
ABSTRACT 

HOU, DONG. Structure Characterization of Complex Dielectrics and Ferroelectrics Using 

Advanced Scattering Techniques. (Under the direction of Jacob L. Jones). 

 

Dielectric and ferroelectric materials are widely used in many applications, such as 

energy storage capacitors, actuators in micro-positioning devices, and ultrasound medical 

therapy devices. The demands of advanced materials with multi-functionalities, precise 

responses under different stimuli, or stable performance in harsh conditions, are growing 

nowadays. Usually such advanced materials have complex structures such as the deviation of 

local structure from long-range structures, non-equilibrium states, phase co-existence, and 

complicated microstructures. These complex structures result from a variety of reasons, e.g. 

the competing internal forces, flattened Gibbs free energy profiles, specific synthesis routes, 

etc. Since the dielectric and ferroelectric property of a material is a function of its structures, 

and the structures strongly depend on the processing methods, it is crucial to have a good 

understanding of the processing-structure-property relationships of these complex dielectrics 

and ferroelectrics. However, due to lack of sophisticated characterization techniques and data 

analysis methods, there are only limited studies on the comprehensive structural 

characterization of these complex materials. 

The work in this dissertation characterizes the crystallographic structures of multiple 

complex dielectrics and ferroelectrics. These fundamentally important materials of interest are: 

lead-free ferroelectric Na1/2Bi1/2TiO3-xBaTiO3 (NBT-xBT), Si-doped HfO2 fluorite, spinel 

compound CoxMn3-xO4 (CMO), high temperature dielectric BaTiO3-xBi(Zn1/2Ti1/2)O3 (BT-

xBZT), and Pb(Mg1/3Nb2/3)O3-xPbTiO3 (PMN-xPT) relaxor. Each material exhibits unique 

functional properties associated with the structures at different length scales. Advanced 

scattering techniques, e.g. high energy X-ray diffraction (XRD), high resolution XRD, neutron 



diffraction, and X-ray total scattering, were used to construct the processing-structure-property 

relationships. 

To elucidate the role of processing factors on the structures of NBT-xBT, in situ XRD 

during reaction was conducted. A new formation mechanism is proposed. Studying the 

processing in situ helps in understanding the reaction sequences, also helps in designing new 

processing route. 

The processing-structure relationship study of Si-doped HfO2 was conducted using 

high resolution XRD. The calcination temperature and SiO2 particle size play important roles 

in the incorporation of Si into HfO2 and the diffusion of Si out of (Hf,Si)O2 solid solution. The 

obtained (Hf,Si)O2 is confirmed as a non-equilibrium state. This work demonstrates that the 

processing conditions can be optimized to control the phases in Si-doped HfO2 final products. 

The structures of CMO ceramics are characterized using combined analysis of neutron 

and X-ray diffraction. A tetragonal to cubic spinel transition was observed by addition of Co 

on B-sites. The lattice parameters, phase fraction, and atom-atom bond lengths were obtained 

by Rietveld method. This study contributes to a more thorough understanding of the structures 

in CMO spinel oxides. 

To investigate the fundamental origin of the temperature stable properties of BT-xBZT, 

the local and long-range structures are characterized by in situ high temperature X-ray total 

scattering. The results show evidence of an enhanced tetragonal distortion at local scale, 

suggesting there are tetragonal polar clusters embedded in non-polar matrix. These tetragonal 

distortions can persist to at least 225°C, even though the average structure transforms to a 

paraelectric phase. These results indicate these nanoscale clusters may be responsible for the 

observed large permittivity at high temperatures. 



To study the intrinsic contributions to the high piezoelectric properties of PMN-0.30PT 

ceramics, in situ diffraction and total scattering were performed. The structural changes as a 

function of applied electric field were obtained, showing evidence of a field-induced phase 

transition and polarization rotation. In addition, the atomic-scale responses from local structure 

give more evidence of the polarization rotation mechanism in PMN-0.30PT ceramics. 

In summary, the results and implications of this dissertation facilitate the interpretation 

of processing-structure-property relationships of a variety of functional ceramics, including 

lead-free ferroelectrics, relaxor-ferroelectrics, fluorite dielectrics, and spinel compounds. 

Thereafter, the materials with desirable performance for various applications can be designed 

and engineered. 
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CHAPTER 1 Introduction and Background 

1.1 Introduction 

Developing processing-structure-property relationships is the core of materials science 

and engineering. The ultimate goal for this interdisciplinary field is to obtain materials with 

desirable performance for various applications. A material’s performance is a combination of 

its properties, and a property is defined as the type and magnitude of the response to a specific 

imposed stimulus. The property of a material is a function of its structures at different length 

scales, ranging from macroscopic to subatomic level. The structure of a material strongly 

depends on the processing methods.[1] Therefore, the understanding of processing-structure-

property relationships is crucial for guiding the design of materials with desirable properties 

and performance. 

This study majorly focuses on the dielectric and ferroelectric properties in a variety of 

complex ceramics. Dielectric and ferroelectric materials are widely used in many applications, 

including capacitors, actuators, and transducers.[2], [3] Several fundamentally important 

dielectric and ferroelectric materials were investigated in this study, including: Na1/2Bi1/2TiO3-

xBaTiO3 (NBT-xBT), BaTiO3-xBi(Zn1/2Ti1/2)O3 (BT-xBZT), Pb(Mg1/3Nb2/3)O3-xPbTiO3 

(PMN-xPT), Si-doped HfO2, and CoxMn3-xO4 (CMO). Due to the high degree of structure 

complexity at different length scales and lack of advanced characterization techniques, the 

processing-structure relationship and/or structure-property relationship are not fully developed 

in these material systems.[1], [3], [4] Recent new advances in diffraction and scattering 

capabilities offer opportunities for more precise structural characterization. The aim of this 

study is to improve the current understanding of processing-structure-property relationships in 
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these important dielectric and ferroelectric materials, primarily through the use of advanced X-

ray and neutron diffraction and scattering techniques. The major techniques used in this study 

are: high energy X-ray diffraction (XRD), high resolution X-ray diffraction (HRXRD), neutron 

diffraction (ND), and X-ray total scattering. The combination of characterization techniques 

allow us to observe very interesting phenomena in complex dielectrics and ferroelectrics, such 

as the phase evolution during synthesis process, the phase changes under different processing 

conditions, and the responses of local and average structures under applied electric field. The 

crystallographic information obtained from these advanced diffraction and scattering 

techniques can be used to support the observed physical properties, and to construct the 

processing-structure-property relationships. 

In this chapter, fundamental knowledge about the properties, structures, and processing 

of complex ceramics will be introduced. 

 

1.2 Properties of Complex Functional Ceramics 

Solid materials are conveniently grouped into four basic categories: metals, ceramics, 

polymers, and composites. Ceramics are compounds between metallic and nonmetallic 

elements, and are classified into two types: traditional and advanced ceramics.[1] The 

traditional ceramics are normally composed of clay minerals, cement and glass, while the 

advanced ceramics are referred as materials with superior mechanical, electrical, optical and/or 

magnetic properties.[4] There are many types of advanced functional ceramics being widely 

used in the society, and the focus of this work is the dielectrics and its subclasses piezoelectrics 
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and ferroelectrics. In this section, the dielectric, piezoelectric, and ferroelectric properties of 

these functional ceramics will be introduced. 

 

1.2.1 Dielectrics and Dielectricity 

Dielectric materials are electrically insulating and can exhibit polarization under the 

application of electric field. Polarization is the alignment of permanent or induced dipole 

moments with an externally applied electric field. There are four types of polarizations arising 

due to different mechanisms: electronic, ionic, dipole, and space charge, and each one 

corresponds to a specific frequency range.[5], [6] Figure 1-1 summarizes the different types of 

polarizations occurring in dielectrics. Some fundamental and important equations related to 

the dielectricity are shown as follows.[1], [3] The electric displacement (𝐷𝑖) in a dielectric 

material is related to the applied electric field 𝐸𝑗 through the relation: 

 𝐷𝑖 = 𝜖𝑖𝑗𝐸𝑗 ( 1-1 ) 

where 𝜖𝑖𝑗 is the dielectric permittivity of the material. The relative dielectric permittivity 𝜖𝑟,𝑖𝑗 

can be calculated according to: 

 𝜖𝑟,𝑖𝑗 = 𝜖𝑖𝑗/𝜖0 ( 1-2 ) 

where 𝜖0 is the permittivity of free space. 𝜖𝑟 is usually used as a short notation of 𝜖𝑟,𝑖𝑗. The 

dielectric permittivity is a complex number with real (𝜖𝑟
′ ) and imaginary (𝜖𝑟

′′) components, 

following the equation: 

 𝜖𝑟
′′ = 𝜖𝑟

′ tan(𝛿) ( 1-3 ) 
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where tan(𝛿)  refers to dielectric loss. The capacitance of the dielectric element can be 

determined by: 

 𝐶 = 𝜖𝑟𝜖0𝐴/𝑡 ( 1-4 ) 

where 𝐴  and 𝑡  are the area and thickness of the samples. Determination of the dielectric 

permittivity is generally important for the evaluation of device performance. Dielectric 

materials can be solids, liquids, or gases, but solids are the most commonly used dielectrics in 

the electrical engineering and industries. 

 

Figure 1-1 Polarization mechanisms of dielectric materials 
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1.2.2 Piezoelectrics and Piezoelectricity 

Piezoelectricity refers to the linear coupling between mechanical stress and electric 

polarization and/or the linear coupling between mechanical strain and applied electric field in 

dielectrics. Piezoelectricity has two types of effects: direct effect where polarization occurs 

when a dimensional change is imposed, and converse effect where dimension change occurs 

when an electric field is applied.[7] Dielectric materials that display such reversible behaviors 

are called piezoelectrics. The piezoelectricity is described by an interrelation of four different 

electrical and mechanical variables: electric field 𝐸, strain 𝑆, mechanical stress 𝑇, and electric 

displacement 𝐷. Piezoelectric stress coefficients 𝑑 is defined as the mechanical response at 

constant electric field or as the electric response at constant mechanical stress, formulated as: 

 𝑑 = (
∂𝑆

∂𝐸
)𝑇 = (

∂𝐷

∂𝑇
)𝐸 ( 1-5 ) 

The piezoelectric coefficient is actually a third rank tensor, since strain or electric displacement 

is a second rank tensor while electric field or stress is first rank tensor.[8]–[10] 

Piezoelectricity is a reversible property exhibited in a select group of dielectric 

materials that don’t have a center of symmetry. Of the 32 crystal classes, 21 are non-

centrosymmetric, and of these, 20 exhibit direct piezoelectricity (except for the cubic class 

432).[3], [8] Many materials, both natural and synthetic, exhibit piezoelectricity, e.g. quartz, 

perovskite family, tungsten-bronze family, a few polymers, etc.[1], [3] 
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1.2.3 Ferroelectrics and Ferroelectricity 

A ferroelectric material is a piezoelectric that exhibits a spontaneous polarization in the 

absence of an externally field, and the polarization can be reoriented by an applied field.[11], 

[12] The spontaneous polarization in a ferroelectric material results from the offset of the 

positive and negative charge centers in a unit cell, forming permanent dipoles. A ferroelectric 

ceramic consists of multiple grains, and each grain is composed of regions called domains. In 

each domain, the interactions between adjacent permanent dipoles lead to the mutual alignment 

in the same direction. Therefore, the polarization directions are the same inside each domain, 

but different between adjacent domains. In general, the size of ferroelectric domains ranges 

from a few nanometers to tens of micrometers.[13], [14] The interface between two domains 

is called the domain wall, with a thickness of a few unit cells. The existence of domain walls 

can reduce the elastic energy generated by the strain, minimizing the total free energy.[13], 

[15] Due to the random distribution of grains and domains, the as-processed ferroelectric 

ceramics don’t exhibit an overall polarization. The direction of the spontaneous polarization 

Figure 1-2 Example of polarization (a) and strain (b) hysteresis loops for a commercial 

ferroelectric sample. Circles with arrows represent the polarization state of the material at the 

indicated field. Figure courtesy of Dr. Ching-Chang Chung. 



7 

 

 

 

can be reoriented with a sufficiently strong electric field, and this process is called poling. After 

poling, a net macroscopic polarization can be introduced in ferroelectric ceramics. 

Two methods are normally used to characterize the macroscopic ferroelectricity of a 

specific material: polarization-electric field (P-E) and strain-electric field (S-E) measurements. 

In a P-E measurement, the macroscopic polarization is obtained by measuring the dielectric 

displacement on the dielectrics during the application of electric fields. An example of P-E 

hysteresis loop is shown in Fig. 1-2a. In an S-E measurement, the macroscopic strain is 

recorded during the application of electric field. An example of P-E hysteresis loop is shown 

Fig. 1-2b. A more thorough explanation to the P-E and S-E loops can be found in Ref. [14]  

As mentioned in the above section, there are 20 piezoelectric crystal classes, and 10 of 

them pose a unique polar axis, showing the existence of a spontaneous polarization. These 

materials are called pyroelectrics, and if such spontaneous polarization can be reversed by 

external field, it belongs to ferroelectrics.[3] Most ferroelectric materials exhibit a structural 

phase transition or a series of phase transitions upon heating or cooling. Starting from a high-

Figure 1-3 Dielectric permittivity of BaTiO3 single crystal as a function of temperature. 

The paraelectric-ferroelectric and ferroelectric-ferroelectric phase transitions at different 

temperatures are illustrated. Reproduced from Merz.[251] 
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temperature non-ferroelectric phase, which is called a paraelectric phase, into a low-

temperature ferroelectric phase. Some ferroelectrics also exhibit several phase transitions while 

the temperature further decreases. An example of the phase transitions of a classic ferroelectric 

material, BaTiO3 (BT), is demonstrated in Fig. 1-3. 

 

1.2.4 Relaxor Ferroelectrics 

Relaxor ferroelectrics are a class of ferroelectric materials that show a broad maximum 

in temperature dependence of the dielectric permittivity, whose position, 𝑇m, is shifted to lower 

Figure 1-4 Comparison between normal ferroelectrics and relaxors.[25], [252] 
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temperatures as the frequency of the probing field decreases.[16], [17] The other features to 

distinguish a relaxor ferroelectric from a normal ferroelectric are: the absence of macroscopic 

ferroelectric transition, lack of macroscopic spontaneous polarization, and a ferroelectric-like 

response after cooling to a low temperature under application of field.[16], [18]–[21] Relaxor 

ferroelectrics exhibit an enormous electromechanical response and are easily polarized with an 

external field. These properties make them attractive for applications such as sensors and 

actuators. Local clusters of randomly oriented polarization, known as polar nanoregions 

(PNRs), are specific to relaxor ferroelectrics and play a key role in governing their interesting 

properties.[16], [17], [21]–[24] Figure 1-4 shows the comparison between a normal 

ferroelectric and a relaxor material.[25] The relaxor behavior was first observed in the 

perovskites with disorder of non-isovalent ions, including the stoichiometric complex 

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

e.g. La-doped Pb(Zr1-x, Tix)O3 (PZT).[26]–[29] Since then, relaxor behaviors have been 

Figure 1-5 Schematic representations of PNRs in relaxors according to the different 

models.[16] 
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reported in various types of materials, e.g. perovskite structures, tetragonal tungsten bronze 

structures, and aurivillius structures.[17] The existence of polar nanoregions in relaxor 

ferroelectrics is evidenced by measurements of the temperature dependence of the optic index 

of refraction, neutron diffuse scattering, and transmission electron microscopy.[30]–[34] The 

size of polar nanoregions is very small, of the order of a few nanometers. Even though the 

crystal structure of PNRs is thought to be different from the non-polar regions, structural 

characterization only shows a cubic symmetry on average.[16], [17] Other local probes are 

needed to describe the structures in PNRs. Basically, there are two models to illustrate the 

PNRs in relaxor ferroelectrics, as illustrated in Fig. 1-5. For the first model, the PNRs are 

embedded in the non-polar matrix with a cubic symmetry. For the second model, the PNRs 

with low-symmetry are separated by domain walls, in which the thickness of domain walls is 

comparable with the size of PNRs. Although relaxor ferroelectrics have been widely used in 

various applications, the cause and mechanisms of the PNRs formation are not conclusively 

understood, and the structure-property relationship demands deeper investigation. 

 

1.3 Crystal structures 

The crystal structure of a material describes the manner in which atoms, ions, or 

molecules are spatially arranged. In order to predict and to rationalize the crystal structures of 

ionic compounds, Pauling proposed a series of principles, which are called Pauling’s rules. 

According to the Pauling’s rules, a crystal structure of a typical solid ionic compound is 

determined by: a). the radius ratio rule, b). the electrostatic valence rule, c). sharing of 

polyhedron corners, edges and faces, d). crystals containing different cations, e). the rule of 



11 

 

 

 

parsimony.[35] The combinations and interactions between different atoms result to the 

diversity of crystal structures in ceramics. Three major types of crystal structures are: 

1). AX-Type, where A is cation and X is anion. This is the simplest structure in 

ceramics, for which the number of cations and anions are equal. Some common structures in 

ceramics are rock salt, cesium chloride, and zinc blende. 

2). AmXp-Type, in which the charges on the cations and anions are not the same. An 

example is AX2, a typical crystal structure for which is fluorite. 

3). AmBnXp-Type, for which more than one type of cations (A and B here) contain in 

the materials. The most representative structures in this type are perovskite and spinel. 

 

1.3.1 Perovskites 

A lot of the widely used dielectric and ferroelectric materials have a perovskite 

structure.[4] Perovskite materials have a chemical formula of ABO3, where A and B are 

different types of cations located at different sites of the unit cell. The general perovskite 

structure can be thought as a primitive cubic, with A-site atoms located at the corners, B-site 

atoms at the body center, and oxygen atoms at centers of six faces. For a prototypic perovskite 

with cubic symmetry, the coordination number of the A-site atoms is 12 and the B-site atoms 

is 6. A representative perovskite structure is shown in Fig. 1-6a and b. Perovskite structure is 

flexible, and can tolerate different types of cations on A- and B-sites as long as the charge 

neutrality is maintained.  

The perovskites have been categorized into lead-free and lead-based types based on if 

the material contained a large amount of lead. The most widely used ferroelectrics with a 
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perovskite structure is PZT, in which the A-sites are occupied by Pb2+ while B-sites are co-

occupied by Zr4+ and Ti4+. The best known canonical relaxor ferroelectrics, PMN, also has a 

perovskite structure. For PMN, the B-site is co-occupied by Mg2+ and Nb5+, and in order to 

maintain the charge neutrality, the atomic concentration fraction is Mg:Nb = 1:2. Due to the 

lead toxicity, a lot of efforts have been made to develop lead-free ferroelectrics that have 

comparable properties with the lead-based materials. There are three types of lead-free 

ferroelectric systems that are widely investigated: BaTiO3-based, (Na, K)NbO3-based, and 

(Na, Bi)TiO3-based.[14], [36], [37] 

Figure 1-6 Schematic of (a) perovskite paraelectric structure, (b) perovskite 

ferroelectric structure, where green spheres for A-sites, blue spheres for B-sites, and 

red spheres for oxygen. (c) Schematic of a HfO2 fluorite structure, where yellow 

spheres for Hf atoms. (d) Schematic of a CoMn2O4 spinel structure where blue 

tetrahedral sites for Co and purple octahedral sites for Mn. 
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The properties of these lead-based and lead-free ferroelectrics can be tuned by chemical 

modification. It is worthwhile to note that the fundamental origins of the physical properties in 

both lead-based and lead-free systems remain unknown, and studying these systems can have 

scientific and technical impacts on the ferroelectrics community. In this dissertation, two lead-

free systems, NBT-xBT and BT-xBZT, and one lead-based systems, PMN-xPT, are 

investigated as examples to study the processing-structure-property relationships in complex 

dielectric and ferroelectric materials with perovskite structures. These three materials are 

briefly introduced as follows. 

 

Na1/2Bi1/2TiO3-xBaTiO3 : 

Na1/2Bi1/2TiO3 (NBT) has a high Curie temperature (𝑇C) of 325°C and a piezoelectric 

constant (𝑑33) of 73 pC/N, making it a promising candidate for lead-free ferroelectrics.[38], 

Figure 1-7 Phase diagram of NBT-xBT showing the MPB between the ferroelectric 

rhomboheral phase and the ferroelectric tetragonal phase. Reproduced from Takenaka et 

al.[41] 
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[39] The piezoelectric and ferroelectric properties can be enhanced by forming a solid solution 

of NBT with the classic ferroelectric material BT, often referred as NBT-xBT.[40], [41] In this 

material, the B-sites are occupied by Ti4+ exclusively, while A-sites have three different 

cations: Bi3+, Na+, and Ba2+. A phase diagram is shown in Fig. 1-7, in which a morphotropic 

phase boundary (MPB) is found at 6-7 mol% BT between the NBT-rich rhombohedral and 

BT-rich tetragonal phases. 

 

BaTiO3-xBi(Zn1/2Ti1/2)O3: 

When modifying the classic ferroelectric BT with Bi(Zn1/2Ti1/2)O3 (BZT), a solid 

solution of BT-xBZT is obtained. In BT-xBZT, the A-sites are co-occupied by Ba2+ and Bi3+, 

while B-sites are co-occupied by Zn2+ and Ti4+. BT-BZT was firstly reported by Huang et 

al.[42] Since then, many property characterization and structure determination studies were 

Figure 1-8 Representative qualitative phase diagram for BT-xBZT. The precise 

crystallographic structure of pseudocubic phase is currently undetermined. Reproduced from 

Beuerlein et al.[173] 
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conducted on this material. Previous dielectric measurements show a crossover from normal 

ferroelectric-like behavior to relaxor-like behavior when the BZT concentration increases to x 

= 9%.[42]–[44] Laboratory XRD suggests a phase transition from tetragonal to ‘rhombohedral-

like’ (or pseudocubic) structure with increasing BZT concentration in this solid solution, and 

a critical composition for this transition is around x = 0.09.[42], [45] The phase diagram of BT-

xBZT is shown in Fig. 1-8. BT-xBZT has high temperature stable performance, making it a 

good candidate for high temperature capacitors.[46] 

 

Pb(Mg1/3Nb2/3)O3-xPbTiO3: 

The PMN-xPT solid solution is formed by incorporating a classic lead-based 

ferroelectric PbTiO3 (PT) into a traditional relaxor-ferroelectric PMN. In this material system, 

Figure 1-9 Representative phase diagram for PMN-xPT. The precise crystallographic 

structure of the phase boundary between rhombohedral and tetragonal is not conclusive. 

reproduced from Guo et al.[253] 
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Pb2+ cations are on the A-sites exclusively, while B-sites are co-occupied by Mg2+, Nb5+ and 

Ti4+. With the addition of PT, the Curie point and the non-hysteretic quadratic strains increased. 

Also, it was found that with increased PT concentration, the relaxor behavior was gradually 

replaced by a typical ferroelectric behavior.[47]–[49] The transition from relaxor to 

ferroelectric forms a PMN-xPT binary phase diagram, and a MPB was obtained around x = 

0.30-0.35, separating the rhombohedral and tetragonal structures.[47] The current phase 

diagram for PMN-xPT can be found in Fig. 1-9. An enhanced piezoelectric response of PMN-

xPT was observed when approaching the MPB. A number of mechanisms have been proposed 

to explain the high piezoelectric activity by considering the diversity and instability of 

ferroelectric phases at MPB, such as ‘electric field-induced phase transition’, ‘ease of 

polarization rotation via a monoclinic phase’, ‘adaptive domain structure’, and ‘existence of 

polar nanoregions’.[50]–[55] 

 

1.3.2 Fluorites 

In addition to the dielectrics with a perovskite structure, fluorite-based dielectrics also 

play important roles in the semiconductor industries. The structure name, fluorite, comes 

from the mineral calcium fluoride, CaF2. Hafnium oxide (HfO2) is a well-known fluorite-

structured compound. For HfO2, the Hf2+ cations are arranged on a face-centered cubic (FCC) 

lattice, the oxygen anions are on the eight tetrahedral sites, while the large cube interstice in 

the middle of the unit cell is unoccupied. An illustration of fluorite structure can be found in 

Fig. 1-6c. HfO2 is an electrical insulator with an energy band of 5.3-5.7 eV and a dielectric 

permittivity of 17.[56] It has a stable monoclinic 𝑃21/𝐶 structure under usual conditions. Due 
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to the desirable dielectric properties, HfO2 is used as a high-𝑘  material in semiconductor 

industries.[56], [57] 

The ferroelectricity and antiferroelectricity in thin HfO2-based thin films were first 

discovered in 2007 by Böscke et al.[58] Followed studies show that the ferroelectric behavior 

can be obtained when HfO2 is processed with a specific combination of chemical doping and 

processing conditions. The previous works show that a certain compositional range of doping 

(e.g. Si, Al, Y, Zr, Sr, La, and Gd), as well as a unique stress state, are required to induce 

ferroelectricity in HfO2 thin films.[57], [59]–[61] HfO2 has various polymorphs in bulk phases 

depending on the temperature and pressure. A transition from monoclinic to tetragonal to cubic 

phase occurs during heating from room temperature to 2773K. However, the inversion 

symmetry of these space groups prohibits ferroelectricity and related functionalities. The 

structural origin of the observed ferroelectricity is thought to be the existence of a polar 𝑃𝑐𝑎2 

structure under different stress, chemical or surface conditions, and this has been discussed 

experimentally and theoretically.[62] 

 

1.3.3 Spinels 

The spinel structure has a formula of AB2O4, and is named after the discovery of 

magnesium aluminate (MgAl2O4). Many of the most important materials have a spinel 

structure, and a good example is magnetic ferrites. Spinel compounds are useful in many 

application fields (e.g. transport, telecommunication, medicine, energy) due to their element 

abundance, low cost, non-toxicity, and electrical characteristics.[63] Among a number of 

spinel oxides, the CoMn2O4-based system has been widely investigated for the negative 
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temperature coefficient (NTC) thermistor application given that the strong electron 

correlations in Mn can induce semiconducting characteristics with moderate resistivity at room 

temperature.[64], [65] Within this CoMn2O4 spinel structure, the O2- anions form a FCC lattice, 

whereas Co2+ cations fill tetrahedral sites and Mn3+ cations occupies the octahedral positions. 

The structure is presented in Fig. 1-6d. 

 

1.4 Ceramics Processing 

Traditionally, most of the ceramic materials are prepared by solid state synthesis 

method in which high temperature is required to accelerate the slow solid-solid diffusion.[1], 

[4] Processing methods can significantly affect the final products’ microstructure, phase, and 

crystal structure. Therefore, it is important to optimize the ceramic processing conditions in 

order to obtain desirable properties. Some basic and important processing steps for solid state 

ceramic preparation are induced as follows. 

 

Batching and Milling: 

In order to accelerate the diffusion and reaction, it is necessary to eliminate aggregates 

and reduce the particle size of the reagent carbonate and oxide powders. The most common 

method is mechanical milling. Two different milling methods were used in this study during 

ceramic processing: ball milling and vibratory milling. Ball milling has a very simple and 

straightforward procedure, and is inexpensive for small batches of production. Normally the 

raw reactant powders were mixed in milling media, and milled for at least 24 hours before next 

step. However, this method cannot produce ultrafine particles, and is relatively not efficient. 
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In addition, it usually adds impurities to the powder from the milling media. The other milling 

method used is vibratory milling, the drum containing the media and powder is vigorously 

shaken. The collisions between the media are much more violent than in ball milling, therefore 

the milling time is shorter and powders are finer. 

 

Calcination: 

After milling, drying, and sieving, the dried powders were calcined at elevated 

temperatures for a given time depending on the processing details for the specific material 

systems. Calcination reactions usually take place at or above the thermal decomposition 

temperature (for decomposition and volatilization reactions) or above the transition 

temperature (for phase transitions). The goal of calcination in ceramic processing is to induce 

phase transformation and solid-solid reaction. The calcination process was performed in an air 

atmosphere with a heating and cooling rate controlled by programmable furnace. The dried 

powders were contained in a closed alumina crucible for the calcinations. After calcination, 

the calcined powders were milled to eliminate particle agglomerations. 

 

Sintering: 

The calcined powders were mixed with a binder and then uniaxially pressed to form 

pellets with a disc shape. The pellets were placed on a bed of powders of the same composition 

in closed alumina crucible for sintering at the furnaces. Sintering is a densification process of 

transforming a powder into a solid body using heat. During sintering, the ceramics experience 

a shrinkage of dimension and a reduction of porosity. The driving force for sintering is the 
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reduction in total particle surface area. Sintering is carried out below the melting temperature, 

so that a liquid phase is normally not present. 

