
ABSTRACT 

USHER, TEDI-MARIE. Local and Average Structures in Ferroelectrics under Perturbing 

Fields. (Under the direction of Jacob L. Jones.) 

 

Ferroelectric and dielectric ceramics are used in a multitude of applications including 

sonar, micro-positioning, actuators, transducers, and capacitors. The most widely used 

compositions are lead(Pb)-based, however there is an ongoing effort to reduce lead-based 

materials in consumer applications. Many lead-free compositions are under investigation; 

some are already in production and others have been identified as suitable for certain 

applications. For any such material system, there is a need to thoroughly characterize the 

structure in order to develop robust structure-property relationships, particularly during in 

situ application of different stimuli (e.g. electric field and mechanical stress) 

This work investigates two lead-free material systems of interest, (1-x)Na1/2Bi1/2TiO3 

– (x)BaTiO3 (NBT-xBT) and (1-x)BaTiO3 – (x)Bi(Zn1/2Ti1/2)O3 (BT-xBZT), as well as the 

constituent compounds Na1/2Bi1/2TiO3 and BaTiO3. Both systems exhibit compositional 

boundaries between unique phases exhibiting different functional properties. Advanced 

scattering techniques are used to characterize the atomic structures and how they change 

during in situ application of different stimuli. The long-range, average structures are probed 

using high-resolution X-ray diffraction (HRXRD) and neutron diffraction (ND) and local 

scale structures are probed using X-ray or neutron total scattering, which are converted to 

pair distribution functions (PDFs).  

First, two in situ ND experiments which investigate structural changes to NBT-xBT 

in response to uniaxial stresses and electric fields are presented. In response to stresses, 

different crystallographic directions strain differently. The elastic anisotropy, (i.e., the 

orientation-dependence of elastic stiffness) for the studied compositions is characterized. A 



general inverse relationship between elastic anisotropy and piezoelectric anisotropy is 

demonstrated for three common ferroelectric point groups. In response to electric fields, 

different crystallographic directions respond by either domain reorientation or lattice strain, 

as governed by the material’s symmetry. The composition at the phase boundary responds at 

a lower field and undergoes a phase transition. 

Next, the PDF method is described and then applied to a structural study of BT-xBZT 

in combination with HRXRD and ND studies. For BZT >9%, the structure is pseudocubic at 

the long-range with short-range tetragonal distortions. This structural length-scale 

dependence is characterized with a box-car fitting method and suggests that with sufficient 

BZT content, local tetragonal distortions are disrupted at length scales > 40 Å. By combining 

long- and short-range studies, structural variations from the sub-nm to long-range are 

characterized and enhance the understanding of this and similar material systems. 

In the final chapters, the local-scale responses of ferroelectric and dielectric materials 

to electric fields are investigated by PDFs. The novel methodology of measuring X-ray total 

scattering during in situ application of electric fields is presented and results are shown for 

piezoelectric (BT), relaxor-ferroelectric (NBT), and dielectric materials (SrTiO3 and HfO2), 

as well as for NBT-xBT. Local-scale cation reorientation in NBT is evidenced and 

corresponds to an electric-field-induced phase transition. The ability to quantify local-scale 

atomic rearrangements during field application is unique to in situ PDF studies; it is not 

possible through in situ diffraction methods like those presented earlier. This method is 

extended to neutron-PDFs and ex situ results for NBT are shown. In order to interpret the 

local scale-changes observed in the in situ PDF studies, the local structures of a series of 



models with different real, physical effects (strains, polarization, changes in thermal motion, 

etc) are analyzed and characterized.  

Finally, the samples used are characterized in terms of grain size/appearance and 

piezoelectric and ferroelectric properties. 

