PbTiO3-xBi(Zn2/3Nb1/3)O3 Solid Solutions 

The striking difference between the local tetragonal structure and average cubic 

structure in the (1-x)BT-xBZN solid solution (with x ≥ 0.05) significantly contrasts the PDF 

box-car fitting results for a similar system, (1-x)PbTiO3-xBi(Zn2/3Nb1/3)O3 [(1-x)PT-xBZN], 

reported in Chapter 4. The (1-x)PT-xBZN solid solution exhibits a tetragonal symmetry for 

all compositions up to x = 0.30. While the (1-x)BT-xBZN solid solution exhibits a local 
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tetragonality that decreases with increasing length scale, the (1-x)PT-xBZN solid solution 

maintains a constant tetragonality that is independent of the length scale, as discussed in 

Chapter 4. This difference is likely attributed to the presence of two ions with 

stereochemically active lone pairs on the A-site in (1-x)PT-xBZN, versus only Bi3+ in (1-

x)BT-xBZN. In (1-x)PT-xBZN, both Pb2+ and Bi3+ contribute greatly to the tetragonal 

distortion in the material, as they both have a propensity to sit off-centre. Therefore, the 

tetragonal distortions dominate against the structural “averaging out” effect at longer 

distances, despite the similar aliovalent substitution to (1-x)BT-xBZN. 

The difference in length-scale dependence of the structures of (1-x)PT-xBZN and 

(1-x)BT-xBZN may explain the different ferroelectric behaviours of these materials. The 

(1-x)PT-xBZN solid solution exhibits normal ferroelectric behaviour at all compositions 

studied, whereas the (1-x)BT-xBZN shows a crossover from ferroelectric to relaxor 

behaviour with increasing BZN concentration. These different macroscopic properties can 

now be understood from the different substitution effects in these two seemingly similar 

solid solution systems, and the resulting structural features: while the long-range 

tetragonal structure and ferroelectric order is enhanced in (1-x)PT-xBZN, the long range 

ferroelectric order is disrupted in (1-x)BT-xBZN, giving rise to an average disordered cubic 

structure with relaxor behaviour, while the short-range tetragonal distortions are enhanced 

with the BZN substitution. 

7.5. Conclusions 

In this work we have studied the long-range average structure and short-range 

local structure of the (1-x)BT-xBZN solid solution by pair distribution function (PDF) 

analysis based on synchrotron X-ray total scattering data. In the first part, the XRD 

refinements show that the 0.975BT-0.025BZN and 0.95BT-0.05BZN solid solutions have 

average structures that fit the tetragonal P4mm space group, whereas the structure of the 

0.90BT-0.10BZN solid solution was determined to be pseudocubic. These results are 

consistent with the appearance of the relaxor behaviour in the latter from the chemical 

disorder [26]. The long-range tetragonal symmetry and ferroelectric order in BT are 

disrupted by the aliovalent substitutions of Bi3+ for Ba2+ and (Zn2/3Nb1/3)3+ for Ti4+, which 

create chemical disorder and destroy the long-range dipolar interactions. 
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Interestingly, the PDF results from the box-car analysis show that tetragonal 

distortions are present at the local scale (< 15 Å) in all compositions studied, even in the 

materials with high BZN content (x > 0.05) that exhibit a long-range pseudocubic structure. 

This reveals that the structural features of (1-x)BT-xBZN depend on the atom-atom length 

scale: as the length scale increases, the crystal structure transforms from a locally 

tetragonal symmetry to an average cubic symmetry when the BZN concentration is higher 

than 5 mol%. The lattice parameters converge towards those of the average structure at 

longer length-scales. These results suggest that the Bi3+ and Zn2+ cations help enhance 

the distortion at the local scale, but still introduce disorder such that at higher 

concentrations the long-range tetragonality, and thereby the ferroelectricity observed in 

pure BT is disrupted, giving rise to a pseudocubic lattice with relaxor ferroelectric 

behaviour. The small, tetragonally distorted regions that are not detectable by Bragg 

diffraction may explain the high permittivity and the relaxor properties observed in these 

materials. 