 

1.5 Dissertation Overview  

In this dissertation, the processing-structure-property relationships for multiple 

complex dielectrics and ferroelectrics are studied using advanced scattering techniques. The 

dissertation is organized as follows. Chapter 2 introduces the structure characterization and 

data analysis methods which are used throughout the entire study. In Chapter 3, the processing-

structure relationship of NBT-xBT is investigated using in situ XRD technique during the solid 

state synthesis. The phase evolution behaviors and reaction sequences are observed, and a new 

formation mechanism for NBT-xBT during solid state synthesis is proposed based on the 

interpretation of the in situ XRD results. In Chapter 4, the crystallographic structures for Si-

doped HfO2 is studied using HRXRD and Rietveld refinement method. The processing 

conditions for obtaining non-equilibrium Si-doped HfO2 is determined in this study. Chapter 

5 gives a comprehensive structure characterization of CMO spinel compounds using combined 

analysis of neutron and X-ray diffraction in order to understand the relationship between the 

CMO structures and their electric properties. Chapter 6 studies the structural evolution of BT-

xBZT at local and long-range scale as a function of temperature by using in situ X-ray total 

scattering technique. The fundamental origin of the temperature stable properties of BT-xBZT, 

and its relationship with the unique local scale structures, are investigated. In Chapter 7, the 

crystal structure changes of PMN-0.30PT polycrystalline ceramics at long-range and local 

scale under the application of electric field is characterized by in situ XRD and total scattering 
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techniques. By combining the field induced long-range and local scale structural changes, the 

mechanism for the enhanced piezoelectric properties at the MPB for PMN-xPT polycrystalline 

ceramics is revealed. Finally, Chapter 8 summarizes the dissertation, and concludes the 

important findings by utilizing advanced scattering techniques on a variety of complex 

dielectric and ferroelectric materials. The existing challenges and recommended future works 

related to construction of processing-structure-property relationships are discussed also. 
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CHAPTER 2 Advanced Scattering Techniques and Data Analysis Methods 

2.1 Background 

Diffraction and scattering and techniques are widely used in structural determination 

of materials at atomic and subatomic levels. Due to historic reasons, some terms (even the 

“scattering” and “diffraction” themselves) are often used differently (and sometimes 

imprecisely) in different communities, leading to confusion and misunderstanding. To be 

precise and consistence, some important terms related to this dissertation are clarified as 

follows. 

The basic principle in such diffraction and scattering experimental techniques is that 

the interaction of waves/particles with a matter of interest can be used to infer the atomic and 

molecular arrangements of the matter. When a beam of waves or particles is directed at a 

matter, they interact with atoms/ions, and the scattering processes occur. All scatterings can be 

characterized into different categories based on the wavelength and phase relationships of the 

scattered radiations.[66], [67] Depending on whether an energy exchange (or wavelength 

change) happens between the scattering particles and the matter or not, the scattering process 

can be referred to an elastic or inelastic event. For example, the scattering particle maintains 

the same energy before and after scattering for an elastic scattering event. Depending on 

whether the phase relations maintain or not over time and space, the scattering process can be 

referred to a coherent or incoherent event. For example, for a coherent scattering, there is a 

definite phase relationship between the scattered waves, resulting to constructively or 

destructively interferences. For incoherent scattering, there is no definite phase relationship 

between the waves, and therefore no interference.[68] 
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Based on if one scattering event is elastic or inelastic, and if it is coherent or incoherent, 

all the scattering processes can be categorized into four groups: elastic and coherent, inelastic 

and coherent, elastic and incoherent, and inelastic and incoherent process. Since structural 

information in the scattering comes from the interference effects, only coherent scattering 

contains structural information of interest in this dissertation. Among different scattering 

events, Bragg diffraction is elastic and coherent, thermal diffuse scattering is inelastic and 

coherent, and Compton scattering is inelastic and incoherent.[69] 

 

2.2 Structural Characterization with Diffraction Techniques  

According to the above definitions, a Bragg diffraction phenomenon is a subset of 

scattering, and is often called as diffraction for simplicity. The diffraction is primarily 

concerned by the crystallographic and material scientists due to the constructive and 

destructive interferences, which can be used to interpret the periodic arrangement of atoms in 

the materials. The beam used to interact with matters in the scattering and diffraction 

techniques can be X-rays, neutrons, and electrons. In this chapter, several types of diffraction 

techniques using X-rays and neutrons will be introduced. 

 

2.2.1 Laboratory X-ray Diffraction 

XRD is a standard characterization technique, as well as a powerful tool to study the 

structure-property relationships in a variety of material systems. The X-ray diffractometers are 

readily available in most university and industry laboratories, for which the X-rays are 

produced in a sealed X-ray tube. The most common target elements used in X-ray tubes are 
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Cu and Mo. Other elements, e.g. Cr, Co, Ag, etc., can be used for specific applications.[67], 

[68] There are two principal types of geometries for laboratory X-ray diffractometers: 

reflection and transmission. In reflection geometry, the sample is in the form of a flat plate, 

while in transmission geometry a glass capillary or thin foil is used. The schematics of these 

two geometries are shown in Fig. 2-1a and b. 

 

2.2.2 Synchrotron X-Ray Diffraction 

X-rays can also be generated from synchrotron sources. The use of synchrotron X-ray 

radiation has several advantages over laboratory sources, such as high flux, high resolution, 

and high energy. Synchrotron radiation is extremely intense, and highly collimated. The 

synchrotron X-ray sources used in this work for diffraction studies are beamline 11-BM-B with 

the bending magnets (BM), and beamline 11-ID-C with the insertion devices (ID) (e.g. 

wigglers and undulators) at Advanced Photon Source at Argonne National Laboratory. 

Beamline 11-BM-B is equipped with high resolution detectors. The obtained patterns 

can show more subtle features that is absent in laboratory diffractometers. Using the high 

Figure 2-1 Basic schematics of diffraction measurements using (a) reflection geometry, 

and (b) transmission geometry by laboratory X-ray diffractometer.[68] 
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resolution data can yield a more accurate description of the crystal structure. Beamline 11-ID-

C is equipped with a 2D area detector, and works in transmission mode. The high flux and high 

energy features of this beamline offer faster data acquisition speeds, larger penetration depth, 

and wider coverage of the scattering angle. The 2D area detector allows texture analysis and 

anisotropic structural changes under different stimuli (e.g. electric field, stress, and pressure). 

In this study, synchrotron XRD was performed on Si-doped HfO2 to investigate the processing-

structure relationships as described in Chapter 4. 

 

2.2.3 Neutron Diffraction 

Neutron diffraction is a similar technique compared to XRD, but due to some unique 

scattering properties, it has several advantages. Since neutrons scatter through nuclear 

interactions, neutron diffraction has a low absorption coefficient and high penetration for most 

of the elements. The neutron scattering strength is not dependent on the atomic number. It is 

possible to observe the effect of light elements in the presence of heavy ones in the neutron 

diffraction patterns. In addition, neutrons have a magnetic moment and their scattering is 

sensitive to the magnetic moment of atoms, making neutron scattering the ideal approach to 

study magnetic materials.[68] 

Neutrons are usually produced in a nuclear reactor or spallation source. The nuclear 

reactor uses the fission reaction of enriched 235U to produce an intense flux of neutrons at the 

heart of the reactor. The neutron reactor facility used in this study is PULSTAR at Burlington 

Engineering Laboratories at North Carolina State University. It is worthwhile to note that this 

PULSTAR reactor, founded in 1950s, is the first university-based reactor program in the 
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United States. For a spallation source, the neutron is generated by bombarding energetic 

particles (e.g. protons) into a heavy-metal target (e.g. Pb or Hg). The spallation facility used in 

this study is beamline BL-11A Powder Diffractometer (POWGEN) at the Spallation Neutron 

Source at Oak Ridge National Laboratory.  

Note that neutrons and X-rays provide complementary structural information of the 

material, therefore, more precise structural parameters can be obtained by a combined analysis 

of X-ray and neutron diffraction data. Combined analysis of neutron and X-ray diffraction was 

performed on CMO spinel oxides to investigate the structure-property relationship, as 

described in Chapter 5. 

 

2.2.4 In situ Diffraction Techniques 

In situ diffraction is a powerful technique to study the processing-structure-property 

relationships, and has been widely applied to study dielectrics and ferroelectrics.[70], [71] In 

situ diffraction measurements can be performed during the material processing. The collected 

patterns as a function of reaction time/temperature can be used to study the formation 

mechanisms, such as nucleation, crystallization, phase growth, phase evolution, and diffusion, 

etc.[70], [71] Therefore, it gives better understanding of the processing-structure relationship 

in the materials. In this study, in situ diffraction during synthesis was conducted and described 

in Chapter 3. 

Also, in situ diffraction can be performed on dielectric and ferroelectrics under the 

application of stimuli, such as heat, electric field, stress, and pressure, to study the structure-

property relationships. For example, the in situ electric field diffraction measurements can 



27 

 

 

 

provide useful information about the field-responsive mechanisms of ferroelectric materials, 

such as field-induced lattice strain, domain wall motion, and field-induced phase 

transition.[70], [71] In this work, in situ diffraction under electric field is described and studied 

in Chapter 7. A representative schematic for in situ synchrotron diffraction measurement of 

ferroelectrics under application of electric field can be seen in Fig. 2-2. 

 

2.2.5 Analysis of Diffraction Data 

To extract valuable information from the diffraction data, multiple characterization and 

analysis methods have been developed. The methods used through the entire work, such as 

Figure 2-2 Representative schematic of the measurement setup used to collect the synchrotron 

diffraction data under electric field. Figure courtesy of Jones Research Group. 
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phase identification, single peak fitting, Rietveld refinement, Le Bail fitting, are briefly 

introduced as follows. 

Phases contained in a diffraction pattern can be identified by crystallographic database 

matching. The characteristic diffraction pattern generated in a typical diffraction measurement 

provides a unique “fingerprint” of the crystals present in the sample. Therefore, by comparing 

the measured diffraction pattern with standard references in the XRD database, the 

crystallographic structures and phases can be identified.[66], [68] The crystallographic 

databases contained structural information of innumerous phases and materials, and the most 

widely used database nowadays is the International Centre for Diffraction Data (ICDD) 

database. 

Single peak fitting can be used to extract the peak position, full width at half maximum 

(FWHM), and peak intensity. Peak fitting is extremely useful to study the structural changes 

under applied stimuli. Each measured diffraction peak can be modeled by proper profile shape 

functions, such as Gaussian, Lorentzian, Pearson VII, or Pseudo-Voigt.[70], [72] The choice 

of shape functions depends upon the instruments used for the measurements. By peak fitting, 

the lattice parameters, lattice strain, crystallite size, and domain reorientation can be calculated.  

In order to give a detailed crystallographic description of the material from a diffraction 

pattern, whole pattern fitting method is required. Rietveld refinement is a method to refine 

crystal structure from the whole diffraction patterns by minimizing the difference between the 

observed and the calculated diffraction patterns using least-squares regression algorithm.[73], 

[74] Using this method, the atomic position, crystal structure, occupancy, phase fraction, 

microstrain, crystallize size, and crystallographic texture can be determined. Rietveld 
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refinement has been incorporated into most of the structure analysis software such as General 

Structure Analysis System (GSAS)[75], FullProf Suite[76], Materials Analysis Using 

Diffraction (MAUD)[77], and GSAS-II[78]. 

In order to study the structural response of piezoelectric or ferroelectric materials under 

the application of stimuli (e.g. electric field, stress, etc.), it is necessary to identify the crystal 

structure and to extract the lattice parameters at different electric fields. The behavior of lattice 

under external stimuli will give insights of the fundamental correlations of the structure and 

property. However, it is worth noting that using only a standard refinement routine (e.g. the 

Rietveld method) to characterize structure and to extract crystallographic information is 

inaccurate for analyzing data collected when a field is applied to polycrystalline materials. This 

is because under the application of a vector field, the powder averaging assumption is broken 

(i.e., the material is no longer isotropic). Therefore, more complicated models would need to 

be introduced in order to accurately describe the field-induced texture and/or atomic position 

changes, otherwise the structural information obtained from refinement process will be 

misleading. However, in general it is difficult to find the appropriate models, also incorporating 

such models into currently available refinement software packages is challenging. The 

Rietveld method attempts to utilize all parameters (including atomic position, thermal factor, 

texture) during refinement. In addition to the incorporation of complicated models in Rietveld 

method, alternative approaches, e.g. Pawley and Le Bail methods, are available for alternative 

structure determinations, such as calculating lattice parameters and identifying space 

group.[79], [80] The cell-constrained whole powder pattern decomposition method used in 

these approaches can produce a set of extracted intensities free of structural constraints, and is 
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suitable for attempting a structure solution. Both methods were derived from the Rietveld 

refinement method. The use of Le Bail fitting method to determine the structural changes under 

application of field can be found in Chapter 7. 

 

2.3 Structural Characterization with Total Scattering Techniques  

Noticeably, more and more advanced materials with high performance or precise 

response are demanded in order to satisfy the rapid development of nowadays technology. 

Normally these advanced materials have a sophisticated or complex crystal structure due to the 

competing and balancing of the internal forces at local scale, even though on average the 

structure is quite simple and straightforward.[69], [81] To study and design such complex 

materials, it is important to better understand the structures in atomic and nanometer scale.  

However, structural determination of the complex materials is challenging using the 

above-mentioned diffraction techniques. In the analysis of diffraction data using 

crystallographic methods such as Rietveld refinement, only the sharp Bragg diffraction peaks 

(elastic and coherent scattering part) are counted into consideration. These approaches are 

powerful to elucidate the atomic structure of a perfect periodic crystal, but fall short in 

analyzing the local scale disorder and distortion that commonly exists in the complex materials. 

There are various approaches to probe the local scale structures, for example, the Extended X-

ray absorption fine structure (EXAFS), nuclear magnetic resonance (NMR), transmission 

electron microscopy (TEM) and scanning probe microscopies (SPM). However, these methods 

are either only focus on a very short range (e.g. EXAFS) or lacking bulk average information 

(e.g. TEM).[69] 
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An alternate approach for local scale structure studies, called total scattering, was 

utilized in this work. In general, the total intensity collected from a scattering event between a 

beam and a matter, 𝐼𝑇, contains several parts: 

 𝐼𝑇 = 𝐼𝐶 + 𝐼𝐼𝐶 + 𝐼𝑀𝐶 + 𝐼𝐵𝐺 ( 2-1 ) 

where 𝐼𝐶 is the coherent scattering intensity, 𝐼𝐼𝐶 is the incoherent scattering intensity, 𝐼𝑀𝐶  is 

the multiple-scattering intensity, and 𝐼𝐵𝐺  the background intensity. As mentioned before, only 

the coherent scattering part (𝐼𝐶) contains information for structure interpretation of the matter. 

And the coherent scattering intensity 𝐼𝐶  is composed of elastic coherent scattering (Bragg 

diffraction and elastic diffuse scattering) and inelastic coherent scattering (e.g. inelastic diffuse 

scattering). The total scattering technique measures the coherent scattering in a wide range of 

2θ (or momentum transfer 𝑄 ), and treats the Bragg diffraction and diffuse scattering 

contributions equally.[69], [81] The local scale structural information that is contained in the 

total scattering pattern can be analyzed either directly in the reciprocal space, or in real space 

using pair distribution function (PDF), as described below. 

 

2.3.1 Pair Distribution Function 

PDF is obtained by applying a Fourier transform to a total scattering pattern, as: 

 𝐺(𝑟) =
2

𝜋
∫𝑄[𝑆(𝑄) − 1] sin(𝑄𝑟) 𝑑𝑄 ( 2-2 ) 

where 𝐺(𝑟) is the reduced pair distribution function, 𝑄 is the momentum transfer, 𝑆(𝑄) is the 

structure function obtained after correction and normalization of experimental data, and 𝑟 is 
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the atom-atom distance. The inverse transformation yields the structure function 𝑆(𝑄) in terms 

of 𝐺(𝑟), as: 

 𝑆(𝑄) = 1 +
1

𝑄
∫𝐺(𝑟) sin(𝑄𝑟) 𝑑𝑟 ( 2-3 ) 

Thanks to the development of spallation neutron sources, X-ray synchrotron sources, as well 

as the high-speed computing, the PDF method has become increasingly accurate and reliable 

to study the local structure of various materials such as amorphous, nanomaterials, and 

complex ceramics. 

It is important to note that prior to the PDF technique, EXAFS was widely used for 

local structural determination, and this technique still is a powerful local probe used in many 

aspects. In the EXAFS method, structural information is obtained through the diffraction of 

internally emitted photo-electrons excited by X-ray which produces oscillations in the energy 

dependence of the X-ray absorption coefficient.[82] In order to give an accurate interpretation 

of the EXAFS pattern, the dynamics of the photo-electrons have to be obtained, also the phase 

shift needs to be corrected.[69] Usually those processes depend upon quantum-mechanical 

computation through developing structural models. Because the inelastic scattering and 

multiple scattering cannot be accurately estimated in EXAFS, the scattering from randomly 

displaced atoms is strongly attenuated.[81] Therefore, the coordination number in a disordered 

system is usually underestimated in EXAFS, and the information on the structure beyond the 

first nearest neighbors is strongly suppressed and not reliable.[82] In addition, EXAFS is 

elemental sensitive, and only probes a specific element within the sample for each 

measurement. In contrast, PDF technique can determine longer atomic distances (e.g. 200 Å 
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or higher, depending on the Q resolution).[83] Thus not only the short-range but also the 

medium-range structure can be readily obtained in PDF. Compared to EXAFS, the PDF 

technique is not limited by the elements in the system nor their absorption edges, and is more 

broadly applicable. The atomic correlation of specific elements, and the contributions to the 

PDF from different atom pairs can be derived from models after refinement of PDF data. 

Considering the different features offered by EXAFS and PDF, it is beneficial to utilize both 

datasets in Reverse Monte Carlo method, giving additional constrains to the models.[81], [84] 

Based on the radiation sources, the PDF measurements can be categorized into three 

types: X-ray, neutron, and electron PDF. In the following, X-ray and neutron PDF are briefly 

introduced. Modern approach to X-ray PDF measurements is the use of synchrotrons radiation 

facilities such as the Advanced Photon Source at Argonne National Laboratory. Synchrotron 

PDF has several advantages such as high energy, high flux beam, sensitive detectors, and fast 

readout. The synchrotron PDF experiments in this work were performed at beamline 11-ID-B 

at Advanced Photon Source. Neutron total scattering is also particularly powerful, especially 

in the study of dielectric and ferroelectric ceramics. Since the neutron scattering length is not 

proportional to the atomic number, the lighter atoms (e.g. oxygen in ceramics) are more visible 

under neutron scattering compared to the X-ray scattering techniques. The spallation neutron 

source can provide ample intensity of epithermal neutrons with higher energies, suitable for 

PDF measurements.[81], [84] The neutron PDF can be collected at beamline BL-1B at SNS 

using the Nanoscale-Ordered Materials Diffractometer (NOMAD). 

In general, the raw data collected from synchrotrons radiation facilities needs to be 

processed (e.g. corrections and normalizations) in order to obtain the normalized total 
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scattering structure function 𝑆(𝑄) with high accuracy, which will be used for the inverse 

Fourier transform to generate PDF. Some important data processing steps are briefly 

introduced as follows. 

Firstly, the scattering signal from the addenda (e.g. sample container, background, 

sample environment, etc.) need to be removed. A series of total scattering measurements need 

to be performed, including scattering without the sample, without the sample and sample 

environment (e.g. insulating liquid), and scattering purely from the background. Thereafter, 

the contributions of scattering signal from each addendum can be determined and subtracted.  

Absorption corrections are necessary for samples that highly absorb X-rays. This step 

requires linear attenuation coefficients for the sample and container. If the sample composition 

and sample density are known, the attenuation coefficients can be calculated.[67], [69] 

In addition to the scattering events that the photons only scattered once, in reality, some 

photons may be scattered multiple times before being collected by the detector. This multiple-

scattering effect need to be corrected. Multiple scattering effect is most significant in 

transmission geometry at high scattering angles.[68], [69] 

The scattered intensity should be normalized with respect to the intensity of the 

incoming beam and to the number of atoms in the sample. X-rays become polarized by the 

scattering process and this affects the measured intensity as a function of scattering angle. So, 

the polarization correction need to be done before integrating the 2-D total scattering pattern. 

And for a typical synchrotron experiment, the beam is not 100% polarized, but around 95%. 

The incoherent and inelastic Compton scattering also need to be considered during data 
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processing. The Compton scattered intensity can be calculated theoretically and 

subtracted.[69], [85], [86]  

The properly corrected and normalized 𝑆(𝑄) is obtained only after these steps. Great 

care is needed in order to avoid the misleading interpretations of the PDF data. Most of the 

corrections are well understood and can be reliably estimated by various softwares or 

programs, such as PDFgetX3 and PDFgetX2.[87], [88] 

 

2.3.2 In situ PDF Techniques 

Similar to the diffraction measurements, a PDF measurement can be conducted in situ 

during the application of stimuli. Using this in situ technique, the local structural changes can 

be monitored and analyzed, giving better understanding of the structure-property relationship 

in complex materials. In this work, the in situ high temperature PDF was conducted on BT-

xBZT material systems, as described in Chapter 6; and in situ electric field PDF is conducted 

on PMN-xPT in Chapter 7. A representative schematic for in situ synchrotron total scattering 

measurements of ferroelectrics under application of electric field can be found in Fig. 2-3. 

For a total scattering pattern of a polycrystalline ceramic, each Bragg peak, which 

represents a set of planes, is a reflection of a small percentage of crystallites that are properly 

oriented. When an external stimulus (e.g. electric field) is applied on a polycrystalline sample, 

each crystallite is modified differently depending on its original orientation to the external field. 

Therefore, the field reduces the overall symmetry of the sample, and the powder averaging 

assumption is no longer valid. For a total scattering pattern collected using the geometries in 

Fig. 2-3 under field, each reflection is associated with a subset of crystallites that having 
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distinctly different orientations relative to the field vector. The scattering information that 

represents a fixed scattering vector angle to the field vector can be extracted using the 2-D area 

detector.[70], [71] Usually, two types of directional total scattering data, in which the scattering 

vector is parallel and perpendicular to electric field, are analyzed for the field induced structure 

anisotropy. After an inverse Fourier transform of the directional total scattering data, 

directional PDF patterns are obtained. the directional PDF describes the atom-atom pair 

distances along a given direction in polycrystalline ceramics. For example, for PDF pattern 

parallel to electric field direction as shown in Fig. 2-4, each peak is associated with atom-atom 

Figure 2-3 Representative schematic for in situ synchrotron total scattering measurement 

of ferroelectrics under application of electric field. Reproduced from Usher et al.[89] 𝜂 

is the angle between the electric field 𝐸 and the scattering vector 𝑄. The sample stage is 

shown in the inset. 
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pairs that are parallel to the external field. In other words, in an ABO3 perovskite structure, the 

peak at around 3.3 Å in PDF pattern parallel to electric field, is a reflection of the nearest A-B 

pairs parallel to field in crystallites with <111> parallel to field, and the peak at around 4 Å is 

a reflection of the nearest A-A or B-B pairs parallel to field in crystallites with <001> parallel 

to field, and so on.[89], [90] In summary, each PDF peak in the directional PDF comes from 

different crystallites with different orientations to the electric field. 

  

Figure 2-4 Directional PDF pattern from a polycrystalline BaTiO3 in which the scattering 

vector is parallel to electric field. The major atom pair contributions to selected PDF peaks 

are noted, and illustrated in a cubic perovskite unit cell as yellow bonds. 
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2.3.3 PDF Data Analysis 

A lot of information can be obtained by careful analysis of the PDF data. The PDF 

patterns can be studied directly without employing a structure model (peak fitting) or by 

structural modeling (real space PDF refinement). 

In general, a PDF peak has a Gaussian-like shape because it results from a distribution 

of atom-atom distance by atomic disorder, and each peak is actually a sum of a series of delta 

functions over the entire scatted matter. By simply fitting the individual PDF peaks, valuable 

information can be revealed: the position gives the average separation of the pair of atoms; the 

integrated intensity yields the coordination number of that pair of atoms; and the width and 

shape of the peak gives the underlying atomic probability distribution.[69] 

The positions of PDF peaks are direct reflections of the bond lengths and atom-atom 

pair distances within the material. The peak position can be accurately determined by fitting 

the individual peak with a Gaussian function. Usually for a disordered material, the nearest 

neighbor distance (first PDF peak) is well defined. While the atom-atom distances at longer 

distance are less well defined, and the peaks become broader, but still maintain their existence. 

But for a well-ordered crystal, the atom-atom pairs at all length scales are well defined due to 

the long-range order, resulting to sharp PDF peaks.  Note that ideally the well-defined peaks 

can persist at infinite length for ordered crystals, but in practice the peaks at high r are limited 

by the instrument resolution. The pair distance information can give insights of the 

coordination geometries, helps to develop the accurate structure models. 

The area of a PDF peak (integrated intensity) is proportional to the abundance of the 

associated atom pair. For an in situ PDF experiment, the changes in the abundance of the 
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correlation can be monitored by extracting the PDF peak area under different conditions. Note 

that for a system with only one element, the abundance of the correlation is the coordination 

number of that pair of atoms. But for a material with multiple elements, the weighting factors 

of each element need to be counted in order to obtain the coordination number 

information.[69], [81] 

The width and shape of PDF peaks gives information about the atomic probability 

distribution. In general, the Gaussian-shaped PDF peaks result from distribution of atom-atom 

distances by the thermal or static displacements induced atomic disorder. If the probability 

distribution is non-Gaussian, the PDF will reflect this feature. In addition, the slope of the PDF 

at low r is related to the sample density.[69], [85] 

Unlike EXAFS, the PDF technique is not an element-specific probe, but such structural 

and elemental information can be recovered by extending the PDF measurements to multiple 

related systems and using a differential analysis method. As mentioned in previous sections, 

the PDF pattern is a summation of all interatomic distances over the material. Therefore, the 

contributions of different components (different types of atom-atom pairs) are additive. For the 

differential analysis, if the PDF of one component can be accurately obtained, this PDF can 

serve as the reference, and other contributions of the total PDF can be subtracted and isolated. 

Note that the differential analysis is directly applied on the PDF patterns, instead of doing a 

Fourier transform of the difference pattern of the total scattering intensity pattern 𝐼(𝑄). This is 

based on the error propagation concerns: the artifacts in the PDF data are generally consistent 

between the total and reference PDF such that they cancel each other in the differential 

PDF.[69] Chapman et al. demonstrated this method can reach the sensitivity to components at 
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the 1 wt.% level and below. This method allows reliable analysis of multi-components systems, 

reveals valuable information that normal total PDF analysis cannot offer.[85] 

Besides analyzing the PDF pattern by fitting individual peaks, more valuable 

information can be obtained from structural modeling. In this process, PDF data can be refined 

by minimizing the difference between the observed and the calculated PDF patterns using a 

regression algorithm. A variety of modeling approaches are available nowadays for the 

structure optimization. In general, these methods are classified into two categories, “Small 

Box” and “Big Box” modeling. 

The “Small Box” approach means that a smallest possible unit cell is specified to reflect 

the structure, and periodic boundary conditions are applied on the single unit cell for 

calculating the PDF of the material. Analogue to the Rietveld refinement method on powder 

diffraction data, the “Small Box” modeling is efficient to recover the crystallographic structure 

at local scale. This real space Rietveld modeling method is integrated into PDFgui 

software.[91] A lot of structural information can be obtained from “Small Box” modeling, e.g. 

the lattice parameters, atomic positions, and atomic displacement parameters which reflect the 

static and dynamic disorder. In addition, other information, such as the average dimension of 

nanoparticles or length scale of structural coherence in disordered materials, can also be 

extracted. In the modeling process, the structure over various length scales can be determined 

by selecting different atom-atom distance (𝑟) range of the pattern. The “Small Box” method 

has its limitations: the local defects or distortions cannot be described well using the single 

unit cell; the discrete clusters or surface binding interactions cannot be accurately modeled 
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neither. The real space PDF refinement can be conduct using different software packages, such 

as PDFgui[91] and DISCUS[92]. 

The “Big Box” method extends the model to multiple independent unit cells containing 

a large number of atoms, and the size of the box is larger than the actual range of PDF data. 