In summary, this research demonstrates the use of detailed and in situ structural 

studies that contribute new knowledge to structure-property relationships for several 

ferroelectric and dielectric material systems. Additionally, the novel technique of in situ 

PDFs with electric fields is evidenced to provide unique information on atomic 

rearrangements caused by in situ stimuli.  
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CHAPTER 1 

INTRODUCTION AND BACKGROUND 

1.1 Introduction 

Ferroelectric and dielectric ceramics are used in a multitude of applications including 

sonar, ultrasound, micro-positioning, actuators, and transducers, capacitors, and ferroelectric 

memories.1-3  Commercially leading compositions are mainly lead(Pb)-based; the solid 

solution of PbZrO3 and PbTiO3, Pb(ZrxTi1-x)O3 (PZT), has found many uses and is currently 

the most popular material, partly due the ease with which its properties can be modified.1,4 

Single crystals of Pb(Mg1/3Nb2/3)O3-PbTiO3 and Pb(Zn1/3Nb2/3)O3–PbTiO3 are used in 

actuator applications because of their exceptionally large piezoelectric response.,5-7 However, 

due to the toxicity of lead to humans and its negative environmental impact, legislation in the 

European Union seeks to remove lead from consumer products.8 A universal lead(Pb)-free 

replacement to PZT has not yet been found, although there are various lead-free 

compositions that show promise for replacing PZT in certain applications.8,9 Many are based 

on the classical ferroelectric BaTiO3 (BT) while others are based on Na1/2Bi1/2TiO3 (NBT), 

which exhibits relaxor ferroelectric features (see sections 1.1.1 and 1.1.2).8 In particular, 

KNbO3-based materials show promise for high-frequency transducers, such as those used in 

skin-imaging applications.9 Materials based on the solid solution between NBT and BT 

(NBT-xBT) have high mechanical quality factors and can be used in high vibration velocity 

and high power applications.9 Such materials are being commercially manufactured for 

consumer applications such as ultrasonic motors for ultrasonic cleaners.9,10   
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1.1.1 BaTiO3 

BaTiO3 and its ferroelectric properties were discovered simultaneously in several 

parts of the world between 1941 and 1946.4 When the dielectric constant was measured, it 

was found to be 1100, significantly higher than the best-known at the time, 100 for the rutile 

phase of TiO2.
4 The understanding that piezoelectricity could be evoked from a ceramic was 

realized around 1946, and was dependent on the discovery of the process of poling. Since 

then, development has been rapid and BaTiO3-based ceramics remain popular and useful. 

At synthesis temperatures (~1400°C) down to 130°C, BaTiO3 exists as the cubic 

aristotype structure with 𝑃𝑚3̅𝑚 symmetry. Below this temperature, it transitions to a 

tetragonal phase where the c-axis is slightly elongated, as described by the P4mm space 

group, and the long-range polarization direction is along [001]. At 0°C, BaTiO3 transitions to 

an orthorhombic structure with space group Amm2, where the long-range polarization 

direction is along [011]. Finally at -90°C, BaTiO3 takes on a rhombohedral structure with 

space group R3m and the long-range polarization direction is along [111].11 There is, 

however, controversy regarding the local displacements in BaTiO3 across the different phase 

transitions. It has been found via X-ray and neutron total scattering that the Ti4+ 

displacements are always along the [111] direction, regardless of the temperature.12-14 

Instead, it is thought that for the different phases, Ti4+ occupies different proportions of the 

eight possible [111] displacement variants (towards each of the 8 faces of the TiO6 

octahedra). In the cubic phase, all eight sites are occupied; in the tetragonal phase, four of 

eight sites would be occupied (averaging out to a {001} direction); in the orthorhombic 
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phase, two of the eight sites are populated (averaging out to a {101} direction; and in the 

rhombohedral phase, only one of the eight sites would be occupied, corresponding to 

observed long range [111] polarization direction. 

Property-wise, BaTiO3 ceramics attain a longitudinal piezoelectric coefficient, d33, of 

between 191 and 250 pC/N and relative permittivities of over 5000, both of which are 

dependent on grain size.15,16 At room temperature, the coercive field is around 0.3 kV/mm 

and the remnant polarization is around 8 μC/cm.4 The spontaneous single crystal polarization 

is around 26 μC/cm.4 

 