These results provide an explanation, from the atomistic structural point of view, 

of the crossover from ferroelectric to relaxor behaviour discussed in Chapter 6, which 

suggests that this crossover occurs at higher concentrations of BZN because of the 

increased chemical disorder, the averaged long-range pseudocubic structure, and the 

enhanced short-range local distortions introduced into the system. In contrast, the 

(1-x)PT-xBZN solid solution does not show any length-scale dependence in its crystal 

structure (see Chapter 4): the lattice parameters remain tetragonal at all length scales, 

which explains the normal ferroelectric behaviour observed at all compositions. Thus, this 

work, together with the work presented in Chapter 4, provides insights into the scale 

dependence of the local and average structures of the two most characteristic 

BZN-substituted ferroelectric solid solutions, and helps us to understand the microscopic 

origin of the observed properties and explain the interesting structure-property 

relationships. 
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Chapter 8.  
 
General Conclusions and Future Directions 

8.1. General Conclusions 

Materials science consists of design, processing and fabrication of new or 

improved materials, and characterization and optimization of their properties, with a view 

to engineering applications in products or devices. This thesis work is focused on the 

synthesis and characterization of novel piezoelectric and ferroelectric materials for 

potential applications as electromechanical sensors and actuators, high-density energy 

storage devices, and more, especially under extreme conditions like high temperatures. 

The results provide new knowledge about structure-property relationships in these 

materials. 

The first part of this work was focused on the development and characterization of 

a new family of high Curie temperature (TC) piezo-/ferroelectric materials that contain 

reduced lead content. The (1-x)PbTiO3-xBi(Zn2/3Nb1/3)O3 [(1-x)PT-xBZN] solid solution 

was prepared in the form of ceramics. The substitution of BZN for PT resulted in a 

maximum TC of 520 °C for the composition with x = 0.20, which is much higher than the 

TC (< 180 °C) of the recently developed high-performance piezoelectric materials of 

relaxor-based solid solutions such as Pb(Mg1/3Nb2/3)O3-PbTiO3 and 

(1-x)Pb(Zn1/3Nb2/3)O3-xPbTiO3 [63]. Based on the increased tetragonality (c/a ratio) and 

increased average A-cation displacement obtained from the Rietveld refinements, we 

conclude that the Bi3+ cation plays a major role in the enhanced distortion and ferroelectric 

stability, leading to the high-TC. These results suggest that this solid solution system may 

be useful for applications as a high-TC piezo-/ferroelectric material if the high coercive 

fields are addressed. 

To further examine the structure of the (1-x)PT-xBZN solid solution on the local 

scale, pair distribution function (PDF) analyses using synchrotron X-ray total scattering 

data were performed on the ceramic samples. Fitting of the full distance r-range of 1-50 Å 

and box-car fitting performed in 10 Å increments reveal no dependence of the crystal 
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structure and lattice parameters on the length scale studied. In other words, the enhanced 

tetragonal distortions exist from the short-range to the long-range scale. These results 

suggest that the studies of the average structure carried out by Rietveld refinements will 

provide reasonable insight into the structure-property relationships in this system. 

Piezoelectric single crystals generally outperform their ceramic counterparts when 

it comes to their piezoelectric properties, and in addition, they provide the ideal medium 

for investigating the intrinsic, anisotropic properties of these materials, such as domain 

structures and phase transitions. To this end, single crystals of (1-x)PT-xBZN were grown 

using the high-temperature solution growth method. This method allowed for an increased 

BZN concentration in the solid solution than that previously obtainable in ceramics by the 

conventional solid state synthesis method. The estimated average composition of the 

crystals is about 0.58PT-0.42BZN based on the TC obtained from dielectric measurements 

(~436 °C). A sharp peak in the dielectric measurements and a sharp decrease in the 

birefringence upon heating provide characteristic evidence of the first-order phase 

transition at TC. Piezoresponse force microscopy measurements of the phase and 

amplitude as a function of voltage demonstrate ferroelectric switching behaviour. These 

results suggest that these novel single crystals are potentially useful for applications in 

electromechanical transducers for high-temperature applications. 