This method utilizes reverse Monte Carlo algorithms, and is not subject to symmetry 

constraints. In the “Big Box” approach, the structural model is fit to the data by adjusting atom 

positions to minimize the residual function. In general, the degree of freedom is large, and 

sometimes even larger than the number of data points. Therefore, the model is 

underconstrained because there is no enough information in the data to yield a unique 

solution.[69], [81] For “Big Box” method, the structural model need to be constrained in 

physically reasonable ways, and this method can benefit from additional constraints from 

complementary data, e.g. EXAFS, nuclear magnetic resonance, Raman spectroscopy, etc.[85]  
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CHAPTER 3 Formation Mechanism Study of NBT-xBT During Solid State Synthesis 

The content in this chapter was published with the title “Formation of Sodium Bismuth 

Titanate-Barium Titanate during Solid State Synthesis”, in Journal of the American Ceramic 

Society. 2017;100:1330–1338.[93] 

In this chapter, phase formation of NBT and its solid solutions NBT-xBT during the 

calcination process is studied using in situ high temperature diffraction. The reactant powders 

are mixed and heated to 1000°C, while XRD patterns are recorded continuously. Phase 

evolutions from starting materials to final perovskite products are observed, and different 

transient phases are identified. The formation mechanism of NBT and NBT-xBT perovskite 

structures is discussed, and a reaction sequence is suggested based on the observations. The in 

situ study leads to a new processing approach, which is the use of nano-TiO2, and gives insights 

to the particle size effect for solid state synthesis products. It is found that the use of nano-TiO2 

as reactant powder accelerates the synthesis process, decreases the formation of transient 

phases, and helps to obtain phase-pure products using a lower thermal budget. 

 

3.1 Introduction 

NBT is one of the leading candidates currently under investigation as a lead-free 

alternative to the commonly used PZT based materials.[38], [94] Due to the low piezoelectric 

constant and high coercive field of NBT, it is often investigated in solid solution with other 

ferroelectric materials.[39] One such emerging system that has received significant attention 

in recent literature is the solid solution of NBT with the classic ferroelectric material BaTiO3, 

often referred to as NBT-xBT. The improved piezoelectric properties reported for this material 
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system make it a viable alternative for certain applications in which PZT is currently 

utilized.[40], [41] In order to broaden the application range of NBT-xBT and make it as 

versatile as PZT, a better understanding of the underlying formation mechanism and various 

factors that affect the properties of NBT-xBT is necessary and critical. 

In situ high temperature XRD is applied in the present work instead of ex situ 

characterization methods. Nowadays, revolutionary improvements in laboratory powder 

diffraction systems enable studies of various material systems under applied stimulus (e.g. 

temperature, atmosphere, pressure, and electric field), which provides valuable structural 

information of structure-property relationships, changes in structures, and phase evolution with 

applied stimuli.[71], [95] Even though ex situ methods can offer less noisy XRD patterns due 

to higher sampling statistics and longer counting time, traditional quenching methods used in 

ex situ methods limit the ability to capture phase evolution that happens in real time. To better 

understand the formation mechanism and phase evolution of NBT and NBT-xBT during solid 

state synthesis, in situ XRD patterns were obtained and investigated. 

 

3.2 Experimental 

Oxide powders of Bi2O3, TiO2, Na2CO3, and BaCO3 (purity>99.5%, Wako Pure 

Chemical Industries) were combined in stoichiometric amounts to obtain various compositions 

across the NBT-xBT phase diagram. The compositions examined in present work were NBT, 

0.94NBT-0.06BT (NBT-6BT), 0.91NBT-0.09BT (NBT-9BT), and 0.87NBT-0.13BT (NBT-

13BT). For each composition, a second set of reactant mixtures was prepared using nano-

crystalline TiO2 (30 nm, 99.9% purity, Showa Denko K. K.). All the mixed powders were ball 
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milled in ethanol with 5 mm diameter yttria-stabilized zirconia milling media for 24 hours. 

After drying, the powders were ground and sieved through a 200 µm sieve. Thermogravimetric 

analysis (TGA) was performed on the prepared powders with a temperature range of 25°C to 

950°C and a heating rate of 10°C/min. 

In situ powder diffraction patterns were measured on a PANalytical Empyrean 

diffractometer using Cu Kα radiation with an average wavelength of 1.542 Å, a PIXcel1D 

detection system and a HTK 1200N high temperature oven-chamber. The HTK 1200N heating 

stage is factory-mounted onto a z-axis, which is adjustable for sample height compensation. 

Spinning of the sample improves the statistics of the measurement by bringing additional 

particles into the diffraction condition. The prepared powders were loaded into an alumina 

sample holder with an inner diameter of 16 mm and a depth of 0.4 mm. A heating rate of 

5°C/min was used to heat the samples from room temperature continuously to a maximum 

temperature of 1000°C, followed by holding at 1000°C for 2 hours and then cooled down to 

room temperature with a cooling rate of 5°C/min. Diffraction patterns with a 2θ range of 15° 

to 90° were acquired continuously during heating, holding, and cooling periods. Each 

individual pattern was measured for 2 mins, which represents a temperature range of 10°C in 

the heating and cooling process.  

 

3.3 Results and Discussions 

3.3.1 Calcination Profile 

A 3D shaded surface plot of the diffraction patterns measured during the in situ 

calcination of NBT-6BT is shown in Fig. 3-1 with intensity on a log scale. The bottom 
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diffraction pattern in this figure represents the reactant mixtures at room temperature, while 

the top pattern is that of the calcination product at 1000°C. Fig. 3-1 reveals a great deal of 

information about the behavior of the starting materials, transient phases, and final products 

during the calcination process. A compilation of the calcination profiles of all of the different 

compositions is shown in Fig. A-1 to A-8 in Appendix A. 

By matching the Bragg peaks of the XRD pattern at room temperature with the ICDD 

database, the phases of starting materials were identified as following:  

• γ-Na2CO3 with a monoclinic C2/m structure (ICDD reference code: 01-075-6816) 

• TiO2, with a tetragonal I41/amd structure (ICDD reference code: 04-014-5764) 

• Bi2O3, with a monoclinic P21/c structure (ICDD reference code: 04-003-2034) 

• BaCO3, with an orthorhombic Pmcn structure (ICDD reference code: 04-015-3221) 

Figure 3-1 In situ diffraction patterns taken during the heating stage of solid state synthesis of 

NBT-6BT. 
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The diffraction pattern of NBT-6BT at room temperature before calcination was extracted from 

Fig. 3-1, and re-plotted in Fig. 3-2(a), and those reactant powder phases were noted below the 

pattern for a better reference.  

With increasing temperature, several peak changes from the starting materials are 

notable in the 3D surface plot Fig. 3-1. To better present the peaks described below, a 

magnified view of 2θ from 23.5° to 34.0° can be found in Fig. A-9 in Appendix A. Peaks of γ-

Na2CO3 disappear above 350°C, (e.g. the peak at 2θ≈30.1° belonging to (002) plane of γ-

Na2CO3), suggesting the complete reaction of this phase. The TiO2 phase was fully reacted 

above 550°C, indicated by (101) peak at 2θ≈25.3°, which has the highest intensity in the 

tetragonal TiO2 pattern. The Bi2O3 phase had reacted by 700°C. The majority of the peaks 

Figure 3-2 Diffraction patterns of the mixed reactant powders of NBT-6BT (a) before 

calcination, and (b) during calcination at 750°C. Phases of reactant were identified in (a); cubic 

perovskite phase and transient phases during calcination were noted in (b). 
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observed in the room temperature XRD pattern belong to Bi2O3 due to the higher atomic 

scattering factor of Bi and the structure of Bi2O3. Additionally, the positions of different peaks 

of Bi2O3 shift with varying magnitudes during heating due to anisotropic thermal expansion. 

For example, the different behaviors of (121)/(1̅22) peak and (200) peak suggests different 

interplanar spacing expansions under the same temperature increment. Similar behavior is 

observed across the whole 2θ ranges in Bi2O3, which indicates significant lattice changes of 

Bi2O3 during heating. The BaCO3 phase disappeared at 780°C, indicated by (111) peak at 

2θ≈23.9°. It is important to note that the temperature at which BaCO3 fully reacted in our 

experiment is lower than the thermodynamic equilibrium temperature for direct decomposition 

of BaCO3 (which is normally > 820°C)[96], suggesting a direct solid-solid reaction between 

BaCO3 with other reactants.[96]–[98] 

As shown in Fig. 3-1 and Fig. A-1 to A-8, the perovskite structures began to form at 

600°, which agrees well with TG-DTA analysis of NBT and NBT-based materials.[99], [100] 

The diffraction pattern at 750°C was extracted and re-plotted in Fig. 3-2(a) to show the formed 

cubic perovskite phase. Moreover, addition of BaCO3 does not change the perovskite 

formation temperature. After cooling, the final products exist as perovskite NBT or the NBT-

xBT solid solution. 

 

3.3.2 Formation Mechanism 

Selected Bragg reflections from the calcination profile of NBT-6BT are presented in 

Fig. 3-3(a)-(e) to show more details of the phase evolution; profiles for other compositions can 

be found in Fig. A-10 to A-17 in Appendix A. The in situ XRD data of NBT-xBT in the present 
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work agrees with the previous observation of NBT by Aksel et al.[101] Similar to Aksel et al., 

we examined the evolution of the Bragg peaks from the starting mixtures to the final perovskite 

phases of NBT-xBT, and classified the evolution of these peaks into two types: discontinuous 

type (perovskite peaks form discontinuously from the reactant peaks, e.g. (100) peak in Fig. 3-

3(a)) and continuous type (perovskite peaks form continuously from the reactant peaks, e.g. 

the (111), (002), and (2̅11) in Fig. 3-3(c)-(e)). By peak identification, we confirmed that these 

reactant peaks belong to Bi2O3 phase. Therefore, the continuous transition between the reactant 

and perovskite peaks suggests a particle conversion mechanism, proposed by Aksel et al., that 

Bi2O3 may act as a host for a diffusion-dependent conversion process during the development 

of NBT and NBT-xBT perovskite structure. Aksel et al. also studied the structure relation of 

Figure 3-3 Selected Bragg reflections from the calcination profile of NBT-6BT. The perovskite 

peak at the top of each subplot is (100), (110), (111), (002), and ( 2̅11) for (a) to (e), 

respectively. 
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Bi2O3 and NBT perovskite, and found the similarity in the orientation of the planes in the NBT 

and Bi2O3 phases for the continuous type peaks. This observation furthermore supports the 

mechanism that appropriate concentrations of other necessary constituent elements incorporate 

into Bi2O3 and this structure transforms into the perovskite structure. A detailed description of 

particle conversion mechanism can be found in Ref. [101]. 

In addition, Aksel et al. stated the perovskite (110) peak, located in the 2θ range of 

32.0°-34.0°, belongs to discontinuous type. However, in our observations, the peak at 

2θ≈32.5°, which belongs to the Bi2O3 (2̅11) plane, transforms to the perovskite (110) peak. A 

figure describing the similarity in the orientation of the perovskite (110) and the Bi2O3 (2̅11) 

can be found in Fig. A-18. The absence of the Bi2O3 (2̅11) peak in the prior study might result 

from the limited resolution of the X-ray diffractometer used.  

It is important to note that the particle conversion mechanism in formation of NBT-

xBT is different from the well-studied formation mechanism of BaTiO3 perovskite. Two main 

reaction stages during the formation of BaTiO3 were confirmed by various studies.[96], [98], 

[102]–[106] The first step is dominated by nucleation and growth of BaTiO3 at the TiO2/BaCO3 

contact points and at the TiO2 surface. Rapid formation of a BaTiO3 layer occurs at the surface 

of TiO2 due to surface diffusion of BaCO3. The second step occurs by diffusion of Ba2+ and 

O2- ions from BaCO3 to TiO2 core through the BaTiO3 perovskite layer, forming a core-shell 

structure during formation. Growth of this BaTiO3 shell happens until consumption of the TiO2 

core. Unlike the formation of NBT-xBT, no continuous peak transition from reactants to 

perovskite were observed by in situ diffraction studies in BaTiO3, further supporting that the 
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formation of BaTiO3 origins from reactions at the interface, instead of the gradual conversion 

from a structural host to final product.  

 

3.3.3 Transient Phases during Synthesis 

Some peaks, which do not belong to either the reactant powders or final products, were 

also observed in specific 2θ and temperature ranges. Fig. 3-4 shows an example of those 

transient peaks which occurred during the calcination in the 2θ range of 28.0°-32.0°. These 

peaks were classified into 3 different categories based on different behaviors as a function of 

temperature or composition. The ICDD was used to identify phases that include Bi, Ba, Na, 

Ti, and O, and might contribute to these peaks. The phases identified from the ICDD were 

cross-referenced against the observed transient peaks, and three phases were determined to be 

a good match: Type 1-BaTiO3, Type 2-Bi4Ti3O12, and Type 3-Ba2TiO4, which are generically 

referred to at the top of Fig. 3-4. A diffraction pattern of NBT-6BT at 750°C is shown in Fig. 

3-2(b), and those identified phases are marked below the pattern. The following paragraphs 

discuss each type of transient peaks in details. 

The peak at 2θ≈31.5° (Type 1 in Fig. 3-4) is the second most intense peak above 650°C, 

besides the perovskite final product peak at 2θ≈32°. This peak can only be observed in NBT-

xBT compositions, and is not present in NBT. Also, intensity of this peak increases with 

increasing BT concentration. At the end of the heating steps, this peak remains in all the Ba-

containing compositions, but disappears after the holding period of 2 hours at 1000°C, as 

shown in Fig. A-19 in Appendix A. There are additional peaks (e.g. at 2θ≈38.6°, 45.5°, and 

56.0°) which are also near to the perovskite peaks for the NBT-xBT final product. The positions 
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of these peaks indicate the presence of another perovskite-like phase. By phase identification 

using the ICDD database, the most reasonable transient phase that contributes to those peaks 

is BaTiO3, with a cubic Pm3̅m structure (ICDD reference code: 04-013-6212). The formation 

of BaTiO3 is likely a direct result of increased interaction between TiO2 and BaCO3 particles 

Figure 3-4 In situ calcination profile in the 2θ range of 28.0°-32.0° for NBT, NBT-6BT, NBT-

9BT, NBT-13BT (a to d); and for nano-TiO2 based compositions of NBT, NBT-6BT, NBT-

9BT, NBT-13BT (e to h). (Type 1-BaTiO3, Type 2-Bi4Ti3O12, and Type 3-Ba2TiO4) 
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due to inhomogeneous local distribution. Additionally, the formation of BaTiO3, which is 

closely related to the perovskite NBT and NBT-xBT, can presumably lower the energy barrier 

for the final conversion. It appears that a portion of the reactants firstly form BaTiO3, which 

then incorporates into the major NBT-xBT phase during the hold at 1000°C. 

The peak at 2θ≈30.0° (Type 2 in Fig. 3-4) is obvious in NBT and NBT-6BT samples. 

This peak only exists from 600°C to 800°C, which is different from the behavior of BaTiO3 

peaks. The phase identification result from the ICDD suggests this peak is the strongest 

reflection of Bi4Ti3O12 with an orthorhombic B2eb structure (ICDD reference code: 04-009-

5135). Bi4Ti3O12 has also been reported as a secondary phase by other studies on similar 

perovskite systems. For example, Xu et al. reported an intermediate phase of Bi4Ti3O12 in NBT 

in the 500°C to 550°C range using the citrate synthesis method;[107] Morozov et al. suggested 

the formation of Bi4Ti3O12 from Bi2O3 and TiO2 becomes noticeable at temperatures above 

600°C;[108] Aksel et al. reported Bi4Ti3O12 secondary phase in the 500°C to 650°C 

temperature range using in situ XRD method.[101] The various observed temperature ranges 

of Bi4Ti3O12 might result from different starting powders, processing methods, and/or different 

heating rates. The previous studies, together with this current work, strongly suggest the 

existence of a secondary reaction and a transient Bi4Ti3O12 phase during the processing of NBT 

and NBT-xBT. The relative intensity of Bi4Ti3O12 decreased with increasing BT content, likely 

because there are less Bi precursors and Ba suppresses the reaction between Bi2O3 and TiO2 

that occurs at particles’ interface. 

The peak at 2θ≈29.0° (Type 3 in Fig. 3-4) is distinguishable in NBT-xBT (Fig. 3-4(b) 

to (d)), while invisible in NBT. This peak is firstly observed at 650°C and disappears above 
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850°C. With increasing BT concentration, the intensity of the Type 3 peak increases, 

suggesting this phase is Ba-dependent. This peak also displays different behaviors in samples 

that are prepared with different types of TiO2 (e.g. Fig. 3-4(d) and (f)), suggesting this phase 

is also Ti-dependent. Prior literature reported the co-existence of Ba2TiO4 in the processing of 

BaTiO3 or BaTiO3 based materials,[96], [109]–[112] and this phase agrees with our phase 

identification result (monoclinic P21/n, ICDD reference code: 00-035-0813). Alternately, 

Triamnak et al. previously observed the BaBiO3 phase, which can also fit the given peak at 

2θ≈29.0°.[112] However, BaBiO3 is a less likely candidate due to the lack of Ti in the material. 

Therefore, the most likely phase corresponding to the Type 3 peak is Ba2TiO4. The formation 

of Ba2TiO4 may be due to the interaction between BaCO3 and TiO2. 

Formation of all the above transient phases occurred discontinuously from the reactant 

peaks, suggesting the transient phases form via a nucleation and growth mechanism, instead 

of the particle conversion mechanism that occurs in the formation of NBT-xBT. Transient 

phases finally convert to the NBT or NBT-xBT perovskite phase after heat treatments. 

 

3.3.4 Transformation of Na2CO3 

In addition to the transient phases, an interesting phase transformation of Na2CO3 was 

also observed in the present work. There is a notable feature in Fig. 3-1 and Fig. A-1 to A-8; a 

low intensity peak which starts at 2θ≈30.1° and shifts to 2θ≈28.0° at a rapid rate in the 

temperature range of 150°C to 450°C. A magnified view for this specific area can be seen in 

Fig. 3-5. The Bragg peak at this 2θ position can be indexed as Na2CO3. At atmospheric 

pressure, Na2CO3 exists as four polymorphs (α, β, γ, and δ), and continuous phase transitions 
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between the α, β and γ phases at various temperatures were reported using infrared absorption 

and neutron powder diffraction studies.[113]–[115] At room temperature, Na2CO3 is present 

in its monoclinic γ-phase and it transforms to the monoclinic β-phase with heating. The rapid 

shift in this observed Na2CO3 peak is attributed to the higher rate of thermal expansion in β-

Na2CO3.[115] Based on an infrared absorption study by Harris et al.,[114] the transition of γ-

phase to β-phase finishes at 346°C, which agrees well with our in situ XRD data that shows 

the disappearance of γ-phase (002) peak (2θ≈30.1°) at ≈350°C. Additionally, they reported that 

transition of β-Na2CO3 to α-Na2CO3 starts at 346°C and ends at 490°C, which also matches 

with our experimental data that shows β-Na2CO3 disappeared at ≈500°C. For temperatures 

Figure 3-5 In situ calcination profile at selected 2θ range to emphasize the peak changes 

of Na2CO3. 
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above 500°C and below 600°C, Na2CO3 exists in the α-phase, and the Bragg peaks of α-

Na2CO3 are covered by stronger Bi2O3 peaks in our study.  

In summary, according to the present in situ XRD data, the reaction processes that 

occur during the phase formation of NBT-xBT can be represented by the following steps: 

Primary phase sequence: 

• γ-Na2CO3 
∆(25°𝐶−350°𝐶)
→            β-Na2CO3 

• β-Na2CO3 
∆(350°𝐶−500°𝐶)
→             α-Na2CO3 

• 
1−𝑥

4
α-Na2CO3+TiO2+

1−𝑥

4
Bi2O3+xBaCO3 

∆(600°𝐶−1000°𝐶,𝑡ℎ𝑒𝑛ℎ𝑜𝑙𝑑2ℎ)
→                        NBT-xBT+

1+3𝑥

4
CO2 

Secondary phase sequence: 

• BaCO3+TiO2 
∆(650°𝐶−1000°𝐶,𝑡ℎ𝑒𝑛ℎ𝑜𝑙𝑑2ℎ)
→                        BaTiO3+CO2 

• 2Bi2O3+3TiO2 
∆(600°𝐶−800°𝐶)
→             Bi4Ti3O12 

• 2BaCO3+TiO2 
∆(650°𝐶−850°𝐶)
→             Ba2TiO4+2CO2 

TGA results in Fig. A-20 in Appendix A agrees well with the conclusions drawn from 

in situ XRD. As shown in Fig. A-20(a), the weight loss steps at 385°C might correspond to the 

transition of β-Na2CO3 to α phase, and the partial decomposition of Na2CO3; the significant 

weight drop at 623°C contributes from the reaction between raw powders and the formation of 

NBT-xBT; the small weight loss at 820°C comes from the formation of secondary phases. 
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3.3.5 Nano Particles Effects 

Based on the particle conversion mechanism, we hypothesize that the particle sizes of 

the starting materials will affect the phase sequence: if the size of TiO2 particles is reduced, 

the incorporation of those particles into the Bi2O3 host can be promoted, and therefore the 

conversion process will be accelerated. The reason that nano crystalline Bi2O3 was not varied 

in this study is that decreasing the host particle size (i.e., the use of nano-Bi2O3) would result 

in smaller grain sizes of the final products. In contrast, the present study focuses on accelerating 

the reaction by varying the size of the particles consumed in the reaction. Grain size effect on 

the final products’ electrical properties has been reported on different systems, e.g. Hao et al. 

states decreasing grain size leads to weaker piezoelectric properties and lower resistance to 

thermal depoling in (BaxCa1-x)(ZryTi1-y)O3;[116] McCauley et al. studied the intrinsic size 

effects of BaTiO3 on relative permittivity, dielectric loss, and transition temperature, and found 

ferroelectric transition cannot be supported below a critical grain size.[117] By using nano-

TiO2, potential changes in grain size effect can be mitigated since the host particle size remains 

the same. Decreasing the size of the TiO2 particles can also affect the phase transition. Binder 

reported both first- and second-order transitions get smeared and shifted due to particle size 

effect based on Monte Carlo simulations.[118] Various studies have proved that decreasing 

particle size can lower the calcination temperature, suppress secondary phases, and affect the 

performance of the materials.[105], [119]–[122] Therefore we expect fewer secondary, 

transient phases and lower phase formation temperature in this material system by using nano-

TiO2. To better understand the mechanism, and to prove our hypothesis, nano-TiO2 based 
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reactant mixtures for NBT and NBT-xBT were prepared, and their calcinations were 

investigated in situ. 

The particle size of the reactant TiO2 powder has several effects on the calcination 

process of NBT and NBT-xBT. The in situ calcination profiles of nano-TiO2 based 

compositions can be found in Fig. A-5 to A-8 and Fig. A-14 to A-17 in Appendix A. Diffraction 

patterns within a limited 2θ range to emphasize the transient phases in nano-TiO2 based 

compositions are given in Fig. 3-4(e)-(h). The use of nano-TiO2 shifted the temperature of the 

perovskite formation down to 500°C, in comparison to the formation temperature of 600°C in 

compositions prepared using normal commercial TiO2, confirming our hypothesis that the 

conversion process will be accelerated. Along with the perovskite final product, the transient 

phases also shifted to a lower temperature ranges by using the nano-TiO2. For example, the 

Bi4Ti3O12 phase is firstly observed at 550°C and disappears at 750°C in Fig. 3-4(e), showing a 

50°C decrease from the normal-TiO2 based compositions; the BaTiO3 phase is no longer 

present at the end of the heating cycle, suggesting a phase-pure NBT-xBT is obtained without 

holding at 1000°C for more thermal input. The difference of TGA results between normal-

TiO2 based and nano-TiO2 based reactant powders strengthens our arguments. For example, as 

shown in Fig. A-20(a) and (b), the derivative weight peak at 623°C, suggesting the formation 

of NBT-xBT, dropped to 552°C by using nano-TiO2 method, while the derivative weight peak 

at 820°C, showing the formation of secondary phases, dropped to 700°C by using nano-TiO2. 

Additionally, the relative intensity of the transient peaks is reduced for the compositions 

prepared with nano-TiO2, some of the transient peaks shown in normal-TiO2 based 

compositions cannot even be observed, confirming our hypothesis that less secondary phases 
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form in the system. The lower formation temperature and weaker intensity of transient phases 

likely results from the greater specific surface area of nano-TiO2. The area where the reactants 

can interact is increased in nano-TiO2 particles, which can allow for more contact area through 

which TiO2 can incorporate into Bi2O3 to form the final product or react with other particles to 

form transient phases. High surface area also provides higher stored energy for solid state 

synthesis.[123] Therefore, the reaction dynamics appear to be accelerated by using nano-TiO2, 

and NBT-xBT products with higher purity can be achieved with a lower calcination 

temperature and smaller thermal budget. 

 

3.4 Conclusions 

Based on the in situ XRD, the formation of NBT and NBT-xBT perovskite products 

can be explained using the particle conversion mechanism. By examining the in situ XRD 

patterns of different compositions, it is clear that intermediate phases strongly influence the 

phase development of NBT and NBT-xBT, and the addition of BaCO3 dramatically changes 

the phases present, reaction sequence, and temperature ranges of those intermediate phases 

formed during synthesis. The formation of the perovskite final products is a complex reaction 

sequence with multiple steps, several of which were described in this work. Studying the 

reactions in situ helps to explain known phenomena in the NBT-xBT system, and is useful in 

improving processing route. The use of nano-TiO2 as reactant powder accelerates the synthesis 

process, decreases transient phases, and offers potential for obtaining high purity 

multicomponent products with lower processing temperatures, in which final products with 

tailored and predictable properties could be prepared.  
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CHAPTER 4 Crystallographic Structure Study of Non-equilibrium Si-doped HfO2 

The content in this chapter was published with the title “Processing and 

crystallographic structure of non-equilibrium Si-doped HfO2”, in Journal of Applied Physics 

117.24 (2015): 244103.[124] 

Si-doped HfO2 is confirmed to exist as a non-equilibrium state. The crystallographic 

structures of Si-doped HfO2 is studied using HRXRD and the Rietveld refinement method. 

Incorporation of Si into HfO2 and diffusion of Si out of (Hf,Si)O2 are determined as a function 

of calcination temperature. Higher thermal energy input at elevated calcination temperatures 

results in the formation of HfSiO4, which is the expected as major secondary phase in Si-doped 

HfO2. The effect of SiO2 particle size (nano- and micron-sized) on the formation of Si-doped 

HfO2 is also determined. Nano-crystalline SiO2 is found to incorporate into HfO2 more readily.  

 

4.1 Introduction 

Si-doped HfO2 has been widely studied because of its high permittivity, compatibility 

with silicon substrate and low leakage current.[125] Recent studies have also shown that Si-

doped HfO2 thin films can exhibit ferroelectricity when doped with small amounts of Si and in 

a mechanically compressed state.[58], [59], [61], [126], [127] The combination of permittivity 

and ferroelectricity in Si-doped HfO2 might lead to new devices such as multifunctional 

advanced gate dielectrics and nano-scale CMOS-compatible ferroelectric field effect 

transistors (FeFETs).[60], [128]–[130] 

It is important to understand the stability of Si-doped HfO2 because fabrication 

processes require high temperature annealing, also these devices might be used at elevated 
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temperatures for extended periods of time. The behaviors of Si-doped HfO2 thin films and 

powders under some thermal treatments have been studied by various researchers. Quevedo-

Lopez et al. detected that Hf diffused out of Si-doped HfO2 thin films and reacted with 

substrates when annealed between 800°C and 1100°C[131], while Tomida et al. showed that 

Si diffused from the substrates into HfO2 thin films at 1000°C.[132] Besides interdiffusion, 

other microstructural changes and phase separations in Si-doped HfO2 were also reported by 

different groups.[133]–[138] Studies by Stemmer et al. suggested Si-doped HfO2 separated 

into a crystalline HfO2-rich phase and a silica-rich matrix at 1000°C.[134] Lysaght stated that 

no HfSiO4 was detected in Si-doped HfO2 thin films when annealed at 1000°C,[135] while 

Chang et al. reported a HfSiO4 phase formed in Si-doped HfO2 thin films when annealed above 

900°C.[136] Tomida et al. observed the phase transition of HfO2 from monoclinic to cubic-

like/tetragonal under different heat treatments.[137], [138] The observations of different types 

of microstructure changes in Si-doped HfO2 thin films contradict one another, and often 

contradict the established phase diagram, in which a mixture of monoclinic HfO2 and 

tetragonal HfSiO4 should be observed below 1750°C.[139] Moreover, Zhao et al. studied 

crystal structures of Si-doped HfO2 powders, in which there are no chemical interactions with 

the substrate and no possible effects of substrate strain on properties and structure of the 

materials. Using powders, Zhao et al. observed a (Hf,Si)O2 solid solution with a maximum Si 

solubility of around 9% when calcined at 1400°C.[140] The existence of (Hf,Si)O2 solid 

solution in Si-doped HfO2 powders also disagrees with the established phase diagram. Thus, 

the authors suggested that Si-doped HfO2 thin films and powders might exist as non-

equilibrium states. Si-doped HfO2 might be unstable and undergo a transformation from non-
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equilibrium (Si-doped HfO2) to equilibrium (HfO2 + HfSiO4) with applied excess thermal 

treatments. 

In this work, Si-doped HfO2 powders were synthesized under various heat treatments. 