1.1.2 Na1/2Bi1/2TiO3  

Sodium bismuth titanate, Na1/2Bi1/2TiO3, or NBT, was originally discovered in 1960 

by Smolenskii et al. and was observed to have a cubic perovskite structure.17 Modern studies 

have shown the structure to be far more complicated. In 2002, Jones and Thomas identified 

the temperature-dependent phases of Na1/2Bi1/2TiO3 to be a high temperature cubic phase 

above 540°C, a tetragonal phase with space group P4bm from 400-500°C, and a 

rhombohedral phase with space group R3c from 255°C to -268°C.18 Later, from the same 

group, using single crystals of NBT, Gorfman and Thomas evidenced a “non-rhombohedral 

average structure,” which they identified as the monoclinic Cc space group.19 This structure 

was confirmed through high-resolution X-ray diffraction (HRXRD) measurements on 

ceramics of NBT by Aksel et al.20 In a later work, Aksel et al. found that adding a small 

cubic phase fraction improved the goodness of fit between the model and the HRXD 
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pattern.21 Even more recently, the coexistence of both Cc and R3c ferroelectric phases in 

pure, unpoled NBT has been evidenced.22 

Studies which utilize local structure probes such as PDFs and/or transmission electron 

microscopy (TEM) have evidenced additional structural complexities. Studies by both 

Keeble et al. and Aksel et al. have found that the Bi3+ coordination environment differs from 

the Na+ environment and that the Bi-O bonds exhibit a bimodal distribution.23,24 Through 

careful analysis and modeling, Keeble et al. showed that Bi3+ is preferentially displaced from 

the centroid of its oxygen polyhedral, and at room temperature, this displacement is centered 

along the monoclinic plane near, but not exactly towards, the rhombohedral polarization 

direction.24 In a TEM study, Levin and Reaney proposed that NBT consists of nanodomains 

of a-a-c+ tilting, where the in phase tilting (c+) (i.e., a tetragonal structure) is coherent over 

only a few unit cells.25 Prior studies also utilizing TEM also identified tetragonal platelets 

within a rhombohedral matrix.26,27 Additionally, Levin and Reaney found that the Bi3+ and 

Ti4+ cations exhibit polar displacements.25 According to this model, domain averaging over 

longer length scales would result in an average 𝑎−𝑎−𝑐−- tilt structure, which concurs with the 

HRXRD studies mentioned above. 

Despite the structural complexities, NBT is a component in many lead(Pb)-free 

compositions of research interest and compositionally-modified NBT has shown promise for 

certain applications, especially where high-strain is desired.10,28,29 

 

 



5 

 

 

 

 

1.2 Fundamentals 

 

1.2.1 Piezoelectricity and Ferroelectricity  

 

Piezoelectricity was first discovered in 1880 by J. and P. Curie when they found that 

certain crystals exhibit an electric charge when a mechanical stress is applied to them.4 The 

converse effect also occurs such that the crystal will strain when an electric field is applied. 

Both effects are linear. For a crystal to be able to exhibit piezoelectricity, its atomic structure 

must be not have a center of inversion. 

Dielectric displacement, Di (Di = Q / A, where Q is charge and A is area), is related to 

the stress applied σjk, by the piezoelectric coefficient dijk, and this is referred to as the direct 

effect (Equation 1-1). The converse effect occurs when a strain εjk is caused by an applied 

electric field Ei (Equation 1-2). The piezoelectric coefficient is a third rank tensor as it relates 

a first rank tensor (dielectric displacement Di or electric field Ei) and a second rank tensor 

(stress σjk or strain εjk). In full tensor notation, the relation is 

𝐷𝑖 = 𝑑𝑖𝑗𝑘𝜎𝑗𝑘 (1-1) 

for the direct effect and   

𝜀𝑗𝑘 = 𝑑𝑖𝑗𝑘𝐸𝑖 (1-2) 

for the converse effect. dijk is numerically equivalent for either case. 

Typically, the “matrix notation” is used, which reduces the number of independent 

piezoelectric coefficients, which results in the two following relationships. 

𝐷𝑖 = 𝑑𝑖𝑗𝜎𝑗 (1-3) 
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𝜀𝑗 = 𝑑𝑖𝑗𝐸𝑖 (1-4) 

where i, j = 1, 2, 3, 4, 5, or 6. 

The units for dij are either coulombs/Newton or meters/volt (typically reduced to 

pC/N or pm/V) and are numerically equivalent. In practice, one is usually interested in the 

piezoelectric response in the same direction as the applied stimulus, which is described for 

both the direct and converse effects as d33. Also of interest is the piezoelectric response in the 

transverse direction (noted as 1), which is the d31 coefficient.  