After the development of the lead-reduced system (1-x)PT-xBZN, we moved 

towards the study of a novel lead-free solid solution, (1-x)BaTiO3-xBi(Zn2/3Nb1/3)O3 

[(1-x)BT-xBZN]. Not only does this study allow for a comparison between two similar solid 

solutions with BZN as an end-member, but it follows the current trend toward lead-free 

materials due to concerns about lead toxicity and legislation that has been introduced to 

reduce the usage of lead [75,77,78]. The (1-x)BT-xBZN solid solution is found to exhibit a 

crossover from ferroelectric to relaxor behaviour as the BZN concentration increases. This 

crossover is attributed to the increase in chemical disorder due to the aliovalent 

substitutions of Bi3+ for Ba2+ on the A-site and (Zn2/3Nb1/3)3+ for Ti4+ on the B-site of the 

perovskite structure. The structure also exhibits a decrease in tetragonality, eventually 

adopting a pseudocubic structure with a further increase in BZN concentration. The results 

from this work have allowed us to develop a partial phase diagram for this novel solid 

solution, which delimits the tetragonal phase, a mixture of tetragonal and rhombohedral 
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phases, and the pseudocubic phase, as well as the crossover from the ferroelectric phase 

to the relaxor state with increasing BZN concentration. 

In order to understand the local structure features and their effects on the observed 

macroscopic properties, PDF analysis using synchrotron X-ray total scattering data was 

also carried out for the (1-x)BT-xBZN solid solution. The results show that the structure is 

length-scale dependent: all the compositions show local tetragonal distortions at scales 

< 15 Å, even in the composition 0.90BT-0.10BZN that exhibits an average pseudocubic 

structure. These tetragonal distortions decrease at longer length scales, with the lattice 

parameters approaching the average parameters obtained from Rietveld refinements, at 

long-range scales. This work suggests that while the Bi3+ and Zn2+ cations help enhance 

the tetragonal distortion at the local scale, the partial substitutions of Bi3+, Zn2+ and Nb5+ 

introduce increased chemical disorder in the system, which, at higher concentrations, 

disrupts the long-range tetragonality, and thereby ferroelectricity observed in BT. This 

gives rise to the pseudocubic structure with relaxor ferroelectric behaviour that is observed 

in 0.90BT-0.10BZN. These results provide insight into the length-scale dependence of the 

structure in the (1-x)BT-xBZN solid solution, helping us to understand the atomistic origin 

of the observed composition-induced variation of the macroscopic properties, from normal 

ferroelectric to relaxor behaviour. 

Overall, we have found a significant difference in the behaviour of these two solid 

solution systems. This difference is attributed to the 6s2 lone pair electrons that are found 

on Bi3+ and Pb2+, but are absent on Ba2+. The (1-x)PT-xBZN solid solution has both Pb2+ 

and Bi3+ cations with stereochemically active lone pairs, which helps maintain the long-

range tetragonality and ferroelectric order observed in this material, from local to average 

structure length scales. The (1-x)BT-xBZN solid solution, on the other hand, only has one 

cation (Bi2+) with a stereochemically active lone pair. Thus, the substitution of BZN for BT 

introduces strong chemical disorder that disrupts the long-range ferroelectric order, as 

observed in the PDF analysis, causing the crossover to relaxor behaviour. Interestingly, 

the tetragonal distortions are preserved at the local atomic scale in the (1-x)BT-xBZN solid 

solution. 
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8.2. Future Directions 

8.2.1. General Questions and Thoughts 

Despite the insights on the structure-property relationships of Bi-containing 

systems gained through this work, some questions remain to be answered more 

quantitatively. Firstly, why does the substitution of BZN for PT in (1-x)PT-xBZN cause 

different effects than BZN for BT in (1-x)BT-xBZN? The substitution of BZN for PT causes 

an increase in tetragonality (c/a) and the Curie temperature (TC) in (1-x)PT-xBZN, while 

its substitution for BT causes a decrease in tetragonality, TC, and a crossover to relaxor 

behaviour in (1-x)BT-xBZN. In this work, we proposed that these differing effects are due 

to the presence of two stereochemically active lone electron pairs on Pb2+ and Bi3+ in 

(1-x)PT-xBZN, versus the single Bi3+ lone pair in (1-x)BT-xBZN. 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 substitution that tends to 

disrupt the long-range polar order and lone pair effects. 