The HRXRD patterns were measured to provide further insight into crystallographic structures 

of Si-doped HfO2. Detailed phase and crystal structure information were determined using full 

pattern profile fitting via the Rietveld refinement method. We report the evolution of the 

crystallographic structure of 9 at.% Si-doped HfO2 powders. We note that, while 

ferroelectricity and anti-ferroelectricity have been observed in thin film Si-doped HfO2, the 

powders are unique from the thin films in that chemical reactions with substrates are mitigated 

and, moreover, any possible effects of film stress on properties and behavior of the materials 

are eliminated. We investigate the 9 at.% Si-doped HfO2 composition because Ref. [140] 

reported this composition is the maximum solubility of Si in HfO2 powders. Moreover, Si 

should incorporate fractionally from 0 at.% to 9 at.% throughout the synthesis process, 

meaning that intermediate concentrations of Si dopant are innately studied during the early 

synthesis steps. In addition, the effect of SiO2 particle size on the formation of Si-doped HfO2 

was also determined. 

 

4.2 Experimental 

Nine (9) at.% Si-doped HfO2 powders were synthesized using the solid state reaction 

method. Reactant powders of HfO2 (99.95%, Alfa Aesar) and SiO2 (20-30 nm, 99.5%, Sigma-

Aldrich) were mixed and ball milled in ethanol for 24 hours. Following milling, the slurries 

were dried, sieved, and then calcined for 4 hours at a constant temperature ranging from 
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1000°C to 1700°C in 100°C increments. Samples are denoted as Si:HfO2(calcination 

temperature) when referenced. To determine the effect of SiO2 particle size on the formation 

of Si-doped HfO2, nano-crystalline SiO2 and micro-crystalline SiO2 were used as sources of 

Si. Micro-crystalline SiO2 was obtained by calcining the nano-crystalline SiO2 at 1400°C for 

4 hours. The Si-doped HfO2 powders from different size SiO2 crystalline were processed using 

the above procedures and calcined at 1400°C. These two batches of powders will be denoted 

as Si:HfO2(nano) and Si:HfO2(micro). 

The HRXRD patterns were measured on beamline 11-BM-B at the Advanced Photon 

Source at Argonne National Laboratory. Calcined powders were loaded into Kapton® capillary 

tubes. HRXRD patterns were measured at room temperature for 0.1 s every 0.002° from 0.5° 

to 34° 2θ using an X-ray wavelength of 0.413685 Å. The HRXRD patterns were analyzed by 

the Rietveld refinement method using the program GSAS with EXPGUI interface.[75], [141] 

Profile function 4, which utilizes anisotropic microstrain terms, was used to model the peak 

profile. A 10th order shifted Chebyschev polynomial was used to model the background 

intensity. The refined parameters include lattice constants, atomic site positions, atomic 

occupancies, isotropic displacement, profile function terms, zero, and phase fractions. The total 

occupancy of Si and Hf was constrained to equal 1. 

 

4.3 Results and Discussions 

Figure 4-1 shows HRXRD patterns of Si-doped HfO2 powders after different heat 

treatments. For all calcination temperatures, the primary phase was indexed as monoclinic 

HfO2. While thin film HfO2 can exist in monoclinic, tetragonal, and/or orthorhombic 
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phases[58], [61], [126], HfO2 and Si-doped HfO2 powders exhibit the monoclinic phase 

consistently for all calcination temperatures. Figure 4-1 presents the evolution of this major 

phase and other minor phases (monoclinic HfO2, nano-crystalline SiO2, cristobalite SiO2, and 

HfSiO4) as a function of calcination temperature. With increased calcination temperature, the 

monoclinic HfO2 reflections sharpen. The observed sharpening can be attributed to either 

microstrain relief or coalescence of particle clusters into larger particles. A broad peak is 

observed at low 2θ range (approximately 0.8°) from Si:HfO2(1000°C) to Si:HfO2(1400°C), 

which might result from amorphous scattering of remnant nano-crystalline SiO2 particles. The 

intensity of this broad peak decreases with increased calcination temperature, disappearing 

above 1400°C, suggesting nano-crystalline SiO2 might diffuse into HfO2 or aggregate into 

larger SiO2 particles. However, due to the absence of other new SiO2 phases in 

Figure 4-1 HRXRD patterns of Si:HfO2(1000°C) to Si:HfO2(1700°C). Source for Si: nano-

crystalline SiO2.The inset figure was plotted in log scale for highlighting the phase evolution. 

HfSiO4, cristobalite SiO2, and monoclinic HfO2 peaks were marked in the inset figure. 
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Si:HfO2(1000°C) to Si:HfO2(1400°C), the decrease of nano-crystalline SiO2 is likely 

compensated by the formation of (Hf,Si)O2 solid solution. Therefore, the primary structure in 

these patterns is considered to be (Hf,Si)O2 instead of HfO2. One secondary phase, indexed as 

cristobalite SiO2, was observed only in Si:HfO2(1500°C) powders. Another secondary phase, 

indexed as tetragonal HfSiO4, was observed in Si:HfO2(1500°C) to Si:HfO2(1700°C) powders. 

The intensity of HfSiO4 reflections gradually increases with increased calcination temperature, 

as showed in the inset of Fig. 4-1.  

The HRXRD patterns were analyzed using the Rietveld refinement method to 

determine the effect of heat treatments on the phases and crystallographic structures of Si-

doped HfO2. The (Hf,Si)O2 solid solution was modeled using a P21/c space group while the 

cristobalite SiO2 and HfSiO4 used the space groups P41212 and I41/amd, respectively. Strong 

peak asymmetry was observed in (Hf,Si)O2 solid solution peaks for Si:HfO2(1500°C) to 

Si:HfO2(1700°C). The observed peak asymmetry could not be adequately modeled using a 

single (Hf,Si)O2 structure and might result from the overlapping of multiple (Hf,Si)O2 

structures with varying dopant occupancies. To model a combination of structures in the 

simplest form, undoped HfO2 was added as a second phase with the (Hf,Si)O2 solid solution. 

A comparison of Rietveld refinement results for Si:HfO2(1700°C) obtained using a single 

(Hf,Si)O2 phase and a mixture of [(Hf,Si)O2 + undoped HfO2] can be found in Fig. B-1 in 

Appendix B. The addition of the undoped HfO2 phase more adequately models the observed 

asymmetry, particularly the 111 and 220 peaks as shown in inset of Fig. B-1.  
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A representative crystallographic structure refinement for Si:HfO2(1500°C) is shown 

in Fig. 4-2. The refinement results for the remaining samples can be found in Fig. B-2 to Fig. 

B-8. Table 4-1 summarizes the refinement results, including lattice parameters, cell volume, 

phase fraction, dopant occupancies, and goodness of fit. Fig. 4-3 shows the change of Si 

occupancies in (Hf,Si)O2 solid solutions as a function of calcination temperature. For 

Si:HfO2(1000°C), the Si occupancy in (Hf,Si)O2 solid solution was 7.2 at.%. The lack of full 

solubility of Si in Si:HfO2(1000°C) suggests a small remaining fraction of nano-crystalline 

SiO2 is present. The remaining nano-crystalline SiO2 gives rise to the broad peak as observed 

at 2θ≈0.8° in Fig. 4-1. When the calcination temperature increased from 1000°C to 1400°C, 

the Si occupancy gradually increased from 7.2 at.% to 8.9 at.%. Incorporation of Si at 

concentrations up to 8.9% is consistent with earlier papers showing substitution up to 9 or 10 

Figure 4-2 Representative crystallographic structure refinement for Si:HfO2(1500°C). Source 

for Si: nano-crystalline SiO2.The HRXRD diffraction is shown in black, the calculated fit in 

red, and the difference in blue. The hkl markers for different phases used for refinement are: 

(Hf,Si)O2 solid solution in brown, pure HfO2 in pink, and HfSiO4 in orange, and cristobalite 

SiO2 in green. 
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at%.[132], [140] The maximum Si occupancy is obtained at 1400°C, indicating most of 

remaining nano-crystalline SiO2 have diffused into HfO2.  

The dopant occupancy reduced in samples where the calcination temperature exceeded 

1400°C, e.g. 7.6 at.% of Si occupancy in Si:HfO2(1500°C), and further decreased at higher 

calcination temperature. The decrease of Si occupancy for Si:HfO2(1500°C) to 

Si:HfO2(1700°C) suggests Si atoms diffuse out of (Hf,Si)O2, and is suspected to evidence a 

transition from a non-equilibrium state of (Hf,Si)O2 to a different equilibrium state. The 

transition likely results from the higher thermal energy input at elevated calcination 

temperatures. A Si solubility of 2.9 at.% is still observed in Si:HfO2(1700°C), thus a 

calcination temperature of 1700°C and a holding time of 4 hours is insufficient to reach the 

equilibrium state of Si-doped HfO2. The destabilization of non-equilibrium Si-doped HfO2 is 

also consistent with phase separation and HfSiO4 appearance that was observed in thin 

films.[135] The trends observed in the present work suggest that with prolonged holding time 

or increased calcination temperature, the non-equilibrium Si-doped HfO2 will be driven to an 

equilibrium state, which only contains HfO2 and HfSiO4.  

The change of cell distortion parameters (e.g. 𝑐/𝑏, 𝛽 angle) as a function of calcination 

temperature can also be seen in Fig. 4-3. In general, as calcination temperature increases, 𝑐/𝑏 

increases while the 𝛽 angle decrease. To quantify the distortion of unit cells, spontaneous 

ferroelastic strain (𝑆) as a function of calcination temperature was also plotted in Fig. 4-3. 

Though the spontaneous ferroelastic strain, which describes the monoclinic unit cell distortion, 

has several unique strain components, the cell distortion that occurs in multiple directions can 

be represented by a scalar spontaneous strain value. The detailed equations and calculations of 
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spontaneous strain can be found in Refs. [140], [142], [143]. The value of S decreased above 

1400°C, suggesting that the decreased dopant fraction that occurs with increased calcination 

temperature drives the (Hf,Si)O2 monoclinic structure to a less-distorted state.  

The changes of phase fractions as a function of calcination temperature were 

determined in the Rietveld refinement. Figure 4-4 shows this phase evolution for Si-doped 

HfO2. The lack of Bragg peaks for nano-crystalline SiO2 prevents a quantitative determination 

Figure 4-3 Si occupancy, structural parameters and spontaneous strain of 9 at.% Si-doped 

HfO2 as a function of calcination temperature. Source for Si: nano-crystalline SiO2. Error 

bars are shown and most error bars are less than the symbol size. 
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of the fraction of this starting material. HfSiO4 initially formed at 1500°C with a weight 

fraction of 1.96%, and increased to 10.27% at 1700°C. Detailed lattice parameters for HfSiO4 

can be found in supplemental Table B-1. The formation of HfSiO4 phase corresponds to the 

diffusion of Si out of the (Hf,Si)O2 solid solution. A possible microstructural evolution that 

can lead to the measured phase evolution is proposed in Fig. 4-4. A portion of starting nano-

crystalline SiO2 powders diffuse into HfO2, forming the (Hf,Si)O2 solid solution at 1000°C, 

while some remaining SiO2 persists as nanoparticles. Increased calcination temperature to 

1400°C enhances the diffusion of Si into HfO2 and further increase in temperature (e.g. 

1500°C) causes particle coarsening of the remaining nano-crystalline SiO2 into larger 

cristobalite SiO2 particles. The agglomerated SiO2 will ultimately disappear at higher 

Figure 4-4 Phase evolution with calcination temperature (a) and schematic of the reaction 

sequence for different calcination temperatures (b). Source for Si: nano-crystalline SiO2. Error 

bars are shown and most error bars are less than the symbol size. 
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temperature because of its incorporation into HfO2. HfSiO4 and undoped HfO2 were also 

formed at 1500°C because of the migration of Si out of (Hf,Si)O2 solid solution. The phase 

concentrations of HfSiO4 and undoped HfO2 increased at temperatures above 1500°C, 

contributing from the further migration of Si out of (Hf,Si)O2. 

From the prior observations, we can propose that two competing processes are likely 

to exist during heat treatments. One process is the incorporation of Si into HfO2 particles, 

forming (Hf,Si)O2 solid solutions. This process will be enhanced with increasing temperature, 

but will also be limited by the SiO2 particle coarsening, which occurs in parallel. The other 

process is the migration of Si out of (Hf,Si)O2 solid solution, with the migrated Si as the source 

for the formation of HfSiO4. The data suggests that the process of Si incorporation dominates 

at temperature below 1400°C, while the migration of Si out of (Hf,Si)O2 is the major process 

occurring at temperature above 1500°C. Thus, calcination temperatures near 1400°C-1500°C 

could be the ideal intermediate temperature range to achieve a maximum incorporation of Si 

into (Hf,Si)O2. 

Additional experiments were performed in order to determine the effect of SiO2 particle 

size on the formation of Si-doped HfO2. Two different starting powders, micro-crystalline and 

nano-crystalline SiO2, were used as the source of Si. The powders of Si:HfO2(nano) and 

Si:HfO2(micro) were calcined at 1400°C because the maximum of Si uptake into (Hf,Si)O2 

solid solution was found at this temperature. Fig. 4-5 shows a comparison of HRXRD patterns 

of Si:HfO2(nano) and Si:HfO2(micro). The reflections of cristobalite SiO2 phase (e.g., 2θ≈5.8°) 

were observed in Si:HfO2(micro), suggesting micro-crystalline SiO2 didn’t fully react with 

HfO2. In contrast, the reflections of the cristobalite phase were not observed in Si:HfO2(nano). 
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Measured HRXRD patterns were analyzed using the Rietveld refinement method to 

quantitatively study the effect of SiO2 particle size on Si substitution and phase evolution. The 

refinement results for Si:HfO2(nano) and Si:HfO2(micro) can be found in supplemental Fig. 

B-6 and Fig. B-9. Phase fractions, Si occupancies, and lattice parameters of (Hf,Si)O2 are 

shown in Table 4-2. A (Hf,Si)O2 solid solution formed regardless of SiO2 particle size, though 

the dopant occupancies were different for these two different SiO2 particles. The Si occupancy 

in Si:HfO2(nano) is 8.9 at.%, which demonstrates that most of nano-crystalline SiO2 diffused 

into HfO2, whereasthe Si occupancy in Si:HfO2(micro) is 3.2 at.%. Moreover, the cristobalite 

phase fraction increased to 3.7% in Si:HfO2(micro), suggesting only a portion of micro-

crystalline SiO2 incorporated into HfO2. The lattice parameters (𝑐/𝑏, β angle, cell volume) of 

(Hf,Si)O2 were also different between Si:HfO2(nano) and Si:HfO2(micro). The more 

significant changes of lattice parameters and unit cell volume for Si:HfO2(nano) could result 

from more Si atoms diffused into HfO2. The effect of SiO2 particle size on the formation of Si-

Figure 4-5 HRXRD patterns of 9 at.% Si:HfO2(nano) and Si:HfO2(micro) at calcination 

temperature of 1400°C.The intensity is plotted in log scale for highlighting the secondary phase 

cristobalite SiO2 
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doped HfO2 can be explained by the different specific surface areas. Smaller particles have 

larger specific surface area, so the total contact area between SiO2 nanoparticles and HfO2 

particles is larger than the total contact area between SiO2 microparticles and HfO2 particles. 

Large contact area helps the diffusion of Si into HfO2, leading to the high dopant occupancies 

in (Hf,Si)O2 solid solution and less formation of cristobalite SiO2 phase. 

 

4.4 Conclusions 

In summary, heat treatments were found to affect phase presences and crystallographic 

structures of Si-doped HfO2 powders. Incorporation of Si into HfO2 and diffusion of Si out of 

(Hf,Si)O2 were determined as a function of calcination temperature. The results suggest that 

non-equilibrium (Hf,Si)O2 is formed at temperatures between 1000°C and 1400°C in Si-doped 

HfO2, and calcination temperatures above 1500°C provide a driving force to reach equilibrium. 

The observation of HfSiO4 and pure HfO2 in Si-doped HfO2 corresponded with the migration 

of Si out of (Hf,Si)O2. SiO2 particle size has a significant effect on the formation of non-

equilibrium Si-doped HfO2. Nano-crystalline SiO2 was found to incorporate into HfO2 more 

readily, and prevent the forming of secondary phases such as HfSiO4 and cristobalite SiO2. 

This work demonstrates that the processing conditions can be optimized to control Si 

incorporation and to mitigate the eventual precipitation of secondary phases. Moreover, it is 

shown that (Hf,Si)O2 is a non-equilibrium structure that will transform into HfSiO4 and HfO2 

with enough thermal energy. 
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Table 4-1 Summary of refined crystallographic information resulting from Si-doped HfO2 powders with different calcination 

temperatures. 

Calcination 

Temperature 

(°C) 

Lattice parameters 
Volume(Å3

) 

Si 

occupanc

y 

Weight fraction Profile fit 

a(Å) b(Å) c(Å) 
β(degrees

) 

(Hf, Si)O2 

(%) 

Undoped 

HfO2 (%) 
HfSiO4 (%) 

Cristobalite 

SiO2 (%) 
Rwp (%) 

Rp 

(%) 

1000 5.11964(6) 5.17180(6) 5.29589(6) 99.1973(7) 138.421(3) 0.072(4) 100 0 0 0 6.57 5.25 

1100 5.11909(5) 5.17236(5) 5.29585(6) 99.1921(6) 138.422(3) 0.073(4) 100 0 0 0 7.21 5.80 

1200 5.11871(4) 5.17337(5) 5.29519(5) 99.1927(5) 138.421(3) 0.074(4) 100 0 0 0 7.24 5.77 

1300 5.11803(4) 5.17614(4) 5.29261(4) 99.2100(5) 138.402(2) 0.076(5) 100 0 0 0 8.46 6.68 

1400 5.11827(2) 5.17426(2) 5.29488(3) 99.1861(5) 138.427(1) 0.089(5) 100 0 0 0 9.68 7.75 

1500 5.11970(3) 5.16718(3) 5.30220(4) 99.1237(5) 138.492(1) 0.076(5) 92.99(1) 4.65(2) 1.96(8) 0.40(3) 9.82 7.22 

1600 5.12128(4) 5.16369(4) 5.30717(5) 99.0809(7) 138.588(2) 0.021(6) 79.71(2) 10.19(4) 10.10(6) 0 12.23 8.95 

1700 5.12138(6) 5.16499(6) 5.30531(7) 99.0868(8) 138.574(3) 0.029(6) 67.30(3) 22.42(5) 10.27(3) 0 10.78 8.06 

 

 

 

 

 

 

 

Table 4-2 Summary of refined crystallographic information resulting from Si:HfO2(nano) and Si:HfO2(micro). 

Samples 

Weight fraction 
Si 

Occupancy 

Lattice parameters 
Volume 

(Å3) 

Profile fit 

(Hf,Si)O2 

(%) 

Cristobalite SiO2 

(%) 
a(Å) b(Å) c(Å) β(degrees) Rwp(%) Rp(%) 

Si:HfO2(nano) 100.00 0 0.089(5) 5.11827(2) 5.17426(2) 5.29488(3) 99.1861(5) 138.427(1) 9.68 7.75 

Si:HfO2(micro) 96.29(3) 3.71(10) 0.032(5) 5.11714(3) 5.17863(3) 5.28947(3) 99.2303(4) 138.355(2) 9.88 7.72 
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CHAPTER 5 Structure Characterization of (CoxMn3-x)O4 (0.9≤x≤2.7) Using X-ray and 

Neutron Diffraction 

A comprehensive structure characterization is performed on (CoxMn3-x)O4 ceramics in 

a wide composition range. ND and HRXRD patterns are analyzed using Rietveld refinement 

method. The phase fraction, lattice parameters, metal-metal bonds, and metal-oxygen bonds 

are obtained from the refinement process. A tetragonal to cubic phase transition is observed, 

and changes of crystallographic structure as a function of Co concentration are discussed. This 

study contributes to a more thorough understanding of the structures in CMO spinel oxides. 

 

5.1 Introduction 

Spinel type structures with a chemical formula of AB2O4 have attracted great attention 

due to their electronic properties. The spinel oxides play an important role, and have great 

potential applications in electronics, catalysis, magnetism, and energy storage devices.[65], 

[144]–[147] In general, for an AB2O4 spinel material, oxygen anions are close-packed with 

face-centered cubic configuration, while 1/8 of the tetrahedral sites are occupied by cation A, 

and cation B occupies 1/2 of the octahedral sites. Many types of cations can be inserted into 

the spinel framework by chemical modification. The tetrahedral and/or octahedral sites of 

spinel crystal structure can tolerate various atoms with different ionic radii and valence states, 

resulting in a large amount of oxide compounds with interesting properties.[148] Moreover, 

the electrical properties of complex spinel oxides are significantly influenced by the cation 

arrangements and oxidation states in the tetrahedral and/or octahedral sites.[64], [144] 

Recently, cobalt manganese based spinel oxides, which has a (CoxMn3-x)O4 chemical formula, 
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have been reported to have non-linear resistivity variation with temperature, suggesting the 

application for NTC thermistors in microelectronic systems.[65], [149]–[151] In addition, 

these CMO materials have other features such as element abundance, low cost, and non-

toxicity. 

It is known that the Co/Mn ratio in CMO spinel oxides significantly affects the 

crystallographic phase structure and the electric and magnetic properties.[63], [64], [144] 

Therefore, the NTC of CMO spinel oxides can be tuned by modifying cation distributions 

through extrinsic cation dopants. However, the mechanism responsible for the change of 

electric properties in CMO is not entirely clear. It has been hypothesized that the crystal 

structure, cation arrangements and mixed oxidation states contribute to the properties’ 

changes.[63], [64] But systemic structure characterization of CMO in a wide composition 

range is lacking in literature. An improved understanding of the crystallographic information 

of CMO spinel oxides may provide insight into the structure-property relationship for this 

material system. 

In this work, the CMO condensed pellets over a wide composition range (0.9≤x≤2.7) 

were prepared by collaborators in Korea Institute of Industrial Technology (KITECH) via a 

gel combustion and spark plasma sintering (SPS) method. CMO spinel oxides are normally 

synthesized by a conventional solid state method, which requires elevated temperatures and 

prolonged heat treatment time. However, the produced powders often have irregular shapes, 

large particle sizes, phase separation, and microstructure inhomogeneity, seriously impeding 

their properties.[152]–[154] To avoid such problems, gel combustion synthesis was adopted in 

this study. Gel combustion is a simple and cost-effective method, and is suitable for preparing 
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oxide nanopowders with a wide composition range.[149], [150] Following gel combustion, 

SPS was conducted on the nanopowders to obtain the condensed pellets. Comparing the 

conventional sintering procedures, SPS offers lower thermal input, short sintering time, and 

high densification. 

In general, XRD is more sensitive to the measurement of lattice parameters. But this 

technique cannot distinguish the Co and Mn atoms due to their similar atomic form factors. 

Fortunately, Co and Mn have different neutron scattering lengths and opposite signs. 

Therefore, the cations at the tetrahedral (A-sites) and octahedral (B-sites) can be determined, 

and the cation distribution is likely to be obtained by ND. In addition, ND is more sensitive to 

light atoms, e.g. oxygen, compared to XRD.[155], [156] Since neutron and X-ray offers 

complementary information of the material, it is possible to get more precise structural 

information by a combined analysis of XRD and ND. Here, the structural variations and bond 

length changes as a function of composition is reported using the combined analysis method, 

contributing to a more thorough understanding of the structure-property relationship in CMO. 

 

5.2 Experimental 

The CMO nanopowders were synthesized by gel combustion process. The synthesis 

details as follows are offered by collaborators in KITECH. The compositions examined in this 

work were x=0.9, 1.2, 1.5,1.8, 2.1, 2.4, and 2.7 (referred to Co0.9 … Co2.7 as follows). Firstly, 

the solution was prepared by dissolving ethylene glycol and citric acid in mixture of cobalt 

nitrate (Co(NO3)2∙6H2O) and manganese nitrate (Mn(NO3)2, 50 % aqueous solution) at 90°C 

with constant stirring. After 60 min, NH4OH was slowly added dropwise to the prepared 
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solution for adjustment of pH up to approximately 7 under vigorous stirring, followed by 

heating to 250°C for 4 hours until it transformed sol to gel. Then, all gels spontaneously ignited 

in a self-propagating combustion at a proper temperature and resulted in formation of fine 

powders. Subsequently, the calcined CMO powders were consolidated at 700°C, with a heating 

rate of 100°C/min, and kept for 5 min under a uniaxial pressure of 50 MPa, using a spark 

plasma sintering machine (SPS-625, SPS Syntex, Inc., Japan) in a cylindrical graphite mold. 

Synchrotron-based HRXRD patterns of the samples were collected on beamline 11-

BM-B at the Advanced Photon Source at Argonne National Laboratory. The measurement 

conditions were 295 K, with a wavelength of 0.413867 Å, and a 2θ step-size of 0.001° from 

6° to 28°. ND patterns of Co1.8 to Co2.7 were measured on the PULSTAR Research Reactor 

at North Carolina State University for approximately 7 hours using a wavelength of 1.4778142 

Å from 10° to 110° at room temperature with a 2θ step-size of 0.05°. In addition, high 

resolution ND patterns of Co0.9 to Co1.5 were measured on beamline BL-11A POWGEN at 

Spallation Neutron Source at Oak Ridge National Laboratory. The high resolution ND patterns 

from POWGEN were recorded at room temperature in a time-of-flight mode, with a 

wavelength center of 1.333 Å, and a 𝑑-spacing coverage from 0.4142 Å to 5.3756 Å. The same 

batch of samples was used for both HRXRD and ND measurements.  

The crystal structures of the samples were refined using the Rietveld refinement 

program GSAS with the EXPGUI interface.[75], [141] Profile function 3 (pseudo-Voigt) was 

used for all the refinements. Refined parameters include: background, scale factor, zero, lattice 

parameters, atomic site positions, isotropic displacement, and profile function terms. Note that 

high resolution ND obtained from POWGEN has a <0.2% resolution at short 𝑑-spacing range 
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and <1% resolution for nearly all 𝑑-spacing range of interest. Therefore, for Co0.9 to Co1.5, 

refining the POWGEN ND data alone is sufficient to obtain the crystallographic information 

of interest, and combining refinements of HRXRD and ND is not necessary and has no obvious 

improvement of the refined results. But for Co1.8 to Co2.7, a combined analysis of ND from 

PULSTAR with HRXRD is required, considering the relatively low flux, low resolution, and 

short 2θ coverage of the PULSTAR facility. 

 

5.3 Results and Discussions 

The HRXRD and ND patterns with a representative 𝑑 -spacing range for all the 

compositions are shown in Fig. 5- 1. Different instruments have different wavelengths for the 

HRXRD or ND measurements. For the sake of comparison convenience, momentum transfer 

(𝑄) was used as the x-axis for the diffraction plots. 𝑄 is defined as follows: 

 𝑄 = 4𝜋 sin(𝜃) 𝜆⁄ = 2𝜋 𝑑⁄  ( 5-1 ) 

where 𝜆 is the wavelength, 𝑑 is the d-spacing, and 𝜃 is the scattering angle. As we can see, 𝑄 

is independent of the wavelength of each particular dataset or instrument used. Figure 5-1a 

presents the HRXRD patterns for all the CMO compositions. A clear phase transition from 

tetragonal to cubic with increasing Co content is observed. The major peaks for the cubic and 

tetragonal spinel structures are noted in the plot. The tetragonality decreases from Co0.9 to 

Co1.5, as represented by the merging of 112T and 200T Bragg peaks, as well as the merging of 

103T and 211T peaks. A cubic spinel structure is obtained for Co1.8 and above. Note that for 

composition Co2.7, a splitting of the major cubic spinel peaks is observed, e.g. the formation 

of doublet 311C at 𝑄≈2.55 Å-1, doublet 333C at 𝑄≈4.00 Å-1 and doublet 440C at 𝑄≈4.36 Å-1. 
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The peak splitting for Co2.7 might indicate a segregation of Co-rich and Co-poor CMO phases 

in this composition. Beside the major CMO spinel phase, a secondary CoO phase is also 

observed, as indicated by the asterisks in Fig. 5-1a. The formation of CoO secondary phase 

might due to the local inhomogeneity and limited diffusion during heat treatments.  