Ferroelectrics are piezoelectrics that exhibit a spontaneous polarization at the unit cell 

level even in the absence of an applied electric field and this spontaneous polarization can be 

reoriented by an applied electric field.4 However, due to the method by which polycrystalline 

ferroelectrics are synthesized (often a two-step solid-state process consisting of a calcination 

(i.e., reaction) step following by a sintering (i.e., densification) step), the macroscale sample 

lacks net polarization in the as-processed state. The individual grains have many different 

orientations and each grain is typically divided into contiguous areas where the spontaneous 

polarization is oriented in the same direction. The division into smaller areas with different 

polarization directions occurs to compensate the charge build-up. These areas are referred to 

as domains and are separated by domain walls. While each domain exhibits a spontaneous 

polarization, overall, the ceramic is isotropic because the different domain and grain 

orientations result in a net polarization of zero. The direction of the spontaneous polarization 

can be reoriented with a sufficiently strong electric field, i.e., one of greater amplitude than 

the coercive field, Ec. This reorientation of the spontaneously polarized domains into a net 
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macroscale polarization is called poling.4 The process by which the polarization direction of 

each domain changes orientation is called domain switching or domain reorientation.30 The 

coercive field, Ec, can be determined by measuring polarization as a function of applied 

electric field during a bipolar electric field cycle (e.g. 0  5  0  -5  0 kV/mm), as 

shown in Figure 1.1. This method also determines the remnant polarization, Pr , the 

polarization which remains at zero field after the maximum field is achieved. The hysteresis 

present in PE loops is a key characteristic for ferroelectrics. 

 
Figure 1.1. An representative polarization vs. electric field (PE) loop. The initial response 

from an unpoled sample is indicated with a dashed line and arrows indicate the progression 

of the loop.  

 

The phenomenon of ferroelectricity was first discovered in Rochelle Salt in 1921 by 

J. Valasek.31 That first paper noted the similarity between the hysteresis observed in Rochelle 

salt and that observed for magnetic induction and an applied magnetic field for ferromagnetic 
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materials. Therefore, the name “ferroelectric” does not refer to any iron (Fe) content in 

ferroelectric materials, but rather their analogous behavior to ferromagnets. 

 

1.2.2 Polarization and dielectric permittivity 

There are four mechanisms which can contribute to the macroscopic polarization of a 

material. They are atomic, ionic, dipolar, and space charge, in order of smallest to largest 

length-scale.32,33 The strengths of the different mechanisms are quantified by their dielectric 

constant, which is a measure of how much electric charge can be stored by a material, e.g., if 

used as a parallel plate capacitor. These four mechanisms can contribute additively to the 

total dielectric constant. The ability to store charge is quantified by 

𝐷 =  ε𝐸 (1-5) 

where D and E are the same dielectric displacement and electric field from Equation 1-1, and 

ε is the electric permittivity.33 The dielectric constant or relative permittivity εr is normalized 

by the permittivity of free space, ε0 = 8.85 ∙ 10-12 F/m, by  

ε𝑟 =  ε/𝜀0 (1-6) 

The electronic mechanism arises from the displacement of an atom’s electron cloud 

relative to the nucleus. This is the only possible polarization mechanism for covalent 

materials such as diamond.33 The contribution to the dielectric constant for this effect is 

around 3 for ionic materials like NaCl or KF.33 
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Ionic polarization occurs when positive and negative ions displace slightly in opposite 

directions when in the presence of an electric field and occurs in all ionic materials. The 

magnitude of ionic polarization P can be determined from  

𝑃 = 𝑞 × 𝑑 × 𝑁 =  𝜀0(𝜀𝑟 − 1)𝐸 (1-7) 

in which the total charge of the positive or negative ions is q, the displacement is d, the 

density of dipoles is N, which is also 1/(unit cell volume), the permittivity of free space is ε0, 

the relative permittivity is εr, and the electric field is E. In this case, εr should be the portion 

of the permittivity arising from the ionic polarization mechanism. For ionic materials such as 

NaCl, the ionic polarization contribution to the dielectric constant increases it to 6-10.33 

Dipolar polarization is the reorientation of dipoles within a material due to an electric 

field. This occurs within a ferroelectric when it undergoes the poling process via the process 

of domain reorientation discussed in 1.2.1, and will be quantified in Chapter 3. The 

contribution of this mechanism to the dielectric constant is orders of magnitude larger and 

results in dielectric constants of several 1000 for oxide ferroelectrics like PZT and BT.4,33 