Density functional theory (DFT) calculations have been done on the metal oxide 

PbO to show the hybridization of the lead cation 6s, 6p, and the oxygen 2p states (see 

Section 1.6.1) [55] that gives rise to the stereoactivity in these molecules. Similar 

hybridization has also been observed in electronic-structure calculations for the simple 

perovskite compound PbTiO3 [120], and between the Bi 6s, 6p and O 2p states in BiMnO3 

[168]. It would be interesting to perform DFT calculations to understand the effects of the 

coupling between two cations with stereochemically active lone electron pairs to support 

our proposed reasoning for the differing behaviours found in the (1-x)PT-xBZN and 

(1-x)BT-xBZN solid solutions. Examples of structure and properties that could be studied 

include local densities of states, calculated structural displacements and bond lengths, 

and charge density maps. Results from computational studies of perovskite solid solutions 

that contain stereochemically active lone electron pairs may help us answer these 

remaining questions. 

In addition, to examine the behaviour of the lone pairs in a system similar to 

(1-x)BT-xBZN, that exhibits a crossover from ferroelectric to relaxor behaviour, I began 
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the study (with the aid of Logan Chan) of the solid solution system between 

Pb(Zr0.30Ti0.70)O3 and Ba(Zr0.30Ti0.70)O3, i.e. (Pb1-xBax)(Zr0.30Ti0.70)O3 (PBZT), which may be 

less complicated than (1-x)BT-xBZN. PBZT only involves substitution on the A-site of the 

perovskite rather than both sites. The composition of Ba(Zr0.30Ti0.70) is known to exhibit 

relaxor behaviour [169], whereas Pb(Zr0.30Ti0.70) is a normal ferroelectric, so similar 

crossover would be expected to occur with increasing substitution of Ba2+ for Pb2+. This 

work is being continued in Dr. Zuo-Guang Ye’s laboratory by Xiaotong Wang. 

8.2.2. The (1-x)PbTiO3-xBi(Zn2/3Nb1/3)O3 Solid Solution and Possible 
Chemical Modifications 

The (1-x)PT-xBZN solid solution has helped address the drawbacks of relatively 

low Curie temperatures (TC) observed in many of the leading piezoelectric and ferroelectric 

materials used in applications. The TC reaches as high as 520 °C for the composition 

x = 0.20. Detailed analysis of ionic displacements was carried out in this thesis. To expand 

upon this work, high resolution XRD and neutron diffraction data should be collected. In 

addition to individual refinements of the XRD and neutron diffraction patterns, a combined 

refinement should be performed to take advantage of both the high resolution of the XRD 

data to give high resolution lattice parameters and the sensitivity of neutrons 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. 

Although the (1-x)PT-xBZN solid solution is promising from the standpoint of high-

TC applications, it has an extremely large coercive field. When P(E) measurements were 

performed, the ceramics experienced breakdown before saturated loops could be 

obtained, indicating that the coercive field is greater than that of the breakdown field. The 

inability to pole this material at room temperature limits the exploration of its piezoelectric 

and ferroelectric potential. Thus, future efforts must be made to address this high coercive 

field, either by poling at high temperatures, or by chemical modification to decrease the 

coercive field of this solid solution, with a view to “softening” its electric characteristics. 