Figure 5-1 (a) High resolution XRD and (b) ND patterns for all the CMO compositions at 

a selected 𝑄 range. The major reflections of the cubic and tetragonal spinel structures are 

noted. Asterisks indicate the presence of a secondary CoO phase. 
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Figure 5-1b shows the ND patterns for all the compositions with the same 𝑄 range as 

the above HRXRD patterns. For Co0.9 to Co1.5, the ND patterns were obtained from 

POWGEN with sharper Bragg peaks and larger 𝑄 coverage. For Co 1.8 to Co2.7, the ND 

patterns have much broader peaks due to the lower resolution of PULSTAR instrument. The 

diffraction patterns that cover the full 𝑄 range of the instruments are shown in Fig. C-1 in 

Appendix C. Because of the different scattering characters of neutron and X-ray, the peak 

profiles of ND and HRXRD are different for the same crystallographic plane. For example, the 

peak with highest intensity for a cubic spinel structure is 311C in HRXRD patterns, while 222C 

in ND patterns. Similar to the HRXRD patterns, a CoO secondary phase is identified from the 

ND patterns, especially for composition Co2.4 and Co2.7. CMO phase segregation was not 

Figure 5-2 Representative crystallographic structure refinement for Co0.9. The HRXRD 

diffraction is shown in black, the calculated fit in red, and the difference in blue. The hkl 

markers for tetragonal CMO phase used for refinement are in pink. 
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observed in ND of Co2.7, which might be hidden by the broad peaks, and cannot be resolved 

under the current resolution.  

For Co0.9 to Co1.5, the Rietveld refinements were performed on the high resolution 

ND data. A representative fit is shown in Fig. 5-2, using Co0.9 as an example. A tetragonal 

spinel single phase fits the diffraction data very well, as shown in the subplots of the magnified 

high Q regions. For Co1.8 to Co2.1, the combined Rietveld refinements of ND and HRXRD 

were performed. A representative fit is shown in Fig. 5-3, using Co2.1 as an example. The 

Figure 5-3 Representative crystallographic structure refinement for Co2.1 using combined 

analysis of (a) ND and (b) XRD data. The diffraction is shown in black, the calculated fit in red, 

and the difference in blue. The hkl markers for cubic CMO phase used for refinement are in 

pink, and green for CoO phase. 
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pattern was fit with a cubic spinel phase and a CoO secondary phase. Fitted patterns of other 

compositions can be found in Fig. C-2 to C-6. 

According to the refinements, Co cations prefer to occupy the A-sites, while Mn cations 

prefer the B-sites. Note that manually changing the elemental distribution on A- and B-sites 

leads to the destabilization of the refinement process. This cation distribution preference was 

also observed by Bordeneuve et al. using bond valence sum (BVS) calculations.[63] The phase 

fraction, lattice parameters, and unit cell volume for all compositions are plotted in Fig. 5-4. 

As shown in Fig. 5-4a, a small amount of CoO secondary phase begins to form at Co1.5, and 

the phase fraction changes to 4.2 wt.% for Co2.7. Correspondingly, CMO phase fraction 

decreases with increasing Co content. The drop at Co2.7 results from the formation of another 

Figure 5-4 (a) Phase fraction, (b) lattice parameters of CMO phase, and (c) unit cell volume of 

CMO phase as a function of Co content. Error bars are shown and most error bars are less than 

the symbol size. 
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CMO phase (with a phase fraction of 24.041 wt.%) due to segregation. The lattice parameters 

as a function of composition is shown in Fig. 5-4b. For the convenience of direct comparison 

between cubic and tetragonal structure, the lattice parameter 𝑎𝑡𝑒𝑡 of the tetragonal unit cell was 

transformed to a pseudocubic superlattice by using 𝑎′ = √2×𝑎𝑡𝑒𝑡 . The unit cell volume 

changes are plotted in Fig. 5-4c. The green data points in Fig. 5-4b and c indicate the lattice 

parameters and cell volume of the other CMO phase due to the segregation. As shown in Fig. 

5-4b and c, with increasing Co concentration, the tetragonal structure gradually transforms to 

a cubic with the tetragonality (𝑐/𝑎′) converges to unity. In addition, the cell volume decreases 

with increasing Co content. All the observations from refinement results suggest that inserting 

a smaller Co cations on B-sites compressed the lattice, and leads to the structural distortion 

and phase transition.  

Figure 5-5a shows the lengths of three types of metal-metal bonds as a function of 

composition. The metal-metal bonds contain A-sites to A-sites (MA-MA) bonds, A-sites to B-

site (MA-MB) bonds, and B-sites to B-sites (MB-MB) bonds inside a unit cell. For tetragonal 

spinel structure, there are two types of MB-MB bonds with different lengths (e.g. 2.8 Å and 3.2 

Å for Co0.9), and two different MA-MB bonds (e.g. 3.4 Å and 3.7 Å for Co0.9), while only one 

type of MA-MA bond. The visualization of these bonds in a tetragonal structure can be found 

in Fig. C-7. Among these three types of metal-metal bonds, MB-MB bonds have the shortest 

bond lengths. According to Bordeneuve et al., the electronic conduction prefers to happen 

along the shortest metal-metal distances.[63] Therefore, the MB-MB bond in CMO spinel may 

majorly contribute to the electronic conduction according to the bond length results in this 

study. As shown from Fig. 5-5a, since the averaged MB-MB bond length decreases with 
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increasing Co concentration, an enhanced conduction and lower resistivity is expected in Co-

rich compositions. However, on the other hand, the Co-rich spinel ceramics are strongly 

resistive due to the instinct chemistry.[63], [64] Therefore, it is hypothesized in this study that 

the enhanced electric property can be obtained in compositions with short averaged MB-MB 

bond and a balanced distribution of Co and Mn cations on B-sites. Figure 5-5b shows the MA-

O and MB-O bond lengths as a function of composition. For tetragonal spinel structure, two 

types of MB-O bonds and only one type MA-O are observed. In general, MA-O and MB-O 

distances decrease with increasing Co content, which can be explained by the substitution of 

larger Mn cations by smaller Co cations on A-sites and B-sites.  

Figure 5-5 (a) Metal-Metal and (b) Metal-Oxygen bond lengths as a function of Co content 

in CMO ceramics. 
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Figure 5-6 shows the refined isotropic atomic thermal parameters ( 𝑈 iso) for 

compositions with a cubic spinel structure. Co1.8 has the largest 𝑈iso values for A-sites, B-

sites, and oxygen respectively, which might contribute from the strong structural distortion at 

the boundary of the tetragonal-cubic phase transition. With increasing Co concentration, the 

𝑈 iso decreases near linearly. This decrease can be explained by the shrinkage of unit cell 

volume from Co substitution, limiting the free displacement of A-sites, B-sites and oxygen 

atoms. 

 

Figure 5-6 𝑈iso of Co on A-sites, Co on B-sites, Mn on B-sites, and oxygen atoms for cubic 

spinel CMO as a function of Co content. 
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5.4 Conclusions 

In this study, a comprehensive crystallographic description of CMO ceramics 

synthesized by gel combustion and SPS was obtained by refinement of high resolution ND 

patterns and combined refinement of ND and HRXRD patterns. According to the refinement 

results, Co is preferred on A-sites while Mn is preferred on B-sites. The lattice parameters, 

phase fraction, and atom-atom bond lengths were obtained as a function of composition. A 

tetragonal to cubic spinel transition was observed by addition of Co on B-sites. The averaged 

bond lengths of metal-metal and metal-oxygen are presented, showing a decrease with 

increasing Co content. It is proposed in this study that enhanced electric conductivity might be 

obtained in compositions with short averaged MB-MB bond and a balanced distribution of Co 

and Mn cations on B-sites. Further investigation is required regarding to the electronic 

conduction mechanisms of CMO ceramics. In addition, the presence of secondary phase and 

CMO phase segregation might also significantly affect the electric properties. 
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CHAPTER 6 Temperature-induced Local and Average Structures in BT-xBZT 

The content in this chapter was published with the title “Temperature-induced local 

and average structural changes in BaTiO3−xBi(Zn1/2Ti1/2)O3 solid solutions: the origin of high 

temperature dielectric permittivity” , in Journal of Applied Physics 122.6 (2017): 64103.[157] 

The existence of local tetragonal distortions is evidenced in the 

BaTiO3−xBi(Zn1/2Ti1/2)O3 (BT-xBZT) relaxor dielectric material system at elevated 

temperatures. The local and average structures of BT-xBZT with different compositions are 

characterized using in situ high temperature total scattering techniques. Using the box-car 

fitting method, it is inferred that there are tetragonal polar clusters embedded in a non-polar 

pseudocubic matrix for BT-xBZT relaxors. The diameter of these polar clusters is estimated as 

2-3 nm at room temperature. Sequential temperature series fitting shows the persistence of the 

tetragonal distortion on the local scale, while the average structure transforms to a pseudocubic 

paraelectric phase at high temperatures. The fundamental origin of the temperature stable 

permittivity of BT-xBZT, and the relationship with the unique local scale structures, is 

discussed. This systematic structural study of the BT-xBZT system provides both insight on 

the nature of lead-free perovskite relaxors, and advances the development of a wide range of 

electronics with reliable high temperature performance. 

 

6.1 Introduction 

Many emerging technologies such as micro-flight systems, electric-powered vehicles, 

and renewable energy generation devices have electrical energy storage requirements that are 

not met by existing materials and devices.[158], [159] Existing energy storage technologies 
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require a tradeoff between power density and energy density. For example, fuel cell and battery 

technologies provide high energy densities, but have limited power densities because of the 

sluggish nature of their charge storage mechanism.[158], [160] Therefore, there is a demand 

to develop new energy storage materials that exhibit both high power density and high energy 

density. One promising class of materials for the new generation of energy storage materials 

is ceramic capacitors. The most common currently used material in this class is the BaTiO3 

(BT)-based multilayer ceramic capacitors, which can reach the X9R level of the Electronic 

Industries Association standards by chemical modification, in which X9R represents ±15% 

variability of capacitance over -55 to 175°C temperature range.[161]–[164] However, the 

traditional ferroelectric-based dielectric materials suffer a significant permittivity drop and an 

increase of dielectric loss when the temperature exceeds 200°C. Considering the growing 

demands of electronic devices that operating in harsh environments, efforts have been made to 

discover new materials with properties that persist at higher temperatures. 

The concept of complex solid solutions with the perovskite ABO3 structure has been a 

mainstay of the capacitor community and new materials with a relatively high permittivity, 

temperature insensitivity, and frequency dependent character have been reported.[16], [17], 

[21] The in-service temperature can be extended to well above 200°C, which is an 

improvement on conventional BT-based dielectric materials. These materials are referred to as 

temperature-stable relaxor dielectrics due to the broad frequency-dependent permittivity. In 

general, two types of lead-free perovskite systems have been widely examined for high 

temperature performance: BT-based[165]–[168] and NBT-based[169]–[172] solid solutions. 

Zeb and Milne provided a systematic performance study of the different temperature-stable 
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relaxor dielectrics.[46] To obtain BT-based relaxor dielectrics, the general method is to modify 

the normal ferroelectric BT with Bi(M)O3, where M indicates the trivalent equivalent cations 

on the B-site of the perovskite structure, such as Fe3+, Sc3+, (Zn1/2Ti1/2)
3+, and (Mg2/3Nb1/3)

3+. 

The performance of various BT-Bi(M)O3 relaxor dielectrics have been reported and 

summarized by others.[18], [46], [173], [174] 

Traditional ferroelectric-based dielectrics with high temperature properties may be 

strongly contributed from compositional segregation in a core-shell microstructure.[164], 

[174] However, this core-shell type of microstructure has not been comprehensively reported 

in the new generation of temperature-stable relaxor dielectrics. Even though the compositions 

of relaxor dielectrics are similar to normal ferroelectric compounds, in which the high 

permittivity arises from domain interactions, the lack of hysteresis and the negligible saturation 

indicate the absence of domain interactions in relaxor dielectrics.[42], [43] Therefore, relaxor 

dielectrics are fundamentally different from traditional ferroelectric-based dielectrics although 

they exhibit similar high temperature properties. It has been hypothesized that the mixed site 

occupancy, lattice scale heterogeneity, and subtle compositional variations might be the 

chemical and structural origins of these unique properties. Due to the lack of fundamental 

studies of the structure-property relationships in this class of materials, the mechanism 

underlying these anomalous dielectric properties is not entirely known. 

In this study, one representative BT-Bi(M)O3 solid solution that has been reported to 

have desirable high temperature stable performance, BT-xBZT, is examined.[42]–[45] 

Previous dielectric measurements show a crossover from normal ferroelectric-like behavior to 

relaxor-like behavior when the BZT concentration is increased to x=9% and above. Laboratory 
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XRD suggests a phase transition from tetragonal to ‘rhombohedral-like’ (or pseudocubic) 

structure with increasing BZT concentration in this solid solution, and a critical composition 

for this transition is around x=0.09.[42], [43], [175] Usher et al. presented a detailed structural 

description for the BT-xBZT system at room temperature using HRXRD, ND, and neutron 

PDF.[176] However, in situ crystal structure studies at elevated temperatures of BT-xBZT and 

other BT-Bi(M)O3 material systems are as yet unavailable. In situ XRD and total scattering 

techniques enable the crystallographic study of various materials under different stimuli 

(temperature, pressure, stress, electric field, etc.), which can offer valuable information to 

interpret structure-property relationships.[70], [71], [93], [124], [177] Here we conducted in 

situ high temperature synchrotron total scattering experiments on the BT-xBZT material 

system with various compositions. The purpose of this study is to examine the local 

environment on the A-site, to study the distortions at the local scale, and furthermore, to 

elucidate the average and local structure for compositions across the BT-xBZT phase diagram, 

both at room temperature and at elevated temperatures. The average and local structural 

changes with increasing temperature and varying composition can give insight into the general 

mechanism of high temperature relaxor dielectrics, which may help to interpret and to engineer 

the properties. 

 

6.2 Experimental 

Bulk polycrystalline ceramics of BT-xBZT with compositions of x=0.06, 0.08, 0.10, 

and 0.20 were prepared by collaborators in Oregon State University using a conventional solid 

state synthesis technique. The details of reactants and synthesis procedures are described 



90 

 

 

 

elsewhere by Triamnak et al. and Usher et al.[112], [176] Ceramic pellets were obtained after 

sintering at 1200°C for 2 h. The bulk samples were polished, painted with silver paste, and 

then examined by a LCR meter (Agilent 4284A model, Agilent Technologies, Inc., Santa 

Clara, CA). The permittivity and dielectric loss of the BT-xBZT samples were recorded upon 

cooling over a wide temperature range of -150 to 200°C with frequencies of 25-250 kHz. The 

sintered pellets were crushed into powders and then annealed at 400°C for 3 h to reduce the 

induced stress for the following X-ray investigation. In addition, the bulk ceramic samples 

were polished and thermal etched at 800°C for 30 mins, then cooled to room temperature with 

a 5°C/min cooling rate. The microstructures were investigated with a field-emission scanning 

electron microscope (FE-SEM) (Verios XHR model, FEI, Corp., Hillsboro, OR). The grain 

size was determined from stereological analyses of the FE-SEM images using the ImageJ 

program.[178] 

In situ X-ray total scattering measurements were performed at beamline 11-ID-B of the 

Advanced Photon Source at Argonne National Laboratory, with an X-ray wavelength of 

0.13702 Å (90.49 keV). The powder samples were loaded in quartz capillaries, and heated 

from room temperature to 500°C with a ramp rate of 5°C/min using resistive heating coils in 

the sample environment. Total scattering patterns were recorded on a Perkin Elmer flat-panel 

amorphous-silicon 2D detector with a collection rate of 20 seconds per pattern. This method 

can capture structure changes in a temperature increment as small as 1.67°C during the in situ 

heating procedure. The sample to detector distance in this setup is about 240 mm, and the 

maximum scattering vector (Qmax) is above 30 Å-1, which is suitable for PDF analysis.[81], 

[84], [179] The 2D total scattering images were integrated and reduced to 1D patterns using 
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Fit2D.[180] Within the PDFgetX3 package,[87] background subtraction, normalization, and 

Fourier transform were performed on each 1D total scattering structure function S(Q), 

converting the data to a G(r) PDF pattern. Peak fitting of selected PDF peaks was conducted 

using a Gaussian profile. Real-space refinements of the in situ PDF patterns were carried out 

in PDFgui using the least-squares minimization method.[91] 

 

6.3 Results and Discussions 

6.3.1 Dielectric Measurements 

The dielectric properties of BT-xBZT were characterized. Figure 6-1 shows the real 

part of dielectric relative permittivity (휀’) and dielectric loss (tan 𝛿) for BT-xBZT samples at 

various frequencies (𝑓) and temperatures (𝑇). BT-0.06BZT exhibits classic ferroelectric-like 

behaviors: a sharp peak of permittivity as a function of temperature, the temperature of 

maximum permittivity (𝑇m) is frequency independent, and the 휀 ’ versus 𝑇  curves do not 

exhibit obvious frequency dispersion. With a BZT concentration of 0.08, the permittivity peak 

becomes broad as a function of temperature, 𝑇m decreases with increasing frequency, and a 

strong frequency dispersion of 휀’ and tan 𝛿 is observed. These behaviors suggest relaxor-like 

dielectric behavior for BT-0.08BZT. With a BZT content of 0.10, the frequency dispersion of 

휀 ’ and tan 𝛿 is enhanced and the permittivity peak is broader still. For BT-0.20BZT, the 

diffusive permittivity peak is further broadened, and a temperature-insensitive plateau 

develops. The relative permittivity in BT-0.20BZT remains around 1500 for temperatures up 

to 200°C, while the dielectric loss is relatively small, confirming that BT-0.20BZT belongs to 

the class of temperature-stable relaxor dielectrics. 
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For a normal ferroelectric material, the permittivity follows the Curie-Weiss (CW) law 

above the Curie temperature (𝑇C), as shown by the linear response of inverse permittivity (1/휀’) 

versus 𝑇.[19] The (1/휀’) as a function of 𝑇 for BT-xBZT measured at 100 kHz is shown in Fig. 

D-1 in Appendix D. Deviation from the CW law is observed for all the compositions above 

𝑇m. For example, BT-0.06BZT has a 𝑇m of 71°C, while the linear fitting of (1/휀’) versus 𝑇 

shows the deviation temperature (𝑇dev) is 136°C, which is well above 𝑇m. The deviation from 

CW law in BT-0.06BZT reveals the minor relaxor character in this ferroelectric-like material. 

With increasing BZT concentration from 0.06 to 0.10, the deviation from CW law becomes 

larger, and 𝑇dev decreases from 136°C to 131°C. In addition, the 𝑇C obtained by fitting the CW 

law (x-intercept of the fit line) decreases significantly with a small amount of BZT 

modification: 𝑇C decreases from 20°C to -123°C when BZT content changes from 0.06 to 0.10. 

Notably, the linear fitting of BT-0.20BZT (1/휀’) versus 𝑇 curve gives a line nearly parallel to 

the x-axis, with a slope of 2.38x10-7 and x-intercept of -2505°C as shown in Fig. D-1. Clearly, 

these physically impossible values indicate the strong temperature stable character in BT-

0.20BZT composition. Due to the high resistivity in BT-0.20BZT, the dielectric measurement 

can be performed at higher temperatures. Therefore, for BT-0.20BZT, the maximum 

measurement temperature was extended to 500°C, and the new (1/휀 ’) versus 𝑇  curve is 

presented in Fig. D-2, in which the permittivity begins to follow CW law at above 405°C. It is 

worthwhile to note that other compositions with relaxor behavior (e.g. x=0.08, 0.10) may also 

not strictly follow the fitted line in Fig. D-1 with further increases to the dielectric measurement 

temperatures. This is because CW law was originally used to describe a ferroelectric in the 

paraelectric phase, and the pseudocubic phases in relaxors are fundamentally different from 
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the paraelectric phase of traditional ferroelectrics. To better describe the dielectric behaviors 

in the high temperature region, a modified CW law was proposed and employed for the 

dielectric relaxors. Further extension of the dielectric measurement temperature for x=0.06 to 

0.10 was not successful due to the significant decrease in resistivity and increase in dielectric 

loss. Nonetheless, Fig. D-2 demonstrates the excellent high temperature stable permittivity in 

BT-0.20BZT compared to other compositions. The grain size for all compositions is about 1-

Figure 6-1 Temperature dependent dielectric permittivity (ε’) and dielectric loss (tan δ) at 

various frequencies for BT-xBZT, where x=0.06, 0.08, 0.10, and 0.20 respectively (arrows 

indicate the direction of increasing frequency). 
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2 µm, and the representative SEM images are shown in Fig. D-3 in the supplemental 

information. The samples with x=0.08, 0.10, and 0.20BT show clear microstructures and grain 

boundaries, while for x=0.06, segregation is observed at the grain boundaries. According to 

the study of Triamnak et al.,[112] the sintering temperature increases with decreasing BZT 

concentration, suggesting that the thermal etching temperature for low-BZT compositions 

should also be a little higher than that for the high-BZT compositions. However, in this study 

the thermal etching temperature was fixed to 800°C for all compositions. The segregation in 

BT-0.06BZT grain boundaries might come from insufficient diffusion and redistribution of 

atoms, and a cleaner boundary is expected for BT-0.06BZT with a slight increase in the thermal 

etching temperature, prolonging the annealing time, or decreasing the cooling rate. 

An important issue to note in this study is the sublimation or evaporation of the volatile 

Bi2O3 at elevated temperatures, which may result into substoichiometric BT-xBZT. To avoid 

this problem, firstly, the pellets were placed on a bed of powders of the same composition in 

closed alumina crucible in order to preserve the volatilable precursors and maintain the 

stoichiometry of the pellets. Secondly, the sintered pellets were polished to obtain parallel 

surfaces, to eliminate the chemically inhomogeneous surfaces due to the exposure of volatile 

elements during the sintering process. Thirdly, if the Bi2O3 volatilization happened seriously 

during sintering or calcination, Bi vacancies will increase, and strong Bi deficiency can lead 

to significant structural changes. However, the formed BT-xBZT perovskite phases remained, 

which suggests that Bi volatility is not severe in this study. In addition, the off-stoichiometry 

or volatilization of Bi2O3 during heating process usually causes the formation of pyrochlore 

phase. The absence of pyrochlore phase in this study suggests no significant Bi2O3 volatility. 
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To summarize, with increasing BZT concentration in BT, a transition from classic 

ferroelectric-like to relaxor-like material then to temperature stable relaxor is observed 

according to the dielectric measurements. The incorporation of BZT into BT may involve 

compositional and site disorder on the A- and B-sites of the perovskite structure. Considering 

that the properties of a ferroelectric or dielectric material are strongly correlated to the crystal 

structure, the study of the local and long-range structure as a function of temperature is 

necessary and important. 

 

6.3.2 Local and Average Structures at Room Temperature 

The experimental PDF, G(r), is obtained by a direct Fourier transform of the total 

scattering structure function, S(Q), as shown in Equation 2-2 in Chapter 2.[69] Figure 6-2a 

shows the reduced structure function, Q(S(Q)-1), of BT-0.06BZT at room temperature. The 

inset is a magnification of the high-Q region, indicating good signal-to-noise ratio. The signal 

only begins to decay at Q≈23 Å-1, which is suitable for PDF analysis. Figure 6-2b shows a 

representative 𝐺(𝑟) pattern covering the range from sub-ångström up to 50 Å, showing the 

connection from local structure to long-range structure. The inset of Fig. 6-2b shows the 

magnification of the local PDF peaks: the first characteristic peak (at r≈2.8 Å) represents the 

A-sites to oxygen (A-O) pairs, followed by the nearest A-B pairs at r≈3.4 Å and the nearest A-

A and B-B pairs at r≈4.0 Å. The peak representing the shortest B-O pairs should be at r≈2 Å, 
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but is obscured by the intrinsically weak scattering of Ti/Zn-O when using X-ray radiation and 

the presence of termination ripples (a normal artifact due to the Fourier transform) at low-r. 

The room temperature PDF patterns for all the BT-xBZT compositions are shown in 

Fig. D-4. At the local scale, i.e. r range of 2 to 6 Å as shown in Fig. D-4a, the peaks overlay 

each other for different compositions with almost no peak position difference, suggesting the 

local structure has no obvious changes as a function of composition. Peak fitting of the first 

three PDF peaks confirmed this statement: as shown in Fig. D-4b, the position difference for a 

specific set of low-r PDF peaks is within the error bars. The peaks at high-r range shift to the 

right side, suggesting the addition of BZT into BT expands the lattice, and the expansion of 

Figure 6-2 (a) Reduced structure function, 𝑄(𝑆(𝑄) − 1) , of BT-0.06BZT at room 

temperature. The inset is a magnification of the high-Q region, indicating excellent signal-to-

noise ratio. (b) PDF of BT-0.06BZT at room temperature after Fourier transform, the inset 

shows magnified area of low-r PDF data, and the major atom pairs which contribute to the 

local PDF peaks are indicated. 
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unit cell accumulates at longer length scale, resulting to the obvious peak shifts at high-r. This 

observation agrees well with other reported average structure studies of BT-xBZT at room 

temperature.[42], [43], [176] Another interesting observation is the increase in peak width and 

decrease in height with increasing BZT concentration. A previous PDF study suggested this 

decrease in peak height is partially due to the change in scattering factors as a function of 

composition.[176] To test this theory, an ABO3 model with pseudocubic structure was created, 

in which the composition is allowed to vary but the structure remains unchanged. The 

corresponding PDF patterns were then calculated to investigate the effect of scattering factors 

on the peak shape. Figure D-4c shows that the X-ray scattering factor difference between Ba2+ 

and Bi3+ or between Ti4+ and Zn2+ has negligible impact on the PDF peak heights. Instead, it 

is likely that static disorder induced by BZT modification dominates this broadening effect. 

To determine the structure of BT-xBZT at room temperature, PDF refinements were 

conducted for all compositions at two different length scales: 2-10 Å for the local scale, and 

10-30 Å for the intermediate scale. Four plausible phases were used for refinements: cubic 

Pm3̅m, rhombohedral R3m, orthorhombic Amm2, and tetragonal P4mm. These four phases 

were selected because these structures are widely reported in BT-based perovskite structure 

studies, e.g. BT has a Pm3̅m  P4mm  Amm2  R3m phase transformation with decreasing 

temperature,[181], [182] the local structure of Sn-doped (Ba,Ca)TiO3 is reported to be R3m at 

high temperature and P4mm at lower temperature,[183] Zr-doped BT has a R3m local 

structure,[184] and Nb-doped BT is reminiscent of local R3m phase at all temperatures.[185] 

Pure BZT assumes a highly distorted perovskite P4mm structure.[186] Therefore, it is 

reasonable that BZT-modified BT will inherit part of the BT crystallographic character for 
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local and long-range structures. The fits of each phase to the BT-0.06BZT room temperature 

PDF pattern are shown in Fig. 6-3 in the two respective ranges. At the intermediate length 

scale, tetragonal P4mm gives the best fit indicated by the minimized difference curve and best 

goodness of fit (GoF) value. The structure represented by the intermediate range PDF data 

agrees with the average structure XRD studies. This suggests that the intermediate scale 

structure from PDF approximates to the average structure obtained from XRD refinements. At 

local scale, P4mm also gives the best fit compared to other models. The Amm2 model also 

results in a reasonable GoF, but by examining the actual fit at local scale, it is clear that the 

low GoF is a result of the better fit of the termination ripples at around 2 Å, while the fit of 

PDF peaks is inferior to P4mm, e.g. the fit of the peak at r≈9 Å is poor. The same refinement 

routine was conducted for all compositions, and P4mm is the best model in the local and 

intermediate scale with all BZT additions. Figure D-5 shows the fit of the BT-0.20BZT PDF 

Figure 6-3 The fits of BT-0.06BZT room temperature PDF pattern over a range of 2-10 Å 

and 10-30 Å using four plausible phases: 𝑃4𝑚𝑚, 𝑅3𝑚, 𝐴𝑚𝑚2, and 𝑃𝑚3̅𝑚. The goodness 

of fit value for each fit is listed. 
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data using different models as a representative example of fitting other compositions. It was 

found that at the intermediate scale, either P4mm or Pm3̅m gives a good fit of the PDF data, 

but P4mm has a lower GoF value, indicating that a subtle and not negligible tetragonal 

distortion may exist in the BT-0.20BZT relaxor, corresponding to the ‘pseudocubic’ average 

structure reported from previous diffraction studies.[42], [45] At the local scale of BT-

0.20BZT PDF pattern, P4mm is a better fit than Pm3̅m and the GoF difference between these 

two models is larger than at intermediate scale, suggesting that at the local scale, it is more 

likely tetragonal than cubic. 

To characterize the length scale dependence of the crystal structure in BT-xBZT at 

room temperature, a sequential fitting of increasing r-ranges (box-car method) was performed 

on each PDF dataset. This approach is beneficial when studying how the structure evolves at 

different length scales, and has been applied to various material systems.[176], [187]–[189] In 

this study, the r-window was fixed to 10 Å, with an increment of 5 Å for the starting and end 

position of the r-window: 1-10 Å, 5-15 Å, 10-20 Å, etc. The tetragonal P4mm model was 

adopted for this box-car sequential fitting of all BT-xBZT compositions. The initial parameter 

values for each individual fitting were input from the refinement results of whole profile fitting 

(1-50 Å), and the parameters refined during the sequential fitting were: scale factor, lattice 

parameters (a and c for P4mm), atomic positions and atomic displacement parameters (ADP). 