The space charge mechanism is also called interfacial or diffusional polarization and 

occurs when mobile charges drift under the influence of an electric field and are pinned at 

interfaces or boundaries within a material. This mechanism results in the highest measured 

dielectric constants. For example, in dense ceramics of composition  Ba0.95La0.05TiO3–x with a 

small grain size of 70-300 nm, a dielectric constant of ~1,000,000 has been achieved.34 
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1.2.3 Scattering and diffraction of X-rays and neutrons 

To determine the structure of a material at the atomic level, the experimental 

technique of diffraction is widely used. In the general sense, diffraction is the coherent and 

elastic scattering of radiation of appropriate energy from a collection of atoms. Materials 

scientists are primarily interested in the pattern of constructive interference that occurs after 

the radiation interacts with a material. This diffraction pattern can reveal the structure of a 

material. Materials science is primarily concerned with diffraction of X-rays, neutrons, and 

electrons, though this work only covers X-ray and neutron diffraction.  

X-rays are electromagnetic radiation. Like all electromagnetic radiation, a beam of 

such radiation can be thought of as a wave or as a stream of photons which travel at the speed 

of light, c (or more precisely, the speed of light through air or the medium within a given 

instrument). By definition, X-rays have wavelengths between 0.01 and 1.0 nm.35 When a 

beam of coherent X-rays is directed at a material, they interact with atoms/ions primarily 

through absorption or scattering off of the electron cloud of an atom or ion. The scattering 

from a collection of atoms results in diffraction. 

Neutrons of appropriate energy can also undergo diffraction when such a beam is 

incident on a material (thanks to wave-particle duality). Neutrons do not travel at the speed of 

light; their energy is proportional to their velocity and can be adjusted by passing them 

through moderators of different temperatures after their birth in a reactor or spallation source. 

‘Thermal’ neutrons are passed through moderators at approximately room temperature, 

which gives them a wavelength of 0.1-0.2 nm (note that this falls directly in the middle of the 
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range of wavelengths for X-rays).36 Neutrons scatter from an atom or ion’s nucleus, not the 

electron cloud, which gives neutron diffraction unique properties compared to X-ray 

diffraction.37  

This brief introduction to diffraction begins with the scattering of X-rays from a 

single electron, then continues onto scattering from a single atom, and finally scattering from 

a unit cell of atoms, at which point we can pick back up with neutron scattering. 

Scattering of X-rays from a single electron can be computed from the Thomson 

equation, which calculates the intensity I as a function of the incident intensity I0 and angle α, 

which is the angle between the scattered X-rays and the direction in which the electron is 

accelerated (parallel to the electric field component of the X-ray radiation).35 K is a very 

small constant ~10-30 m2. 

𝐼 = 𝐼0

𝐾

𝑟2
sin2 𝛼 

(1-8) 

After considering the components along the perpendicular directions and combining 

them, the total scattered intensity at a point away from the electron is35  

𝐼 = 𝐼0

𝐾

𝑟2
(

1 + cos2 𝜃

2
) (1-9) 

For relevant diffraction geometries, r is very large compared to an atom, and the K/r2 

term can be safely ignored. The angle-dependent term is referred to as the polarization factor. 

The intensity of coherently scattered X-rays from a single atom depends on which 

element the atom is and also on the angle at which the intensity is measured from the incident 

X-rays. The atomic form factor, or scattering factor, is calculated as, 
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𝑓(𝑠) = 𝑍 − 41.782 × 𝑠2 × ∑ 𝑎𝑖𝑒
−𝑏𝑖𝑠2

𝑁

𝑖=1

 (1-10) 

where s = sin 𝜃 𝜆⁄  in Å-1, θ is the angle, λ is the wavelength of the X-rays, and ai and bi are 

element-specific terms, of which there are three or four per element.35 Figure 1.2 shows 

representative form factors for O and Zr. Note that in the forward scattering direction, i.e., 

θ=0, the scattered intensity, f, is equal to the atomic number for O (8) and Zr (40). The form 

factor, f (s), controls the angular dependence of the decreasing scattered intensity that occurs 

for X-ray diffraction patterns. (The scattering factor is also briefly covered in 4.3.1. in the 

context of the corrections applied to X-ray total scattering data detected using a 2D detector.) 