The well-known and widely used Pb(Zr1-xTix)O3 (PZT) ceramics are typically 

chemically modified in order to improve and optimize their properties for specific 



 

151 

applications [4]. Off-valent donor dopants such as Nb5+ for Zr4+ and La3+ for Pb2+ have 

been shown to successfully reduce coercive fields in PZT. Such donors are normally 

compensated by A-site vacancies. Donor doping is expected to be effective in lowering 

the coercive field of the (1-x)PT-xBZN ceramics as well. 

Extension of the binary (1-x)PT-xBZN solid solution into a ternary system is 

another possible method of addressing the high coercive fields. Within the same 

framework that this thesis belongs to, our group has recently published studies of the 

(0.95-x)Pb(Mg1/3Nb2/3)O3-0.05Bi(Zn2/3Nb1/3)O3-xPbTiO3 [(0.95-x)PMN-0.05BZN-xPT] solid 

solution [170]. The addition of 5 mol% of BZN to the PMN-PT is found to enhance the 

piezoelectric and ferroelectric properties of PMN-PT. Unlike (1-x)PT-xBZN, this new solid 

solution could be poled, with coercive fields ranging from 4 to 13.5 kV/cm, depending on 

the composition [170]. High piezoelectric constants of d33 = 805 pC/N were also observed. 

Therefore, it is worth systematically exploring this ternary system further, as this report 

maps only one pseudo-binary line, and there may be other compositions that could further 

optimize the piezo-/ferroelectric properties. In addition to these proposed ceramic studies, 

a batch of PMN-PT-BZN crystals has already been grown for future study, and is expected 

to show improved properties. 

Further examination of (1-x)PT-xBZN single crystals and optimization of growth 

conditions are also of interest. This work presents detailed study of one batch of crystals. 

It would be worth investigating numerous nominal compositions, fluxes, and temperature 

profiles to determine which conditions yield the highest performing crystals. Using a lower 

starting concentration of BZN may allow for the growth of x = 0.20 single crystals, which 

is the composition that exhibits the highest TC in ceramics according to this study. Direct 

characterization of the compositions of the grown crystals, both as a follow up of this work 

and in our future work, is important. Techniques such as X-ray fluorescence or laser-

ablation inductively-coupled-plasma mass spectrometry (LA-ICP-MS) should be used to 

examine the degree of composition segregation that occurs during these crystal growths. 

The LA-ICP-MS facility has recently become available at 4D LABS. 
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8.2.3. Intriguing Relaxor Behaviour in the 
(1-x)BaTiO3-xBi(Zn2/3Nb1/3)O3 Solid Solution 

We discovered a novel (1-x)BT-xBZN solid solution that exhibits a crossover 

between normal ferroelectric and relaxor behaviour. As discussed in Section 6.6, it is worth 

putting more efforts into optimizing the synthesis conditions of the (1-x)BT-xBZN ceramics, 

as subsequent work by other groups [159,161,162] have achieved higher solubility limits 

of BZN in BT, suggesting that the compositions in which we observed impurities could 

potentially be synthesized as pure phase ceramics. Adjustments of both calcination 

temperature and time are the first steps necessary to check if the work of Wu et al. 

[159,161,162] can be reproduced. An extended solubility limit would allow for clearer 

examination of trends observed with increasing x. 

To further understand the relaxor behaviour in this material, more dielectric fittings 

should be performed and dielectric data should be collected for additional compositions. 

This will require more detailed dielectric measurements at larger temperature ranges with 

a greater number of frequencies. Upon fitting the resultant data, a polar order phase 

diagram can be developed, which has previously been established in our group for the 

(1-x)BaTiO3-xBaSnO3 solid solution, as shown in Figure 8.1. 

Finally, the theoretical calculations and quantitative analysis of the effects of the 

lone electron pair and chemical disorder, as suggested in Section 8.2.1 should help us to 

understand the microscopic mechanisms of the relaxor behaviour in the solid solution 

system. 
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Figure 8.1. Phase diagram of the (1-x)BaTiO3-xBaSnO3 system established from 
dielectric measurement analysis. Tm, T1, and T2, are temperatures at 
which anomalies are observed in the dielectric measurements. TVF 
and TCW are characteristic temperatures obtained from the Vogel-
Fulcher law and the Curie-Weiss law, respectively. Td is the 
temperature below which deviation from the Curie-Weiss Law 
occurs. TQ is the temperature above which deviation from the 
quadratic law occurs. 