Figure 6-4 summarizes the box-car fitting results of the lattice parameters for BT-xBZT. The 

black and red shaded regions in each subplot represent the a and c lattice parameters with 

standard deviation obtained from whole profile fitting of PDF data (1-50 Å), which can be 

approximated to the average structure of this material. With increasing BZT concentration, the 
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tetragonality (c/a) decreases, and for BT-0.20BZT, the tetragonality is nearly unity, meaning 

a cubic-like average structure. Interestingly, all compositions show a structure evolution with 

increasing length scale: an enhancement of tetragonality is observed for the local scale 

structure, while the structure in the high-r region is closer to the average structure. This 

transition is demonstrated in Fig. 6-4. It is interesting to note that the lattice parameters of local 

structures have similar values for different compositions (a≈3.995 Å and c≈4.040 Å), 

indicating that the local structure across the BT-xBZT system is similar, and the addition of 

BZT affects the structure only at a longer length scale. The lattice parameters of BT-xBZT 

Figure 6-4 The box-car fitting results of the lattice parameters a and c for BT-xBZT using 

𝑃4𝑚𝑚 model. The black and red shade lines in each subplot represent the a and c values with 

standard deviation obtained from whole profile fitting of PDF data (1-50 Å). 
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local structure at RT are also in excellent agreement with the long-range structure of undoped 

BT (a=3.966 Å and c=4.035 Å by first-principles calculations,[190] and a=3.992 Å and 

c=4.036 Å by Rietveld refinement of neutron diffraction data[182]). This suggests that the 

local structure of BT-xBZT (or more generally, the BT-xBi(M)O3 solid solutions) is inherently 

inherited from the major BT end-member, while addition of other elements on A/B-sites only 

disrupts the long-range order and not the local atom pair correlations. Similar box-car fitting 

of PDFs of classic ferroelectrics, e.g. BT or PbTiO3, would likely yield significantly less 

deviation of the local structure from the long-range structure compared to the chemically 

modified solid solutions.  

We hypothesize that the observed significantly enhanced tetragonal distortion at the 

local scale for BT-0.10BZT and BT-0.20BZT correlates to the polar nanoregions (PNRs) 

theory in the relaxor ferroelectrics literature. According to the PNRs theory, nanoscale clusters 

with polar phase are embedded in the non-polar matrix, attributing to the anomalous dielectric 

and ferroelectric behaviors for relaxor ferroelectrics.[17], [21] The PDF results in this study 

strongly support that the polar phase of the clusters exists as regions characterized by tetragonal 

distortions, while at longer length scale the distortions average out as the matrix. The tetragonal 

distortion and permittivity are found to be positively correlated. Based on first-principles 

calculations and experimental measurements of a variety of ferroelectric solid solutions, the 

tetragonality is coupled to the cation displacements, and therefore coupled to the polarization 

of the unit cell.[191]–[193] This spontaneous polarization creates dipoles, and dipole moments 

under an external stimulus, e.g. electric field, result in the high permittivity of dielectrics. It is 

likely that the observed tetragonal distortions are the origin of the anomalous dielectric 
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permittivity in BT-xBZT, similar to the dielectric observations in the canonical relaxor 

Pb(Mg1/3Nb2/3)O3 which is attributed to different types of PNR responses.  

In addition, the structures from box-car fitting begin to follow the average structure at 

around 20-30 Å range, suggesting that the possible polar clusters have a limited diameter of 2-

3 nm. Since PDF is a bulk average probe that is sensitive to local structures, the determined 

polar cluster size is an estimation based on the total scattering from the bulk sample. It is likely 

that there is a distribution of the polar cluster size across the sample. The box-car fitting method 

was used with an interval (r-window) of 10 Å and a step increment of 5 Å; a better estimation 

of PNR size might be achieved by decreasing the r-window and the step increment in the box-

car fitting, but at the cost of fewer data points for each sequential fitting and larger uncertainty 

of the fitting results. Confidence in the PNR size estimate could also be improved by utilizing 

an instrument with finer resolution, which would result in observable pair correlations at higher 

r, though likely at the cost of rapid in situ measurements. Another point to note: it is expected 

that the tetragonality inside a PNR is not uniform due to the inhomogeneity from charge and 

compositional disorder in BT-xBZT, but the PDF cannot readily detect the tetragonality 

distribution within the PNR due to the averaging effect. As the model length scale increases, 

the longer correlation lengths will contain more atom-atom pairs from matrix-matrix or matrix-

PNR correlations than those from the PNR itself, thus resulting in the decreasing tetragonality 

with increasing r. In addition, inherently local probes, e.g. transmission electron microscopy 

and scanning probe microscopies, could offer complementary information of the structure and 

structural fluctuation within the PNRs. 
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The room temperature X-ray PDF result is consistent with a similar study by Usher et 

al. using neutron PDF, in which the polar clusters were also shown.[176] In this work, the use 

of a synchrotron source has the advantage of rapid acquisition time[86] compared with a 

neutron source, which allows parametric in situ studies under external stimuli, such as 

increasing temperature. The local structural changes with increasing temperature can be 

captured and studied, as shown in the following section. 

 

6.3.3 Average Structures at Elevated Temperatures 

The PDF patterns of BT-0.06BZT at selected temperatures obtained by the in situ high 

temperature scattering technique are shown in Fig. 6-5. The in situ PDF patterns for other 

compositions are included in Fig. D-6 in Appendix D. Two features are prominent in Fig. 6-5: 

the peaks shift to higher r with increasing temperature, especially for the peaks above 10 Å, 

and peak broadening occurs. The peak shifts are due to the positive thermal expansion 

coefficient of BT-xBZT, while the peak broadening is mainly attributed to enhanced thermal 

motion at higher temperatures, giving rise to a wider distribution of atom-atom distances (r). 

Whole profile refinement was conducted at selected temperatures using the four plausible 

Figure 6-5 The PDF patterns of BT-0.06BZT at selected temperatures obtained by the in situ 

high temperature total scattering technique. 
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single phase models, and Fig. D-7 shows the refined results for BT-0.06BZT at 475°C as an 

example. At a temperature of 475°C, which is much higher than 𝑇C or 𝑇m of this composition, 

the material should be in its paraelectric phase with a Pm3̅m cubic average structure. However, 

the phase determination using least-squares fitting method suggests that tetragonal P4mm 

remains the most likely representation of the local and intermediate scale PDF data. The reason 

might be that 𝑃4𝑚𝑚  allows atomic displacements along the c-axis while in the Pm 3̅m 

prototype perovskite structure the atom coordinates are fixed. Such atomic displacements 

appear to occur in BT-xBZT even at high temperatures. Using different plausible single phase 

models to fit PDF patterns at selected elevated temperatures have also been trialed for other 

BT-xBZT compositions, and the results show P4mm gives better fits than other structures. 

Therefore, P4mm is sufficient to describe the most likely phases occurring in the studied 

temperature range, and was adopted in the following sequential fitting of temperature series 

for all the BT-xBZT compositions.  

Crystallographic structure information was determined by sequential fitting of the 

temperature series (from 25°C to 475°C) of BT-0.06BZT, and is presented in Fig. 6-6. The 

fitting range is from 1 to 50 Å, and the refined results can be used to approximate the average 

structure as described in the above section. Figure 6-6a represents the changes in the lattice 

parameters a and c as a function of temperature: from 25°C to ~125°C, c decreases while a 

increases, corresponding to the tetragonality decrease in Fig. 6-6b. At around 125°C, the 

difference between a and c is subtle (<0.15%), and the tetragonality approaches unity. Above 

125°C, increasing temperature only results in a linear increase of c and a, and the tetragonality 

remains nearly unity. The slopes of a and c curves at high temperature have similar values, 
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suggestive of isotropic thermal expansion above 125°C. The unit cell volume and isotropic 

ADP of A-sites atoms have a linear correlation with temperature as shown in Fig. 6-6c and d, 

with no sharp changes near 125°C observed. The unit cell behavior of BT-0.06BZT at elevated 

temperatures suggests that a second-order phase transformation occurs in the vicinity of 125°C, 

which can be described as the tetragonal to cubic average structure phase transition. In the 

sequential fitting, a temperature increment of 50°C was used to detect the general trend. 

Thereafter, sequential fitting with an increment of 10°C was performed on patterns measured 

from 50°C to 150°C to show more detail about the structural changes at the vicinity of 

transformation temperature. The refinement results in the magnified temperature range are 

shown in Fig. 6-6e and f. It follows the same general trend, and the transition temperature is 

narrowed to between 125 and 135°C. The transition temperature identified using whole PDF 

profile refinement is much higher than 𝑇m of the same composition (71°C), but has a better 

Figure 6-6 Structure information of BT-0.06BZT as a function of temperature extracted from 

sequential whole profile fitting of temperature series PDF patterns: (a) lattice parameters a and 

c; (b) tetragonality(𝑐/𝑎); (c) unit cell volume; (d) anisotropic ADP of A-sites atoms where 

U11=U22≠U33 for 𝑃4𝑚𝑚. (e) and (f) show lattice parameters and tetragonality in a magnified 

temperature range from 50°C to 150°C. 
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agreement with the deviation temperature from CW law (136°C). Therefore, our results 

suggest that the tetragonal distortion persists to above 𝑇m for BT-0.06BZT in the scale range 

up to 50 Å, resulting in the deviation from CW law in the temperature range from 𝑇m to 𝑇dev 

for BZT modified BT samples.  

The long-range lattice parameters as a function of temperature for all compositions are 

summarized in Fig. 6-7. The unit cell changes of BT-0.08BZT and BT-0.10BZT (in the vicinity 

of the critical transition point), which show traditional relaxor-like behaviors, are presented. 

These changes follow the same trend as in BT-0.06BZT, indicating a tetragonal to cubic 

transition occurs above the 𝑇m of these compositions. In addition, the transition temperature 

decreases with increasing BZT concentration, as shown in Fig. 6-7, suggesting the addition of 

BZT disrupts the typical tetragonal distortion in a ferroelectric material, lowering the polar to 

non-polar transition temperature. For BT-0.20BZT, the average structure is nearly cubic at 

room temperature, and during heating only a near-linear increase is observed above room 

temperature, with the lattice parameters a and c overlaying each other. This behavior clearly 

indicates the average structure of BT-0.20BZT relaxor remains pseudocubic with negligible 

changes under elevated temperatures. Clearly, the negligible changes with increasing 

temperature in the pseudocubic average structure are not directly responsible for the high 

dielectric permittivity. Considering the possible existence of nano clusters (or local tetragonal 

distortions) in these materials and that these local structures may be closely related to the 

dielectric permittivity, it is crucial to have a systematic study of the local structural changes as 

a function of temperature. These results are reported in the next section. 
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6.3.4 Local Structures at Elevated Temperatures 

Referring to the in situ PDF patterns in Fig. 6-5, it is important to reiterate that the 

short-r PDF peaks have different behavior compared to the high-r PDF peaks: peak broadening 

occurs with increasing temperature for short-r peaks, but the peak position appears unchanged, 

especially for the first three peaks. Fitting the first three PDF peaks of all the PDF patterns 

using a Gaussian function further confirmed this observation: as shown in Fig. D-8a using BT-

0.06BZT as an example, the positions of local PDF peaks remain at almost the same value with 

increasing temperature. In addition, a linear decrease in the peak height and increase in peak 

width for short-r peaks were also confirmed by this peak fitting method, as shown in Fig. D-

8b and c. The same trend of short-r peaks behaviors with increasing temperature was obtained 

for all the other compositions. If a phase transition happens at the local scale, we would expect 

to see shifts of local PDF peak positions, and abrupt changes in peak shape instead of the linear 

gradual peak broadening effect. These observations indicate that the local scale structure in 

BT-xBZT may persist at high temperatures. 

Sequential temperature series fitting of BT-xBZT local PDF data was conducted with 

a scale range from 1 to 10 Å, and the refinement results are summarized in Fig. 6-8. The 

maximum temperature for the local PDF refinements is limited to 225°C rather than 475°C, 

because significant total scattering signal decay happens at elevated temperatures due to the 

enhanced thermal scattering. Figure S9 shows the reduced total scattering function Q(S(Q)-1) 

at 225°C, and the inset clearly shows the signal terminates at Qmax≈20 Å-1, beyond which is 

purely amplified noise. At higher temperatures, the signal decay is more severe, resulting in 

the total scattering function with a Qmax less than 20 Å-1. In general, a PDF pattern generated 
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from a S(Q) data with Qmax<20 Å-1 has a lack of peak feature details, and therefore it contains 

less local structure information.[69], [84] Refinement using a reduced r-range of 1-10 Å for 

PDF patterns above 225°C gives structure information with large standard deviations, and is 

unsuitable for drawing conclusions concerning the local structure. Therefore, the maximum 

temperature for local PDF refinements was limited to 225°C in this study. This limit of 225°C 

is higher than the Tm or Tdev of these BT-xBZT compositions and the local scale structure in 

this temperature range can be used to investigate the temperature-stable permittivity in BT-

xBZT relaxor dielectrics. 

Compared to Fig. 6-7, the local structures as a function of temperature in Fig. 6-8 

exhibit totally different behaviors from the average structure: for all the compositions, the 

lattice parameter c remains nearly constant with increasing temperature, while the lattice 

Figure 6-7 The lattice parameters of BT-xBZT average structures as a function of 

temperature, where x=0.06, 0.08, 0.10, and 0.20. 
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parameter a gradually and slightly increases. The error bars increase at higher temperature due 

to the enhanced atomic thermal vibration. One important thing to note is that at temperatures 

as high as 225°C, the local tetragonal distortion persists, even though the average structure 

approaches cubic. It is interesting that the local distortion within the 10 Å range is composition 

independent as well as temperature insensitive. These in situ high temperature PDF 

measurements suggest the persistence of the BT-xBZT local structures at elevated 

temperatures, which corresponds to the existence of polar nanoscale clusters according to the 

PNRs explanation. In addition, the box-car method was performed for the PDF of BT-0.20BZT 

at 125°C and 225°C respectively, and the lattice parameters a and c at different length scales 

are shown in Fig. D-10. Even though the local tetragonal distortion persists at elevated 

temperatures for BT-0.20BZT, e.g. 125°C and 225°C, the tetragonality converges to near unity 

Figure 6-8 The lattice parameters of BT-xBZT local structures as a function of temperature, 

where x=0.06, 0.08, 0.10, and 0.20. 
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at a shorter atom-atom distance (r). This infers a decrease in the size of nanoscale polar clusters 

among the non-polar matrix upon heating.  

To summarize, the presence of a local tetragonal distortion in relaxors decreases 

smoothly with increasing temperature, but can maintain its existence at temperatures above 

𝑇m. Box-car fitting of high temperature PDF suggests the persistence of local polar clusters at 

elevated temperatures is accompanied by a shrinkage of the cluster size. These nanoscale 

clusters with tetragonal distortions may be responsible for the large relative permittivity in BT-

BZT due to being highly responsive to an external stimulus, e.g. electric-field. Therefore, our 

systematic PDF study assists in the interpretation of the high temperature dielectric permittivity 

of the relaxor compositions. In addition, for the ferroelectric-like compositions (e.g. x=0.06), 

a combination of average and local structure changes with temperature shows evidence that 

the polar to non-polar phase transformation is order-disorder type, demonstrates how global 

symmetry may emerge from local symmetry-breaking distortions, and agrees with other 

theoretical and experimental studies of similar BT-based systems.[194]–[197] The detected 

local ferroelectric distortions in the current study might be induced by the pseudo Jahn-Teller 

effect,[197], [198] in which the off-center displacements of the Ti4+ are thought to be 

maintained in all the phases and phase transitions in BT-xBZT. In addition, the strong covalent 

driving forces in the Zn-O bond, as well as the tendency of Bi3+ to occupy an offset position, 

might also be responsible for the local tetragonal distortions. The effects of Zn2+ and Bi3+ on 

the enhanced tetragonality have been studied and reported in other perovskite systems.[189], 

[199]–[201] On the other side, the addition of Bi3+ on A-sites and Zn2+ on B-sites also starts to 

break the long-range dipole order, inhibits the formation of long-range ferroelectric phase, 
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attributed to the higher degree of diffuseness and stronger relaxor character. In general, this 

study suggests the increased cation disorder induced by elevated temperatures has no strong 

effect on the local scale ferroelectric distortions (especially in 1-10 Å range), resulting to the 

temperature-stable feature of the dielectric permittivity in BT-xBZT relaxors. 

 

6.4 Conclusions 

BaTiO3-xBi(Zn1/2Ti1/2)O3 polycrystalline ceramics (x=0.06, 0.08, 0.10, and 0.20 ) were 

examined by synchrotron total scattering techniques at room temperature and elevated 

temperatures (25-475°C), together with dielectric measurements and surface microstructure 

characterization. For BT-xBZT at room temperature, with increasing BZT concentration, a 

tetragonal to cubic-like average structure transition was determined, and the local structure 

within 10 Å range was identified as P4mm tetragonal for all compositions. Using the box-car 

fitting method, the evolution from local tetragonal distortion to average pseudocubic matrix 

was evidenced, and the size of possible polar clusters was estimated as 2-3 nm. During heating, 

a polar to non-polar phase transformation was captured for the ferroelectric-like compositions 

by whole profile fitting of the in situ PDF data, while the relaxor-like compositions show 

negligible average structure changes. Examination of the local scale PDF data indicates the 

persistence of tetragonal distortion at elevated temperatures to at least 225°C, indicating that 

stable polar clusters exist in BT-xBZT. The persistence of these polar clusters may be the key 

to the mechanism of temperature-stable dielectric relaxors. Based on the results, the effect of 

chemical doping Bi3+ and Zn2+ on A- and B- sites was discussed, relating to the increased 

disorder, off-center displacements of Ti4+, and local ferroelectric distortion. This study 
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demonstrates that the in situ PDF technique can be used to investigate the fundamental 

mechanism of anomalous properties found in dielectric and ferroelectric materials, and can be 

extended to research into other functional ceramics. 
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CHAPTER 7 Field-induced Phase Transition and Polarization Rotation of 

Pb(Mg1/3Nb2/3)O3-0.30PbTiO3 Ceramics 

In this chapter, the structural changes of Pb(Mg1/3Nb2/3)O3-0.30PbTiO3 (PMN-0.30PT) 

ceramics at long-range and local scale under application of electric fields are revealed by in 

situ high-energy XRD and total scattering techniques. The crystal structure of unpoled samples 

is identified as monoclinic Cm at both the long-range and local scale. In situ XRD results 

suggest a field-induced phase transition and polarization rotation occur in this material at 

different field stages. A polarization rotation pathway is proposed based on the Le Bail fitting 

results of the in situ XRD data. These results show proof of the polarization rotation mechanism 

in polycrystalline relaxor ferroelectrics. The atomic-scale responses of PMN-0.30PT ceramics 

is studied using in situ electric field PDF. The systematic changes of structures at local scale 

is consistent with the polarization rotation mechanism. This study present evidences that 

intrinsic effects, i.e. ferroelectric-ferroelectric phase transition and polarization rotation, 

happened in PMN-0.30PT ceramics during the application of electric field, and may play 

critical role in the high performance perovskites. 

 

7.1 Introduction 

PMN with the perovskite ABO3 structure is a widely known canonical relaxor, which 

shows unusually large dielectric constant in a broad temperature range with a characteristic 

strong frequency-dependence.[20], [49], [202], [203] Addition of the classical ferroelectric PT 

into PMN results in the solid solution PMN-xPT, which exhibits a combination of relaxor 

ferroelectric and classical ferroelectric behaviors.[47], [55], [204] In PMN-xPT, the A-sites of 
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the ABO3 perovskite are occupied exclusively by Pb2+ ions, while B-sites are co-occupied by 

Mg2+, Nb5+, and Ti4+ ions, resulting in cation disorder and complex micro and local 

structures.[16], [21], [205] The existence of a MPB in the PMN-xPT phase diagram, where 

tetragonal and rhombohedral phases are separated by a boundary which is nearly independent 

of temperature, has been reported by various studies. The compositions for the morphotropic 

phase transition has been reported to be between x=0.30-0.37, the exact values vary in different 

studies due to different sample synthesis procedures.[47], [206]–[208] Most interestingly, 

giant piezoelectric responses, e.g. high piezoelectric coefficients, extremely large strains, and 

high electromechanical coupling factors have been reported in compositions near the MPB. 

The properties of PMN-xPT relaxor ferroelectrics are comparable or even better than the 

currently widely used PZT-based piezoceramics, and has been referred as the new generation 

transducer materials.[50], [209]–[212] 

Since the discovery of PMN-xPT, intensive studies have been focused on the single 

crystal form due to the desirable piezoelectric properties after domain-engineering and relative 

ease of growing single crystals.[13] Thus, fundamental studies for the mechanism of enhanced 

piezoelectric performance near MPB have been also mainly focused on the single crystal form. 

In general, both intrinsic and extrinsic effects contribute to the dielectric and piezoelectric 

responses of a ferroelectric material.[13], [213], [214] The extrinsic contribution comes from 

the displacement of defects and domain walls. The intrinsic effects are related to the changes 

of lattice itself, such as lattice distortion, symmetry changes, etc.[13] Some corresponding 

mechanisms related to the intrinsic contributions of PMN-xPT single crystals have been 

reported based on recent experimental and theoretical studies, such as electric field-induced 
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phase transition, polarization rotation via a monoclinic phase, adaptive domain structure, 

existence of polar nano-regions and so on.[50]–[55] Similar to the observations in single 

crystals, studies of PMN-xPT based ceramics also show enhanced piezoelectric coefficients 

and polarization within the MPB region.[208], [215]–[217] The high piezoelectric responses 

and large field-induced strain with low hysteresis show the potential applications of PMN-xPT 

ceramics in transducers and actuators.[50], [218]–[220] In addition, the PMN-xPT ceramics of 

MPB composition has been found to exhibit excellent electrocaloric properties due to the high 

dielectric permittivity and polarization, and are considered as promising candidate for the new 

generation cooling devices.[221]–[223] However, studies focusing on the fundamental 

mechanisms occurring in PMN-xPT ceramics are very limited, compared to studies of other 

piezoelectric ceramics and PMN-xPT single crystals. In most PMN-xPT ceramics’ studies, the 

mechanism for the anomalous piezoelectric response near the MPB are proposed to be 

extrinsic, arising from enhanced domain switching due to the co-existence of tetragonal and 

rhombohedral phases.[218], [224] However, the above statements are doubtful as well as 

oversimplified based on the mechanism studies on numerous similar ceramic systems such as 

PZT,[225], [226] potassium sodium niobate (KNN),[227], [228] NBT,[229] and BT[182], 

[230]. These studies suggested that the intrinsic effects such as the possible field-induced phase 

transitions, the existence of lower symmetry phase(s), and/or polarization rotation play 

important roles in the enhanced electromechanical properties near the MPB. It is reasonable to 

conjure that similar intrinsic effects can exist in PMN-xPT ceramic system, and contribute to 

the piezoelectricity. However, direct evidence of the intrinsic electric field-induced effects in 
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PMN-xPT ceramics are still unavailable, while many features related to dielectric and 

piezoelectric properties of MPB compositions remain puzzling. 

Therefore, in order to clarify the origin of ultrahigh piezoelectricity in PMN-xPT 

ceramics near MPB, a comprehensive structural characterization under the application of 

electric field is presented. The composition chosen in this study is PMN-0.30PT. Here, a 

special mechanochemical synthesis procedure is used to ensure good chemical homogeneity 

of the sample, and to avoid the contamination from the milling procedures.[231]–[233] 

Moreover, the sintering process was purposefully designed to optimize the grain size of the 

samples for diffraction measurements. The field-induced structural changes of PMN-0.30PT 

ceramics are investigated using in situ XRD and PDF at a synchrotron source. Using the in situ 

technique, the long-range (from XRD) and local (from PDF) structural changes during the 

application of electric fields can be monitored and the crystal structures under various 

conditions can be determined.[71], [89], [95] Our results present the evidence of intrinsic 

contributions: polarization rotation and field-induced ferroelectric-ferroelectric phase 

transformations in PMN-0.30PT ceramics under fields, elucidating the possible intrinsic 

contributions to the enhanced piezoelectric properties in PMN-xPT ceramics near the MPB. 

 

7.2 Experimental 

The PMN-0.30PT ceramics are obtained from collaborators in Jožef Stefan Institute. 

The synthesis procedures are offered by collaborators and described as follows. For the 

synthesis of the stoichiometric PMN-0.30PT ceramic powder, PbO (99.9%, Aldrich), MgO 

(98%, Aldrich), TiO2 (99.8%, Alfa Aesar) and Nb2O5 (99.9%, Aldrich) were used. The 
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homogenized powder mixture was high-energy milled in a Retsch PM 400 planetary mill at 

300 rpm for up to 48 h, and additionally in a Netzsch PE 075/PR 01 attritor mill at 800 rpm for 

4 h in isopropanol. The powder compacts were pressed uniaxially at 50 MPa and then 

isostatically at 300 MPa, and sintered in double alumina crucibles in the presence of packing 

powder at 1200 °C for 2 h, with heating and cooling rate of 5°C/min. The mechanochemical 

synthesis procedures used here lead to higher chemical homogeneity, therefore increases the 

breakdown field. 

The microstructure was investigated with a field-emission scanning electron 

microscope (FE-SEM; JEOL JSM-7600). The samples were polished, thermally etched at 

900°C, and coated with a carbon coating (BAL-TEC SCD 005) prior to the FE-SEM imaging. 

The grain size was determined from a stereological analysis of the FE-SEM micrographs, for 

which more than 300 grains per sample were measured. For the electrical measurements, the 

pellets were cut to a thickness of about 200 µm, polished, and annealed at 600°C. The Cr/Au 

electrodes were deposited using RF-magnetron sputtering (5 Pascal). The polarization-electric 

field hysteresis loops were measured with an Aixacct TF analyzer 2000 at 1 Hz using a 

sinusoidal waveform. The dielectric permittivity 휀′ and the dielectric losses tan 𝛿 as a function 

of temperature were measured with a HP 4284 A Precision LCR impedance meter in the 

temperature range of 30-300°C at 1 kHz. The dielectric data were collected during cooling 

using a step of 1°C. 

For the long-range structural studies of PMN-0.30PT ceramics, in situ diffraction 

measurements were carried out during the application of electric fields using high-energy X-

rays at the beamline 11-ID-B of the Advanced Photon Source at Argonne National Laboratory. 
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The pellets were cut into ceramic bars with an approximate size of 1×1×5 mm3, annealed to 

relieve stress introduced by cutting, and silver electrodes were deposited on two 1x5 mm2 

opposing faces. The design of the electric field loading stage is the same as described by Usher 

et al.[89] The samples were measured in transmission mode using a slit size of 0.5 mm by 0.5 

mm and a wavelength of 0.21140 Å (58.64910 KeV). The samples were immersed in the 

dielectric insulating liquid Fluorinert™ FC-40 during the measurements to prefer electrical 

discharge. The datasets were collected before and during the application of static electric fields 

to unpoled samples, with an increment of 0.10 kV/mm. Diffraction patterns were collected for 

five minutes at each field step using a Perkin Elmer detector with a sample-detector distance 

of 0.70 m. The vertical sector of the two-dimensional diffraction pattern, which measures 

scattering vectors approximately parallel to the electric field direction, was reduced to a one-

dimensional pattern by integrating an azimuthal 20° angle sector in the Fit2D software.[180] 

Rietveld refinements were performed on patterns of unpoled samples to quantify the secondary 

phase fraction with the software package GSAS[75] with the EXPGUI interface[141]. Full 

profile fittings of the 1D patterns at each electric field were performed using the Le Bail method 

in GSAS-EXPGUI for identifying the corresponding space group and extracting structural 

information. 

In addition, in situ total scattering measurements were conducted in order to study the 

local structure. The setup is similar to the diffraction measurements as described above, but 

the detector was moved much closer to the sample, with a sample-detector distance of 0.18 m, 

to ensure that a sufficiently high scattering vector (𝑄) can be obtained for PDF analysis. The 

2D scattering images were also reduced using Fit2D to obtain one-dimensional patterns 
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corresponding to scattering vectors oriented parallel to the electric field. The reduced datasets 

were corrected for polarization, and then normalized and converted to total scattering function 

𝑆(𝑄) and 𝐺(𝑟) PDF pattern using PDFgetX3.[87] Background scattering from the insulating 

liquid was subtracted during data processing. Real-space least-squares refinements to the 

experimental PDF patterns were carried out using PDFgui.[91] Peak fitting of local scale PDF 

peaks was conducted using a Gaussian profile. In addition, cerium dioxide standard was used 

for in situ XRD and PDF measurements to calibrate the sample to detector distance, beam 

center, and detector orthogonality. 

 

7.3 Results 

As shown in Fig. 7-1a, the FE-SEM images of the etched surfaces indicate 

homogeneous and uniform microstructures in the synthesized PMN-0.30PT ceramics. The 

relative density (RD) is 96.3 ± 0.1% of theoretical density (8.17 g cm−3 according to the JCPDS 

database [reference code 01-081-0861]). Grain size was found to be 1.1 ± 0.6 µm according to 

the stereological analysis of FE-SEM images. The grain size of the samples is ideal for 

Figure 7-1 SEM image (a), dielectric measurements(b), and polarization loops (c) of PMN-

0.30PT ceramics. Inset of subplot (b) shows the deviation of Curie-Weiss law; the dashed line 

shows the linear fit of (1/ε’) versus T at the paraelectric phase. 
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diffraction and total scattering measurements. Figure 7-1b shows the dielectric permittivity as 

a function of various temperatures and at 1, 10, and 100 kHz frequencies. The permittivity 

reaches a maximum of 휀′max≈39,200 at 140°C at 1 kHz, while at room temperature 휀′≈3400. 

The values of measured permittivity are relatively high compared to other dielectric ceramics, 

and are even comparable with single crystals.[211], [221], [234] This composition shows 

characteristic relaxor behaviors based on the dielectric measurements. The permittivity peak is 

broad with a FWHM around 50°C, and is frequency dispersive: the obtained 휀′max and 𝑇m 

changes with different frequencies. A strong deviation to the Curie-Weiss law (𝑇dev) occurs at 

242°C, which is around 100°C above 𝑇m. In addition, the dielectric loss (tan 𝛿 in Fig. 7-1b) 

also shows a frequency dependency. All the dielectric behaviors are indicative of a relaxor 

mode in PMN-0.30PT ceramics. Additionally, polarization-electric field (P-E) hysteresis loops 

are shown in Fig. 7-1c. The P-E loop saturated at 4.0 kV/mm, with a remnant polarization (𝑃r) 

of 30 µC/cm2 and a coercive field (𝐸c) of 0.87 kV/mm. The P-E loops of PMN-0.30PT reveal 

the ferroelectric character, and is different from a typical relaxor which has slim hysteresis 

loop and small 𝑃r.[18] Therefore, the property tests indicate the PMN-0.30PT ceramics present 

a combined behavior of typical relaxors like PMN and classic ferroelectrics like PT. However, 

the crystallographic information of PMN-0.30PT ceramics remains unknown, and the 

relationship between the observed macroscopic properties and the structure is unclear. In the 

following sections, the long-range and local structure of unpoled PMN-0.30PT ceramics will 

be described and discussed, as well as how the structure changes when electric fields are 

applied. 
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7.3.1 Long-range and Local Scale Crystal Structure of Unpoled Sample 

Figure 7-2a shows the high-energy XRD pattern of unpoled PMN-0.30PT ceramics. 

The major Bragg peaks suggest a pseudocubic perovskite phase, while the asterisks in the inset 

reveal that a trace amount (1.31 ± 0.15 wt.%) of secondary pyrochlore phase exists. Note that 

the pyrochlore phase is absent from our previous laboratory XRD results (Fig. E-1 in Appendix 

E), but is unveiled under the high-energy XRD due to the higher penetration depth. To 

determine the long-range crystal structure of unpoled PMN-0.30PT ceramics, the Le Bail 

method was used. Five plausible space groups were considered before the fitting procedure, 

including rhombohedral R3m and tetragonal P4mm, which are the two phases on the left and 

right side of MPB in the phase diagram.[55] Structures with lower symmetry than P4mm and 

R3m, e.g. monoclinic Cm and Pm, were also considered because these two phases have been 

widely reported in Pb-based ferroelectric systems such as PZN-xPT and PMN-xPT in both 

single crystal and bulk ceramic form.[55], [206]–[208] In addition, orthorhombic Amm2 was 

taken into consideration based on several PMN-xPT structure studies.[235] In some reports, 

orthorhombic Bmm2 with the diad axis along the 𝑏-axis was reported for PMN-xPT, which is 

equivalent to Amm2 used in this paper.[235], [236] Note that single phase structural models 

were selected in the fitting procedure since neither multiple reflections nor noticeable peak 

asymmetry were observed for reflections such as {111}PC and {200}PC with the current 

instrument resolution (without further indication, reflections in this paper are noted with a 

pseudocubic (PC) unit cell index). Figure 7-3a shows the magnified views of representative 

Bragg peaks in the high-energy XRD pattern, and the fits using different single phase models. 
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The peak of first column in Fig. 7-3a belongs to {011}PC, which has the highest intensity, while 

the other 3 columns shows peaks at high-𝑄  (equivalent to high 2θ angles where 𝑄 =

4𝜋𝑠𝑖𝑛(𝜃)/𝜆). For the fits of peaks at low-𝑄, e.g. {011}PC, all 5 of the considered models give 

good fits since the subtle divergence among the models results in similar calculated low-𝑄 

reflections. The differences between the structural models for the unpoled sample are difficult 

to distinguish using only the low-𝑄  reflections. However, the differences between the 

calculated patterns from these models is amplified at high-𝑄, showing additional features such 

as peak splitting, extra shoulders, and/or enhanced peak asymmetry compared to the low-𝑄 

Figure 7-2 High-energy XRD pattern (a), reduced total scattering function (b), and PDF pattern 

after Fourier transform (c) of unpoled PMN-0.30PT ceramics. Asterisks in the inset of (a) 

reveal traces amount of secondary pyrochlore phase. 
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reflections. These characteristic features of high-𝑄 reflections can be used to determine the 

accurate crystal structure. By comparing the calculated patterns from each model and the 

diffraction data in Fig. 7-3a, it is clear that the monoclinic phase with Cm space group gives 

the best fit. The peak broadening and asymmetry are well represented using this model; also, 

Cm model gives the lowest values for the goodness of fit (GoF) metrics Rp and Rwp, as listed 

in Fig. 7-3a. Figure 7-3b presents the overall fit of the full pattern using the monoclinic Cm 

structure, showing the satisfactory match between the observed and calculated profiles for the 

unpoled sample. 

As mentioned in the introduction, the B-sites of PMN-xPT perovskites are occupied by 

3 different types of ions, resulting in a very complicated structure with local distortions and 

chemical disorder. As evidenced by selected area electron diffraction (SAED) in Fig. E-2 in 

the supplemental information, extensive structured diffuse scattering was observed in PMN-

0.30PT ceramics, which might due to correlated local displacements. Therefore, the long-range 

structure determination by fitting solely the Bragg diffractions is not sufficient to fully 

characterize the structure of PMN-0.30PT ceramics. The other technique used in this study is 

PDF. PDF analysis is sensitive to local-scale correlations of atomic displacements in materials, 

and has been widely used to study nanomaterials, liquids, amorphous materials.[69] PDF has 

also proved to be useful in characterizing the local structures of disordered polycrystalline 

materials such as PMN, BT, and NBT.[84], [90] To obtain the PDF pattern of PMN-0.30PT 

ceramics, the total scattering function 𝑆(𝑄) is first produced after integration, correction, 

normalization of the 2D scattering patterns. Figure 7-2b shows the reduced total scattering 
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function 𝑄[𝑆(𝑄) − 1] for the unpoled sample. The 𝑄  range here (𝑄max=24.3 Å-1) is much 

higher than the diffraction measurements (e.g. 𝑄max=8.3 Å-1 in Fig. 7-2a), enabling sufficiently 

Figure 7-3 (a): Magnified views of representative Bragg peaks of the high-energy XRD 

pattern, and the fits using different single phase models. The indices of these reflections are 

labeled in a pseudocubic unit cell. (b): the overall fit of the full pattern using monoclinic Cm 

structure. 
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high resolution in the PDF. The inset of Fig. 7-1b shows the magnification of 𝑄[𝑆(𝑄) − 1] 

versus 𝑄, data with good signal-noise ratio is obtained until 20 Å-1, which is suitable for PDF 

analysis.[81] The PDF 𝐺(𝑟)  is obtained from 𝑆(𝑄)  by Fourier transform. A detailed 

description and explanation of Fourier transform of 𝑆(𝑄) can be found in Ref.[69]. The PDF 

pattern, as shown in Fig. 7-2b, represents the possibility of finding an atom at a distance r from 

another atom in the material. Each peak in the PDF pattern indicates the existence of at least 

one type of atom-atom pairs. Studying the PDF of PMN-0.30PT can provide valuable structure 

information at local and intermediate length scale. Figure E-3 plots PDF data at local scale (2-

6 Å) against a calculated PDF pattern from a prototype cubic perovskite model, in which the 

peak at r≈3.5 Å majorly comes from the nearest Pb-B pair, and peak at r≈4 Å and r≈5.8 Å 

represent the nearest and second nearest Pb-Pb/B-B pairs. The asymmetric feature of the 

nearest Pb-B pair and the deviation of peak height from the model likely arise from 

displacements of Pb2+ ions. The Pb2+ displacements of PMN-xPT and other Pb-based 

perovskites have been reported elsewhere using neutron PDF technique.[84], [237], [238] 

However, the accurate determination of the proper space group at the local and intermediate 

range for PMN-0.30PT ceramics has not been studied or reported before. 

Full profile PDF fitting were carried out for the unpoled PMN-0.30PT ceramics using 

PDFgui. It utilizes the least-squares minimization method to perform real space PDF 

refinements. Again, tetragonal P4mm, rhombohedral R3m, monoclinic Pm, Cm, and 

orthorhombic Amm2 were considered as the models for the fitting procedures. Lattice 

parameters, isotropic atomic displacement parameters, and atom positions were refined for 

each model until the best fit was obtained. As shown in Fig. 7-4, fits of PDF data from unpoled 
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PMN-0.30PT over a range of 2-6 Å represent the local scale structure, and the structure can be 

best described by a Cm phase. Fits over 8-28 Å represent the structure in the intermediate scale 

range; each peak in this range comes from a combination of different overlapping types of 

atom-atom pairs. As shown in Fig. 7-4, the PDF data in intermediate range can also be best fit 

with a Cm structure, with the lowest GoF value of Rw=6.02%. 

Figure 7-4 Fits of the unpoled PMN-0.30PT PDF pattern using different single phase models 

over a range of 2-6 Å (representing the local scale structure), and over 8-28 Å (representing 

intermediate scale structure). 
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To summarize, combining high-energy PDF and XRD refinements, for the first time, 

the true existence of monoclinic Cm as the ground state in unpoled PMN-0.30PT ceramics is 

confirmed by this study. 

 

7.3.2 In situ XRD of PMN-0.30PT 

Diffraction measurements during the application of electric fields can provide useful 

information relating to the field-responsive mechanisms of piezoelectrics and 

ferroelectrics.[70], [71] To study how the long-range crystal structure behaves under the 

application of electric field in PMN-0.30PT ceramics, in situ XRD was performed, and the 

patterns were recorded at sequential static electric fields. Figure 7-5a shows four representative 

𝑄-ranges in the XRD pattern. The first two columns are reflections of {001}PC and {011}PC 

family planes, while the other two columns represent the peaks of {233}PC and {134}PC at 

high-𝑄 range. In general, the peaks at low-𝑄 (e.g. {001}PC and {011}PC) are broad, exhibiting 

only subtle changes as a function of field. The most obvious changes for the low-𝑄 reflections 

happen between 1.5 kV/mm and 1.6 kV/mm. Shown in Fig. 7-5a, there is a sudden change of 

peak intensity, position, and shape for the low-𝑄 reflections, which are indicative of structural 

changes in the PMN-0.30PT ceramics. The structural changes also result in distinguishable 

differences for peaks at high-𝑄 , which are evidenced by the changes in the {233}PC and 

{134}PC peaks in Fig. 7-5a. 

Based on the behaviors of the high-𝑄 peaks with increasing fields, the field-induced 

changes can be grouped into 3 different stages. Stage 1 is from 0 to 1.5 kV/mm, showing a 

continuous change of peak profile, which is majorly contributed from domain wall motion and 
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field-induced strain. When the field increased from 1.5 kV/mm to 1.6 kV/mm, the 

corresponding changes in diffraction pattern are obvious in every Bragg peak, and occur 

discontinuously from the previous stage. Therefore, we consider 1.6 kV/mm as the starting 

point of Stage 2. The sudden change from 1.5 kV/mm to 1.6 kV/mm cannot be due to domain 

Figure 7-5 (a): In situ electric field XRD in selected representative Q ranges. The process is 

categorized into 3 stages. (b): the best fits using specific model for patterns at 1.5 kV/mm, 1.6 

kV/mm, 2.2 kV/mm, and 4 kV/mm, respectively. Note for 4.0 kV/mm pattern a 

𝑃4𝑚𝑚(red)+𝑃𝑚(black) mixed phase model was adopted. 
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wall motion, in which only the relative intensity will change instead of causing peak shifting. 

An intrinsic contribution of field-induced strain (piezoelectric lattice strain) is not responsible 

either since the piezoelectric lattice strain is supposed to gradually increase under field as 

opposed to the discontinuous jump observed here. Additionally, in Stage 2 the peaks shift right 

(toward higher 𝑄, lower 𝑑-spacing) when further increase the field from 1.6 kV/mm to 2.2 

kV/mm, as clearly shown in {233}PC and {134}PC peaks in Fig.5a. It seems that a strain release 

happens during Stage 2, which is unrelated to the piezoelectric lattice strain effect, as the 

electric field is not decreased. The strain release was observed in every reflection, as evidenced 

in Fig. E-4 using high-𝑄 (123)PC reflection and low-𝑄 (001)PC reflection as examples. The 

discontinuous changes in the peak profiles across the whole diffraction pattern between 1.5 

and 1.6 kV/mm is likely caused by a first order field-induced phase transition. Further 

increasing the field to above 2.2 kV/mm leads to peak splitting in Stage 3, which is apparent 

at high-𝑄 but smeared out at low-𝑄. This peak splitting at high fields indicates continuous 

crystal structure changes. All samples underwent dielectric breakdown when the field reached 

around 4.0 kV/mm. Therefore, we considered 2.2-4.0 kV/mm as Stage 3 for the in situ process. 

As mentioned in the introduction, the intrinsic contributions to the piezoelectric 

response of a material, e.g. field-induced phase transitions and/or polarization rotation, relate 

to the changes of lattice itself. Therefore, in order to probe these intrinsic effects in 

polycrystalline PMN-0.30PT, it is necessary to identify the crystal structure and to extract the 

lattice parameters at different electric fields. The behavior of lattice under field will give 

evidence of the intrinsic effects. However, it is worth noting that using only a standard 

refinement routine (e.g. the Rietveld method) to characterize structure and to extract 
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crystallographic information is inaccurate for analyzing data collected when a field is applied 

to polycrystalline materials. This is because under the application of a vector field, the powder 

averaging assumption is broken (i.e., the material is no longer isotropic). Therefore, more 

complicated models would need to be introduced in order to accurately describe the field-

induced texture and/or atomic position changes;[70], [75] otherwise the structural information 

obtained from refinement process will be misleading. However, in general it is difficult to find 

the appropriate models, also incorporating such models into currently available refinement 

software packages is challenging. The Rietveld method attempts to utilize all parameters 

(including atomic position, thermal factor, texture) during refinement. Since in this study we 

are focused on the phase identification and lattice parameters instead of texture or atomic 

position, the Rietveld method is neither the most efficient nor the most practical way. To 

overcome such difficulty, an alternative approach, Le Bail fitting, was chosen. This method 

was introduced by Le Bail et al. and is derived from the Rietveld method.[79], [80] Le Bail 

fitting is a cell-restrained whole powder pattern decomposition method, in which individual 

integrated intensities are extracted free of structural constraints, suitable for attempting a 

structure solution (e.g. refinement of cell parameters) precisely. A good example is the 

determination of the structure of PZT located near the MPB using Le Bail fitting by Sani et 

al.[239] 

Various plausible models, including rhombohedral R3m, tetragonal P4mm, monoclinic 

Pm, Cm, and orthorhombic Amm2, were tested to identify the phases at different electric fields. 

Fig. E-5 to Fig. E-8 shows the representative XRD patterns at selected fields (1.5 kV/mm, 1.6 

kV/mm, 2.2 kV/mm, and 4 kV/mm, respectively) and how each model fits the pattern. Fig. 7-
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5b summarizes the best fit model used in each field. Note the XRD patterns are all converted 

from the section of the 2D detector parallel to electric field. As an example, Figure E-5a shows 

selected Le Bail fitting peaks of PMN-0.30PT under 1.5 kV/mm, which is the end of Stage 1. 

The small difference curve and low GoF value suggest monoclinic Cm gives the best fit in 

general. The fitted whole pattern using Cm are shown in Fig. E-5b.  

When field increased to 1.6 kV/mm, the discontinuous and sharp changes of the Bragg 

peaks might indicate a first-order phase transition. The Le Bail fitting of 1.6 kV/mm pattern 

supports this argument. As shown in Fig. E-6a, monoclinic Cm cannot fully describe the peak 

profile, e.g. {114}PC reflection at 𝑄≈6.62 Å-1 and {134}PC at 𝑄≈7.95 Å-1. Both monoclinic Pm 

and orthorhombic Amm2 give reasonably good fit. However, the subtle differences between 

these two structures cannot be absolutely distinguished since Amm2 and Pm are mutually 

related to each other while polarization of Pm is slightly divergent from <011>PC direction of 

Amm2. When the field further increased from 1.6 kV/mm to 2.2 kV/mm, where the 

pseudocubic perovskite peaks begin to show splitting at high-𝑄  range, results of Le Bail 

method shows the fitting with monoclinic Pm is satisfactory, as shown in Fig. E-7.  

When the field reached to around 4.0 kV/mm, noticeable misfits between calculated 

pattern and XRD data exist in all the single-phase models, especially for high-𝑄 reflections, as 

shown in Fig. E-8. The misfits indicate the inadequacy of the current constructed single-phase 

models, and leads to the possible existence of a phase with lower symmetry than monoclinic 

(in this case triclinic) or the co-existence of Pm and another phase with subtle nature.[240] The 

existence of a triclinic phase is less likely since there is no experimental observation in any 

piezoelectric perovskite system yet to evidence this phase, in which the polarization is 
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unconstrained at any direction. Theoretical calculations show that triclinic does not emerge 

until the Devonshire theory is carried to twelfth order[241], suggesting stabilizing such a 

triclinic phase is extremely challenging in reality. Therefore, the misfit of pattern at around 4.0 

kV/mm strongly indicates a mixed-phase model. In fact, combining either phase with previous 

identified Pm phase might better describe the asymmetry, splitting, and broadening of the 4.0 

kV/mm pattern, because the current resolution smeared out the subtle peak features of 

differences models. However, we believe that incorporating a tetragonal P4mm into Pm as the 

mixed-phase model to describe the high field XRD pattern is valid. Firstly, the Pm to P4mm 

transition has been reported with increasing PT concentration, temperature, or pressure in 

various PT-based perovskite systems.[48], [235], [242] Secondly, field-induced monoclinic to 

tetragonal phase transition has been evidenced in single crystal form by polarization light 

microscopy and neutron scattering studies in PMN-xPT near the MPB,[243], [244] therefore, 

similar effect happening in polycrystalline form is reasonable. Additionally, first principle 

based simulations also revealed the formation of P4mm phase with increasing electric fields in 

PMN-xPT near the MPB.[51], [245] Based on the above facts, P4mm+Pm mixed-phase model 

was proposed and constructed, and it turns out the fitting is enhanced, e.g. GoF decreased from 

6.22% (lowest value in single-phase model by P4mm) to 5.20%. The best fit of 4 kV/mm 

pattern can be found in Fig. E-8b. 

Figure 7-6a-c shows the lattice parameters and unit cell volume of polycrystalline 

PMN-0.30PT under various field extracted from the Le Bail fitting. Note that for direct 

comparison, parameters of Cm in Stage 1 were converted into a typical single unit cell of 

pseudocubic. Even though Pm or Amm2 can be used to describe structure at 1.6 kV/mm, for 



133 

 

 

 

the sake of comparison convenience, the lattice parameters of Pm were chose in the plot. For 

the patterns fitted with mixed-phase model, crystal information of Pm was plotted. Starting 

from the unpoled sample, gradually increasing the applied field up to 1.5 kV/mm didn’t affect 

the lattice parameters (a, b, and c) too much, and the crystal structure remained as monoclinic 

Cm. It confirms our previous statement that at low fields the peak changes majorly contribute 

from domain switching and intrinsic piezoelectric strain instead of the phase changes. It is 

worthwhile to note that the 𝛽 angle of Cm shows a gradual increment under field in Stage 1, 

which is likely resulted from the continuous rotation of Cm polarization vector. At 1.6kV/mm, 

Figure 7-6 Lattice parameters: cell edge length (a), β angle (b), and cell volume (c) of 

polycrystalline PMN-0.30PT under various fields obtained from the Le Bail fitting. The 

assigned stage numbers and identified structures are noted. (d) schematic of polarization vector 

for R, MA, and T in a pseudocubic cell. (e) schematic of polarization vector for O, MB and MC. 

(f) Polarization rotation path for PMN-0.30PT ceramics proposed by this study. 
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there is a sharp increase in 𝛽 angle, lattice parameter c, and unit cell volume, corresponding to 

the sudden change of Bragg peaks under the same field. Le Bail fitting confirms a possible first 

order phase transition happened in this stage. Since either Pm or Amm2 can fit the pattern due 

to the mutual relation between these phases in PMN-xPT, here we describe the structure under 

Stage 2 as the pseudo-orthorhombic. Gradually increasing field from 1.6 kV/mm to 2.2 kV/mm 

results to complicate unit cell behavior, e.g. decrease of 𝛽  angle and increment of lattice 

parameters a and cell volume. This may indicate the transition from pseudo-orthorhombic to a 

typical monoclinic Pm phase, and the transition finished at around 2.2 kV/mm. Above 2.2 

kV/mm, which is in Stage 3, the major phase was identified as monoclinic Pm. With further 

increasing field, 𝛽 angle of Pm phase gradually enhances, lattice parameter a increases, while 

lattice parameters b, c, and cell volume decreases. Note it seems that b and c converged to the 

same value when reaching 4 kV/mm, so the Pm phase at high field can be thought as a distorted 

tetragonal phase. Together with the P4mm+Pm mixed-phase model fitting for high field 

patterns, it suggests that a continuous transition from Pm to P4mm happened during Stage 3. 

If field is high enough and no breakdown of the samples, the Pm is expected to transform to 

P4mm eventually.  

To summarize, the sharp change at 1.6 kV/mm suggests a first-order monoclinic to 

pseudo-orthorhombic phase transition, while the continuous lattice changes under fields in 

Stage 1 and Stage 3 indicate a polarization rotation mechanism. This polarization rotation 

mechanism was first proposed by Fu and Cohen based on the computation works.[51] In 

general, due to the symmetry constrains the polarization vector for a piezoelectric perovskite 

material is fixed to ⟨001⟩PC for tetragonal, and ⟨111⟩PC for rhombohedral. The two polarization 
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directions are illustrated in a pseudocubic unit cell in Fig. 7-6d. However, a direct 

rhombohedral-tetragonal transition is less likely to happen because of the large free energy 

gap. The presence of intermediate phase/phases between tetragonal and rhombohedral can 

facilitate the rotation of polarization, and therefore to promote the phase transition. Vanderbilt 

and Cohen predicted the existence of one orthorhombic Amm2 with a ⟨011⟩PC polarization and 

three types of monoclinic metastable phases between tetragonal and rhombohedral using 

eighth-order expansion of the Landau free energy functional.[241] Unlike tetragonal, 

rhombohedral, and orthorhombic, the polarization of monoclinic phases is not fixed to a 

specific direction, but lying on a plane of the unit cell. Therefore, the presence of monoclinic 

allows the polarization vector to continuously rotate in the polarization plane, bridging the free 

energy gap between tetragonal and rhombohedral. The three types of monoclinic phases have 

been refereed as MA, MB, and MC, respectively. The difference between these monoclinic 

phases is the plane where polarization vector lies: {11̅0}PC for MA, {1̅01}PC for MB, and 

{010}PC for MC. A schematic depiction of these phases and their representative polarization 

vectors is shown in Fig. 7-6d and e. Both MA and MB have a Cm space group while MC has a 

Pm structure. It is apparent that the Pm structure identified for the Stage 3 is MC. According to 

the polarization rotation mechanism, the rotation of polarization vector via monoclinic 

bridging planes won’t affect the symmetry of the lattice, but can lead to the piezoelectric 

distortion of the unit cell, resulting to the lattice parameters’ changes.[51], [225], [242] 

Therefore, the observed continuous changes of lattice parameters for the Pm in Stage 3 exactly 

suggest a continuous polarization rotation happened in MC under high field, along a rotation 

plane of (010)PC. Then the question left here is whether the identified Cm phase at low field 
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(Stage 1) belongs to MA or MB. If MB is the monoclinic phase at low field, then the monoclinic 

to pseudo-orthorhombic transition (observed between the first and second stage) should be 

continuous since the polarization vectors ⟨011⟩PC of Amm2 lies in the {1̅01}PC rotation plane 

of MB, as shown in Fig. 7-6e. However, the fitting results show a drastic jump of the lattice 

parameters, which is likely resulted from a change of the rotation mirror plane in this material. 

Considering the MA phase has a {11̅0}PC mirror plane in which the Amm2 ⟨011⟩PC polarization 

vector is not included, the presence of MA phase with Cm space group under field is reasonable. 

Similar jump has been reported by Chen et al. in BiFeO3 under fields, and a MA to MC-like 

phase transition was stated.[246] The continuous changes of lattice for the first stage in Fig. 7-

6a-c indicates the polarization rotation of monoclinic MA during the application of field. It is 

important to address that to absolutely discriminate the MA and MB phase, accurate Pb2+ and 

O2- displacement direction and fractional position in the unit cell must be presented. However, 

this requires neutron diffraction facility with higher resolution and in situ electric field 

capability, which is not currently available and still under development.  

To summarize the in situ XRD study of PMN-0.30PT ceramics under fields, a field-

induced MA to pseudo-orthorhombic phase transformation and polarization rotation of MA and 

MC phases have been evidenced in PMN-xPT ceramics near the MPB. The polarization rotation 

path and phase transformation is illustrated in Fig. 7-6f: with increasing field, the polarization 

vector rotates along MA’s {11̅0}PC plane; then a MA to pseudo-orthorhombic phase transition 

happened at 1.6 kV/mm, with polarization along ⟨011⟩PC in the {010}PC plane; further 

increasing field leads the polarization rotate along MC’s  {010}PC plane. Similar effects have 

been reported in other perovskite system but with different rotation pathway due to the intrinsic 
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chemistry nature or synthesis procedures.[246]–[248] If the field is high enough, and sample 

doesn’t break, a final tetragonal P4mm phase with ⟨001⟩PC polarization is expected. 

 

7.3.3 In situ PDF of PMN-0.30PT 

In situ PDF analysis was carried out to study the local scale structural responds to 

electric field in order to better interpret the fundamentals of PMN-0.30PT ceramics. Figure 7-

7 shows the in situ electric field PDF patterns from 0 kV/mm to 4 kV/mm, which are converted 

from the parallel to field section of the 2D total scattering pattern. The three subplots represent 

three different scales of the PDF pattern, ranging from local to intermediate scale. Peak shifting 

to high-r region is obvious for intermediate scale PDF peaks, as indicated in Fig. 7-7b and c, 

resulting from the field-induced piezoelectric strain. While the most interesting observations 

exist at the local scale. As noted in Fig. 7-7a, the Pb-Pb peaks at r≈4 Å and r≈5.8 Å show no 

obvious changes under field even up to the maximum 4 kV/mm, suggesting the unit cell is 

Figure 7-7 In situ electric field PDF patterns from 0 kV/mm to 4 kV/mm at different length 

scales. The arrows indicate the evolution of PDF peaks with increasing fields. The dashed lines 

in subplot (a) show the negligible changes of nearest and second nearest Pb-Pb pairs with 

increasing field. 
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stable, and field has minimal effect on the lattice frame at local scale. However, there is a 

notable peak splitting for the nearest Pb-B pair at r≈3.5 Å: this peak is asymmetric at 0 kV/mm, 

then developed to a doublet with increasing applied field. Note that the nearest Pb-O and B-O 

pairs supposed to be at r≈2 Å, but are covered in the termination errors in this study due to the 

low scattering factor of oxygen to X-ray. The minimum change of Pb-Pb peak, together with 

the evolution of the nearest Pb-B pair doublet, suggest that electric field majorly affect the 

atoms inside of the unit cell instead of the lattice frame itself. 