Note. Reprinted from C. Lei, A.A. Bokov, Z.-G. Ye, Ferroelectric to relaxor crossover and 
dielectric phase diagram in the BaTiO3–BaSnO3 system, J. Appl. Phys. 101 (2007) 
84105. doi:10.1063/1.2715522, with the permission of AIP Publishing [153]. 

8.2.4. Further Pair Distribution Function Studies 

The PDF studies of the (1-x)PT-xBZN and (1-x)BT-xBZN performed in this thesis 

have demonstrated clear differences in the local structure that likely give rise to their 

differing macroscopic behaviour. Expanding upon these studies would provide further 

information to draw clear structure-property relationships. Samples of the (1-x)PT-xBZN 

and (1-x)BT-xBZN solid solutions were provided to Dr. Jacob Jones’ research group at 

North Carolina State University (NCSU) for time-of-flight neutron diffraction at the 

Nanoscale Ordered Material Diffractometer (NOMAD) at Oak Ridge National Laboratory 



 

154 

under ambient conditions. Neutron pair distribution function (PDF) data was obtained 

under ambient conditions after data reduction using the in-house software at NOMAD. 

Preliminary analysis of this data has been performed by Changhao Zhao, a visiting 

exchange student at NCSU, and the same trends in lattice parameters that were reported 

in Chapter 4 and Chapter 7 were also observed. NOMAD offers high-Q scattering data 

and is more reliable for the characterization of oxygen and its bonding environment than 

X-ray scattering. The higher sensitivity of neutrons to lighter elements such as oxygen will 

allow for the study of the coordination environments of the cations in the oxygen 

octahedral and cubooctahedral cages to a greater extent than was achievable through 

X-ray PDFs. This will provide us with a better understanding of the local structures of these 

solid solutions and how the structure relates to the observed properties. 

Recent studies on in situ PDF were reported by Usher et al. [171]. The PDF studies 

of the polycrystalline Na1/2Bi1/2TiO3 solid solution under external electric fields show that 

the Bi3+ cations preferentially reorient with the field, indicating poling of the cations. In 

order to utilize and further develop this technique, we have collected in situ PDF data at 

the Advanced Photon Source at Argonne National Labs on the 11-ID-B beamline for our 

(1-x)PT-xBZN and (1-x)BT-xBZN solid solutions under the application of an external 

electric field. This data will be analyzed to provide valuable information about atomic 

rearrangements caused by the applied electric fields. The effects of electric fields on the 

ionic displacements, local bonding environments, tetragonality and A and B-site disorder 

should be different for various (1-x)PT-xBZN and (1-x)BT-xBZN compositions. Since Bi3+ 

and Pb2+ both have a propensity to occupy an offset position in the perovskite structure, it 

is likely that (1-x)PT-xBZN, which contains both these cations, will exhibit a greater 

response to the electric field than (1-x)BT-xBZN. This should be directly visible in the A-B 

atom-atom pair distances through the PDF analysis. 

8.3. Concluding Comments 

In this thesis, I have synthesized new materials, studied the crystal structures, 

developed phase diagrams, and characterized the properties of the bismuth-based 

perovskite Bi(Zn2/3Nb1/3)O3 in solid solutions with PbTiO3 and BaTiO3, which is an initial 

step towards developing a comprehensive understanding of the crystal chemistry of 
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bismuth in piezoelectric and ferroelectric perovskite systems. Such an understanding will 

be important with the current trend towards developing new lead-free functional materials 

systems. With the work performed and the knowledge gained in this thesis, and the future 

directions outlined above, the outlook for improved understanding of bismuth-based 

perovskites solid solutions, and their fascinating yet complex crystal chemistry looks 

promising, and will in turn promote the development of these compounds into viable piezo-

/ferroelectric materials for a wide range of technological applications. 
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