Due to the Pb2+ displacement along different directions in different crystal structures 

for PMN-xPT, the lengths of Pb2+ to eight nearest B-sites pairs will be different.[84] Figure E-

9a shows a schematic of Pb2+ and B-sites neighbors in monoclinic MA unit cell with Pb2+ 

displaced along {11̅0}PC mirror plane. In this structure, there are 8 Pb-B pairs with different 

lengths labeled as R1-R8. Figure E-9b shows another monoclinic MC unit cell with Pb2+ 

displaced along {010}PC mirror plane. It is clear that the changes of Pb2+ displacement direction 

will result in the changes of Pb-B pair lengths, and the changes of pair length can be reflected 

by the shape and position of the nearest Pb-B PDF peaks.[84] Therefore, studying the Pb-B 

peak behavior can explain how the polarization vector changes when field was applied. Figure 

E-9c illustrated the different polarization directions resulting in the Pb-B pair length changes. 

In this calculation, a simplified model was used: pseudocubic structure with lattice parameter 

of 4.02 Å (the length of nearest Pb-Pb peak in PDF pattern of an unpoled sample), in which 

the Pb2+ displacement was fixed as 0.5 Å for different directions.[84], [249] It is important to 

note that the model used here is simplified for explicitly demonstrating the dynamic changes 

of Pb-B pair lengths, it is very likely that the lattice parameters and Pb2+ displacement distance 
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varies simultaneously with the changes of polarization in reality. The sequence of polarization 

direction change demonstrated in Fig. E-9c is from rhombohedral to monoclinic MA, MC, and 

eventually to tetragonal, which is transition path suggested by in situ XRD in the previous 

section. The polarization vector changes from ⟨111⟩PC to {11̅0}PC, {010}PC, and then to 

⟨001⟩PC, and Fig. E-9c traces the length of each individual Pb-B pair. Some lines overlapped 

with each other due to the pseudocubic model used here. Not all the eight Pb-B pairs can be 

resolved in the collected PDF data due to the intrinsic disorder of PMN-xPT, overlapping of 

nearby peaks, and smearing effect by limited resolution of the facility. Therefore, such 

complex distribution of the Pb-B pair lengths can be approximated by 1 short (Rshort), 6 

intermediate (Rmedium), and 1 long (Rlong) distances for rhombohedral and MA structures 

(denoted as 3-peaks fitting model in the following), while 4 short (Rshort) and 4 long (Rlong) 

distances for tetragonal and MC structures (described as 2-peaks model). 

These two models were constructed and used to fit the local PDF peaks from 3 Å to 4.5 

Å (which includes the first Pb-B pair and first Pb-Pb pair) under the application of various 

fields, representative fittings are shown in Fig. 7-8. For the unpoled sample as shown in Fig. 

7-8a, the local PDF peak at r≈3.5 Å can be fit well with the 3-peaks model: a Rshort of ≈3.30 Å 

in red, Rshort of 3.57 Å in blue, and Rlong of 3.88 Å in green. With increasing field, (e.g. up to 

1.8 kV/mm in Fig. 7-8b-d), the resolved peak positions remain nearly unchanged, while the 

Rmedium peak becomes slightly broader (FWHM changed from 0.284 ±0.017° to 0.359 

±0.030°), which agrees with our expectation and calculation from the simplified model in Fig. 

E-9c. Notable changes of the peak shape happened between 1.8kV/mm and 1.9 kV/mm. It is 

clearly that the shoulder at r≈3.4 Å in 1.8 kV/mm PDF pattern (Fig. 7-8d) evolved to a 
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secondary peak in 1.9kV/mm (Fig. 7-8e), and fitting the PDF peak using the 3-peaks model 

gives a very broad peak for Rlong (peak width >1 Å). The true existence of such a broad Rlong 

peak is doubtful: the width of a PDF peak at local scale gives atomic probability distribution, 

reflecting the amplitude of atomic vibration, and a peak width of 1 Å relates to a thermal factor 

(U) larger than 1 Å2 which is far away larger than the typical values in a metal-oxide.[179], 

[238] Therefore, the resolved broad peak for Rlong by using 3-peaks model cannot be assigned 

to physical meanings. It is reasonable to deduce that the mechanism may change when reaching 

this field range, and trying to use another model to fit the PDF peaks at high fields is necessary. 

Figure 7-8f shows the fitting using 2-peaks model for 1.9 kV/mm pattern, which presents 

excellent agreement between the data and calculated pattern. For patterns above 1.9 kV/mm, 

the local PDF peaks can be fit well with 2-peaks model. As suggested by our model and 

calculations in Fig. E-9c, this 2-peaks model at high fields indicates the existence of a MC or 

Figure 7-8 Representative fits of local PDF peaks from 3 Å to 4.5 Å under selected fields. For 

the peak at r≈3.5 Å, subplot (a)-(d) shows 3-peaks model fits well for 0-1.8 kV/mm patterns. 

Subplot (e) and (f) compare the fit using 3-peaks model and 2-peaks model. Subplot (g) and 

(h) show 2-peaks model better represents the high-field local structures. 
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tetragonal phase. The in situ PDF results also suggest a transition from MA to MC with 

increasing field. The turning point was identified as 1.9 kV/mm from PDF study, which locates 

at the second stage of the in situ XRD study connecting the Cm (MA) and Pm (MC) phase. Both 

in situ average structure and local structure studies prove the existence of intrinsic field-

induced structure changes. 

To summarize this part, our in situ PDF results and analysis show the systematic 

changes of PMN-0.30PT local structure under field, and evidenced a structure transition from 

MA (or rhombohedral-like) to MC (or tetragonal-like) at local scale. Even though not 

conclusive, our results give insight of the polarization rotation mechanism of PMN-0.30PT 

ceramics at local scale. More sophisticated modeling methods and PDF data with higher 

resolution is needed to further interpret the mechanism of PMN-0.30PT ceramics under fields. 

Neutron in situ PDF with electric field technique for PMN-xPT and other piezoelectric 

ceramics is under developments, and we believe this technique will give more details about 

the local structure behaviors, especially the Pb-O and B-O pair information, which will be 

valuable to fully interpret the field-induced local structure changes. 

 

7.4 Conclusions 

The electric field induced crystallographic structure changes of PMN-0.30PT 

polycrystalline ceramics was unveiled directly using in situ diffraction and total scattering 

methods. The average and local structure for unpoled PMN-0.30PT ceramics near MPB was 

determined to be monoclinic Cm. Under the application of electric field, a field-induced phase 

transformation and polarization rotation was evidenced. By Le Bail fitting of the in situ XRD 
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patterns, the lattice parameters’ changes were determined, and a polarization rotation pathway 

in PMN-0.30PT ceramics was suggested. In addition, the in situ PDF study also confirmed the 

systematic changes of PMN-0.30PT at local scale, giving insights of the intrinsic field-induced 

effect. The results from this study support that the field-induced phase transition and 

polarization rotation happened in PMN-0.30PT ceramics, and these intrinsic effects might also 

contribute to the high piezoelectric properties at the MPB. This work demonstrated that the in 

situ techniques and data analysis methods used here can be extended to other various functional 

electronic ceramics to study the fundamental mechanisms during application of electric field. 
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CHAPTER 8 Conclusions and Future Works 

8.1 Conclusions 

The studies conducted in this dissertation characterized the crystallographic structures 

for several complex ceramics using different advanced scattering techniques. The results and 

implications of this work facilitate the interpretation of processing-structure-property 

relationships of a wide range of functional ceramics, including lead-free ferroelectrics, relaxor-

ferroelectrics, fluorite dielectrics, and spinel compounds. The detailed structure 

characterization at ambient conditions offers in-depth understanding of the structures (e.g. 

HfO2 fluorite and CMO spinel) and their relationships to the observed macroscopic properties. 

The in situ studies during synthesis, heating, or application of electric field contribute new 

knowledge of the formation mechanism of NBT-xBT, origin of the high temperature stable 

permittivity in BT-xBZT, and field-induced structural changes in PMN-xPT. The techniques 

and data analysis methods used in this dissertation will be of immediate interest to communities 

of dielectrics, ferroelectrics, and relaxors. Also, these techniques and methods demonstrated in 

this dissertation can be extended to research of other functional ceramics. 

In Chapter 3, phase formation of NBT-xBT during the calcination process is studied, 

and a new particle conversion mechanism is reported based on the examination of in situ high 

temperature XRD. This study suggests that the formation of NBT-xBT has complex reaction 

sequences and involves different intermediate phases. Studying the reactions in situ helps to 

explain the observed phenomena in the NBT-xBT system, and is useful in improving 

processing route. A new NBT-xBT processing approach is suggested based on this in situ 
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study, and is proved to accelerate the synthesis process, increase the phase purity, and reduce 

thermal budget. 

In Chapter 4, a detailed study of the processing-structure relationship in Si-doped HfO2 

is given by using high resolution XRD. The calcination temperature and SiO2 particle size play 

important role in the incorporation of Si into HfO2 and diffusion of Si out of (Hf,Si)O2 solid 

solution. The obtained (Hf,Si)O2 solid solution is confirmed to exist as a non-equilibrium state. 

This work demonstrates that the processing conditions can be optimized in order to control Si 

incorporation and to mitigate the precipitation of secondary phases. 

Chapter 5 gives a comprehensive structure characterization on CMO ceramics with a 

wide composition range. Neutron diffraction and high resolution XRD data is analyzed using 

Rietveld refinement method. It is found that Co prefers on A-sites while Mn prefers on B-sites. 

A tetragonal to cubic spinel transition is observed with the addition of Co on B-sites. According 

to this study, the electronic conduction mechanism in CMO is closely related to the length of 

shortest MB-MB bonds and the elemental distribution of B-sites atoms. This study contributes 

to a thorough understanding of the structure-property relationship in the cobalt manganese 

based spinel oxides. 

In Chapter 6, the fundamental origin of the temperature stable properties of BT-xBZT 

relaxors, and their relationship with the unique local scale structures, is investigated. This work 

provides a systematic study of the local and average structures of a lead-free relaxor-dielectric 

material, BT-xBZT, using in situ high temperature X-ray total scattering. The results show 

evidence of an enhanced tetragonal distortion at local scale for the relaxor-dielectric 

compositions, suggesting that there are tetragonal polar clusters embedded in a non-polar 
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pseudocubic matrix for BT-xBZT relaxors. Examination of the local scale PDF data as a 

function of temperature reveals the persistence of the tetragonal distortion to at least 225°C, 

even though the average structure transforms to a pseudocubic paraelectric phase, indicating 

that temperature-stable polar clusters exist in BT-xBZT. The results suggest these nanoscale 

clusters with tetragonal distortions may be responsible for the large relative permittivity in BT-

xBZT at high temperature. The results and implications of this work facilitate the interpretation 

of the high temperature dielectric properties of lead-free relaxor-dielectrics. 

In Chapter 7, the electric field induced crystallographic structure changes of PMN-

0.30PT polycrystalline ceramics is unveiled directly using in situ diffraction and total 

scattering methods. The results from this study support that the field-induced phase transition 

and polarization rotation are responsible for the origins of high piezoelectric properties at the 

MPB. A polarization rotation pathway is proposed based on the Le Bail fitting results of the in 

situ XRD data. The atomic-scale response of PMN-0.30PT from PDF results also agree with 

the polarization rotation mechanism. The results show proof of the the polarization rotation 

mechanism in polycrystalline relaxor ferroelectrics. 

 

8.2 Future Works 

Applications of advanced scattering techniques to understand the local and long-range 

structures of complex dielectrics and ferroelectrics are still in a relative state of infancy. 

Exciting opportunities remain to further optimize the methodology, develop the hardware and 

software capabilities, and expand to other material systems. 
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The PDF studies in this dissertation demonstrated that in situ PDF can observe 

interesting structural changes at local and long-range for a variety of dielectrics and 

ferroelectrics. It would be beneficial to study other interesting material systems using this 

technique. The solid solution of xBa0.7Ca0.3TiO3-(1-x)BaZr0.2Ti0.8O3 (BCTZ) is the first lead-

free ferroelectric material with enhanced piezoelectricity when approaching the MPB, showing 

the potential to replace lead-based ferroelectrics in certain applications.[250] However, the true 

nature of the MPB is still in dispute. It will be interesting to investigate the ferroelectric domain 

wall motion and local environments of BCZT across the MPB, and to capture how domain 

wall motion, the local structures and bonding environments change with electric fields. The 

results of this work will help to clarify aspects of the structure-property relationship of these 

high performing lead-free ferroelectrics. 

Another material system worth studying by total scattering is PZT. PZT is the industry 

standard piezoelectric material and shows a high piezoelectric response, and can be easily 

modified by doping for tailored use in a large number of applications. However, a lot of studies 

has been focused on the extrinsic domain wall motion rather than intrinsic contributions such 

as polarization rotation, field-induced phase transition, etc. In addition, a systematic study of 

the local structures for PZT polycrystalline ceramics across MPB is still lacking. Combining 

the in situ XRD and PDF under application of electric field for a comprehensive study of PZT 

near MPB would be beneficial to better understand the intrinsic and extrinsic contribution for 

the enhanced piezoelectricity near MPB. 

For lead-based relaxor ferroelectrics, e.g. PMN-xPT, the existence of PNRs is thought 

to have important contributions to the electromechanical properties. A recent phase-field 
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simulation by Li et al. shows more evidences to support the PNRs contribution.[52] Therefore, 

it will be interesting to perform in situ low temperature PDF measurements on relaxor ceramics 

such as PMN-xPT. The structural changes at local scale in the cryogenic temperature range can 

be used to deduce the behaviors of PNRs in various compositions. In addition, conducting the 

total scattering experiment during the application of electric field at cryogenic temperature 

range on relaxor ceramics will also be helpful. The data can be used to study the transition 

from ergodic to non-ergodic relaxors at local scale, and also how the PNRs behave under the 

application of electric field. 

Another technique to be developed is in situ neutron PDF. Since neutron scattering 

strength is not dependent on the atomic number, it is more effective to give accurate atomic 

positions for light elements, e.g. oxygen. Applying this technique on complex ferroelectrics 

will give a clearer explanation of the role oxygen tilting plays on the ferroelectricity. To obtain 

anisotropic neutron PDF under the application electric field, new methods relating to data 

normalizations, corrections, reduction, and background subtraction need to be developed.  

The PDF studies conducted in this dissertation focused on the static aspect of the local 

structures and PNRs. It will be extremely useful to study the dynamics of the local structures 

for the relaxor-ferroelectrics. This technique called dynamic pair-density function (DPDF), 

was first reported by Dmowski et al.[23] DPDF describes the pair density of atoms oscillating 

at a frequency 𝑓 and a distance 𝑟, giving direct information on local lattice dynamics, which is 

difficult to obtain by other means.[23], [81], [84] Interpretation of the DPDF is complex and 

careful data processing and analysis is required. Applying DPDF on relaxor-ferroelectrics can 
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obtain unique information such as the dynamic dielectric polarization and overdamped local 

excitations. DPDF is likely to be used more often in the future. 

Each structural characterization method only offers a description of the material’s 

nature in one or a few aspects. By combining data from various characterization tools, more 

comprehensive insights to the matter can be gained. Such characterization techniques include 

small-angle X-ray scattering, X-ray absorption spectroscopy, infrared spectroscopy, Raman, 

density functional theory, as well as PDF and XRD. New software tools that can handle the 

data from various sources in order to give accurate structural solutions are also demanding to 

be designed. These structure reconstruction approaches at the atomic scale are still at an early 

stage, but look very promising for the future. 
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APPENDIX A: Supplementary Information to Chapter 3 

Figure A-1 In situ diffraction patterns taken during the heating stage of solid state synthesis 

of NBT. 

Figure A-2 In situ diffraction patterns taken during the heating stage of solid state synthesis 

of NBT-6BT. 
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Figure A-3 In situ diffraction patterns taken during the heating stage of solid state synthesis 

of NBT-9BT. 

Figure A-4 In situ diffraction patterns taken during the heating stage of solid state synthesis 

of NBT-13BT. 
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Figure A-5 In situ diffraction patterns taken during the heating stage of solid state synthesis 

of NBT using nano-TiO2 based reactant. 

Figure A-6 In situ diffraction patterns taken during the heating stage of solid state synthesis 

of NBT-6BT using nano-TiO2 based reactant. 
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Figure A-7 In situ diffraction patterns taken during the heating stage of solid state synthesis 

of NBT-9BT using nano-TiO2 based reactant. 

Figure A-8 In situ diffraction patterns taken during the heating stage of solid state synthesis 

of NBT-13BT using nano-TiO2 based reactant. 
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Figure A-9 Magnified view of NBT-6BT in situ calcination profile at a 2θ range of 23.5° to 

34.0°, showing the peak changes of various starting materials during heating. 
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Figure A-10 Selected Bragg reflections from the calcination profile of NBT. 

Figure A-11 Selected Bragg reflections from the calcination profile of NBT-6BT. 
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Figure A-12 Selected Bragg reflections from the calcination profile of NBT-9BT. 

Figure A-13 Selected Bragg reflections from the calcination profile of NBT-13BT. 
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Figure A-14 Selected Bragg reflections from the calcination profile of NBT using nano-

TiO2 based reactant. 

Figure A-15 Selected Bragg reflections from the calcination profile of NBT-6BT using 

nano-TiO2 based reactant. 
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Figure A-16 Selected Bragg reflections from the calcination profile of NBT-9BT using 

nano-TiO2 based reactant. 

Figure A-17 Selected Bragg reflections from the calcination profile of NBT-13BT using nano-

TiO2 based reactant. 
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Figure A-18 The relationship between corresponding planes of Bi2O3 and NBT-xBT at 

2θ≈32°. 

Figure A-19 In situ XRD patterns of heating stage at 800°C-1000°C and holding stage at 

1000°C in the 2θ range of 28.0°-32.0° for NBT, NBT-6BT, NBT-9BT, NBT-13BT (a to d); 

and for nano-TiO2 based compositions of NBT, NBT-6BT, NBT-9BT, NBT-13BT (e to h). 
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Figure A-20 TGA and derivative weight results of (a) NBT-6BT with normal-TiO2 and (b) 

NBT-6BT with nano-TiO2. 
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APPENDIX B: Supplementary Information to Chapter 4 

 

  

Figure B-1 Powder diffraction patterns of Si:HfO2(1700°C) and results of crystallographic 

refinement using single (Hf,Si)O2 phase (a) and a mixture of (Hf,Si)O2 and pure HfO2 

phases (b). Source for Si: nano-crystalline SiO2. The goodness of fit factors reduced from 

Rwp = 15.10%, and Rp =12.33% to Rwp=10.78%, and Rp=8.06% by using the mixture of 

(Hf,Si)O2 and pure HfO2 phases for modeling, suggesting a improvement for fitting. 
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Figure B-2 Crystallographic structure refinement for Si:HfO2(1000°C). Source for Si: 

nano-crystalline SiO2. The HRXRD diffraction is shown in black, the calculated fit in red, 

and the difference in blue. The hkl markers are brown for (Hf,Si)O2 solid solution phase. 

Figure B-3 Crystallographic structure refinement for Si:HfO2(1100°C). Source for Si: 

nano-crystalline SiO2. The HRXRD diffraction is shown in black, the calculated fit in red, 

and the difference in blue. The hkl markers are brown for (Hf,Si)O2 solid solution phase. 
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Figure B-5 Crystallographic structure refinement for Si:HfO2(1300°C). Source for Si: 

nano-crystalline SiO2. Source for Si: nano-crystalline SiO2. The HRXRD diffraction is 

shown in black, the calculated fit in red, and the difference in blue. The hkl markers are 

brown for (Hf,Si)O2 solid solution phase. 

Figure B-4 Crystallographic structure refinement for Si:HfO2(1200°C). Source for Si: 

nano-crystalline SiO2. The HRXRD diffraction is shown in black, the calculated fit in red, 

and the difference in blue. The hkl markers are brown for (Hf,Si)O2 solid solution phase. 
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Figure B-6 Crystallographic structure refinement for Si:HfO2(1400°C). Source for Si: 

nano-crystalline SiO2. The HRXRD diffraction is shown in black, the calculated fit in red, 

and the difference in blue. The hkl markers are brown for (Hf,Si)O2 solid solution phase. 

Figure B-7 Crystallographic structure refinement for Si:HfO2(1600°C). Source for Si: 

nano-crystalline SiO2. Source for Si: nano-crystalline SiO2. The HRXRD diffraction is 

shown in black, the calculated fit in red, and the difference in blue. The hkl markers are 

brown for (Hf,Si)O2 solid solution phase. 
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Figure B-8 Crystallographic structure refinement for Si:HfO2(1700°C). Source for Si: 

nano-crystalline SiO2. The HRXRD diffraction is shown in black, the calculated fit in red, 

and the difference in blue. The hkl markers are brown for (Hf,Si)O2 solid solution phase, 

pink for pure HfO2, and orange for HfSiO4. 

Figure B-9 Crystallographic structure refinement for 9 at.% Si-doped HfO2 using micro-

crystalline SiO2. The HRXRD diffraction is shown in black, the calculated fit in red, and 

the difference in blue. The hkl markers are brown for (Hf,Si)O2 solid solution phase, and 

green for cristobalite SiO2. 
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Table B-1 Summary of refined crystallographic information for tetragonal HfSiO4. 

Calcination Temperature (°C) 
Lattice parameters of HfSiO4 

Volume(Å3) 
a(Å) b(Å) c(Å) 

1500 6.5678(3) 6.5678(3) 5.9680(6) 257.452(3) 

1600 6.5677(1) 6.5677(1) 5.9678(2) 257.417(1) 

1700 6.5689(1) 6.5689(1) 5.9682(1) 257.530(9) 
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APPENDIX C: Supplementary Information to Chapter 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure C-1 (a) High resolution XRD pattern for Co0.9 to Co2.7, (b) ND patterns from 

PULSTAR for Co1.8 to Co2.7, and (c) high resolution ND patterns from POWGEN for Co0.9 

to Co1.5. Note that the full 𝑄 coverages of the diffraction data are shown for each dataset. 
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Figure C-2 Representative crystallographic structure refinement for Co1.2. The HRXRD 

diffraction is shown in black, the calculated fit in red, and the difference in blue. The hkl 

markers for tetragonal CMO phase used for refinement are in pink. 

Figure C-3 Representative crystallographic structure refinement for Co1.5. The HRXRD 

diffraction is shown in black, the calculated fit in red, and the difference in blue. The hkl 

markers for tetragonal CMO phase used for refinement are in pink. 



190 

 

 

 

  

Figure C-4 Representative crystallographic structure refinement for Co1.8 using combined 

analysis of (a) ND and (b) XRD data. The diffraction is shown in black, the calculated fit in 

red, and the difference in blue. The hkl markers for cubic CMO phase used for refinement are 

in pink, and green for CoO phase. 
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Figure C-5 Representative crystallographic structure refinement for Co2.4 using combined 

analysis of (a) ND and (b) XRD data. The diffraction is shown in black, the calculated fit in 

red, and the difference in blue. The hkl markers for cubic CMO phase used for refinement are 

in pink, and green for CoO phase. 
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Figure C-6 Representative crystallographic structure refinement for Co2.7 using combined 

analysis of (a) ND and (b) XRD data. The diffraction is shown in black, the calculated fit in 

red, and the difference in blue. The hkl markers for the primary cubic CMO phase used for 

refinement are in pink, cyan for the secondary CMO phase, and green for CoO phase. 
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Figure C-7 Illustration of a tetragonal spinel structure in a primitive unit cell. The bonds of 

two types of MA-MB, two types of MB-MB, and two types of MB-O are represented. 
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APPENDIX D: Supplementary Information to Chapter 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D-1 (1/ε’) as a function of temperature for BT-xBZT measured at 100 kHz, where 

x=0.06, 0.08, 0.10, and 0.20, respectively. Red dashed lines denote fitting to the Curie-Weiss 

law at high temperature range, and the deviation temperature from CW law is marked. The x-

intercept of the fit line implies the Curie temperature for that composition. 

Figure D-2 (1/ε’) as a function of temperature for BT-0.20BZT measured at 100 kHz, with 

measuring temperature extended to 500°C. 
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Figure D-3 Representative scanning electron micrographs of BT-xBZT: (a) x=0.06 with a 

grain size of 1.45 ± 0.76 µm; (b) x=0.08 with a grain size of 1.94 ± 1.20 µm; (c) x=0.10 with 

a grain size of 1.75 ± 0.95 µm; (d) x=0.20 with a grain size of 2.01 ± 1.10 µm. 

Figure D-4 (a) Room temperature PDF patterns for all the BT-xBZT compositions. (b) 

Position of first three PDF peaks as a function of composition after Gaussian peak fitting. 

(c) The calculated PDF patterns for a pseudocubic perovskite structure in which only the 

composition is allowed to vary. 
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Figure D-5 The fits of BT-0.20BZT room temperature PDF pattern over a range of 2-10 Å 

and 10-30 Å using four plausible phases: 𝑃4𝑚𝑚, 𝑅3𝑚, 𝐴𝑚𝑚2, and 𝑃𝑚3̅𝑚. The goodness 

of fit value for each individual fitting is listed. 

Figure D-6 The PDF patterns of (a) BT-0.08BZT, (b) BT-0.10BZT, (c) BT-0.20BZT under 

selected temperatures obtained by the in situ high temperature total scattering technique. 
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Figure D-7 The fits of BT-0.06BZT PDF pattern at 475°C over a range of 2-10 Å and 10-

30 Å using four plausible phases: 𝑃4𝑚𝑚, 𝑅3𝑚, 𝐴𝑚𝑚2, and 𝑃𝑚3̅𝑚. The goodness of fit 

value for each individual fitting is listed. 
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Figure D-8 Fitting results of the first three PDF peaks for BT-0.06BZT in situ PDF patterns 

using a Gaussian function: (a) peak position, (b) height, (c) FWHM as a function of 

temperature. 

Figure D-9 Reduced structure function, 𝑄(𝑆(𝑄) − 1), of BT-0.06BZT at 225°C. The arrow in 

the inset indicates the decay of signal at around 20 Å-1. 
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Figure D-10 The box-car fitting results of the lattice parameters a and c for BT-0.20BZT at 

125°C and 225°C respectively using a 𝑃4𝑚𝑚 model. The arrows indicate at what r range the 

local tetragonal distortion disappears. 
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APPENDIX E: Supplementary Information to Chapter 7 

 

  

Figure E-1 Laboratory XRD pattern of PMN-0.30PT sintered ceramics. The Bragg peaks are 

indexed using pseudocubic perovskite structure. The inset shows the magnified 2θ region 

between 24° and 31°, indicating the absence of secondary phase. 
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Figure E-2 (a) Dark-field TEM image recorded with 𝑔=002 reflections reveals twin domains 

of 10-25 nm thick. (b) SAED confirms extensive structured diffuse scattering due to correlated 

displacements. 

Figure E-3 Calculated lattice strain by fitting the in situ XRD peaks with Gaussian profile. The 

(001)PC and (123)PC reflections were selected here as examples for the strain of low-Q and 

high-Q peaks. The field-induced strains calculated from different peaks follow the same trend. 

In addition, strain releasing was happened after 1.6 kV/mm. 
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Figure E-4 (a) The magnified plots of representative Bragg peaks of the high-energy XRD 

pattern at 1.5kV/mm, and the fits using different single phase models. The indices of these 

reflections are labeled in a pseudocubic unit cell. (b) The overall fit of the full pattern using 

monoclinic 𝐶𝑚 structure. 

 



203 

 

 

 

  

Figure E-5 (a) The magnified plots of representative Bragg peaks of the high-energy XRD 

pattern at 1.6 kV/mm, and the fits using different single phase models. The indices of these 

reflections are labeled in a pseudocubic unit cell. (b) The overall fit of the full pattern using 

monoclinic 𝐴𝑚𝑚2 structure. 
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Figure E-6 (a) The magnified plots of representative Bragg peaks of the high-energy XRD 

pattern at 2.2 kV/mm, and the fits using different single phase models. The indices of these 

reflections are labeled in a pseudocubic unit cell. (b) The overall fit of the full pattern using 

monoclinic 𝑃𝑚 structure. 
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Figure E-7 (a) The magnified plots of representative Bragg peaks of the high-energy XRD 

pattern at 4.0 kV/mm, and the fits using different single phase models. The indices of these 

reflections are labeled in a pseudocubic unit cell. (b) The overall fit of the full pattern using 

𝑃𝑚+𝑃4𝑚𝑚 structure. 
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Figure E-8 The local PDF peaks for 0 kV/mm (black solid) and 4 kV/mm (red solid). The 

evolution of doublet at 4 kV/mm and r≈3.5 Å is obvious. The dot line indicates the calculated 

PDF pattern from a cubic Pm3̅m prototype perovskite model. The asymmetric feature of the 

r≈3.5 Å Pb-B pair peak and the deviation of peak height from the model is evidenced. 
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