There is no angle-dependent form factor for neutrons because neutrons scatter from 

atomic nuclei and not the electron cloud. The nucleus can be considered as a true point 

scatterer, so the scattering factor is constant as a function of angle and would appear as a flat 

line on Figure 1.2.35 

 
Figure 1.2. Atomic form factors as a function of  sin 𝜃 𝜆⁄  for elements O and Zr. 
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For a crystalline solid undergoing diffraction, intensity as a function of scattering 

angle is related to the crystal structure through the structure factor Fhkl, 

𝐹ℎ𝑘𝑙 = ∑ 𝑓𝑛(𝑠)𝑒2𝜋𝑖(ℎ𝑥𝑛+𝑘𝑦𝑛+𝑙𝑧𝑛)

𝑁

𝑛=1

 (1-11) 

where for atom n, fn(s) is the scattering factor (which is a factor of s), hkl are the Miller 

indices of the hkl plane undergoing diffraction, and xyz are the fractional coordinates of the 

atom within the unit cell scattering the X-rays.35 

Similarly, for neutrons, 

𝐹ℎ𝑘𝑙 = ∑ 𝑏𝑛𝑒2𝜋𝑖(ℎ𝑥𝑛+𝑘𝑦𝑛+𝑙𝑧𝑛)

𝑁

𝑛=1

 
(1-12) 

 

where bn is the coherent scattering length for neutrons for each atom type.36 

What we actually measure with a detector though is just the intensity of the diffracted 

X-rays or neutrons, Ihkl = |Fhkl |
2. Because we can only measure the intensity, the phase 

information, i.e., the relative phase difference from the diffracted X-rays is lost. 

More simple and fundamental than the structural factor is Bragg’s law, which 

describes conditions at which diffraction occurs. For a monochromatic beam of X-rays 

incident on a crystalline material, the X-rays “reflect” off lattice planes. The reflected X-rays 

may interfere constructively or destructively at different reflection angles. Bragg’s law 

identifies conditions at which constructive interference occurs, and is written as, 

𝑛𝜆 = 2𝑑 sin 𝜃 (1-13) 
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where λ is the wavelength of the radiation, d is lattice spacing of the planes undergoing 

diffraction, and θ is the half the scattering angle, 2θ.38  It states that for a given lattice spacing 

and wavelength, there is an angle such that constructive interference occurs and a maxima in 

intensity is observed. Derivations can be found in many books35, including those introducing 

materials science to undergraduate students for the first time.32 

 

1.2.3.1 Rietveld refinement 

Rietveld refinement is a crystallographic structure refinement method which refines a 

crystal structure against an experimental powder diffraction pattern. The method was first 

published by Dr. Hugo Rietveld in 1967, and further in 1969.39,40 The method refines a 

starting crystal structure by calculating the diffraction pattern from the given structure, 

modifying it based instrumental parameters, peak shape functions, background subtraction, 

and other effects, and comparing it to the experimental diffraction pattern. The difference 

between the calculated and experimental patterns is minimized with a least-squares 

regression algorithm. The required starting information is the space group, atomic positions, 

occupancies, and atomic displacement parameters, background subtraction, instrumental 

information including the wavelength or time-of-flight (ToF) constants for ToF neutron data, 

peak shape functions, and if desired, preferred orientation functions. Generally, most of the 

parameters except the instrumental ones are refined until the refinement converges to a 

satisfactory solution. There many different Rietveld software packages including FullProf, 

MAUD, GSAS, and GSAS-II.41,42 Rietveld refinement is a powerful tool for crystal structure 
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refinement and lies at the forefront of crystallography, having received thousands of citations 

over the years, and continues to be advanced as evidenced by the recent release of GSAS-

II.43,44 

 

1.2.3.2 Pair distribution functions 

Rietveld refinement and other crystallographic methods are powerful and useful, 

however, they typically fall short in analyzing the structures of liquids and amorphous 

materials because diffraction of these types of materials do not result in sharp Bragg 

diffraction peaks. Fortunately, there is an alternate approach, called total scattering, which 

utilizes the information present in both the sharp Bragg peaks and the diffuse scattering, 

which contains information about defects and disorder in a material. By applying a Fourier 

transform to a total scattering pattern, a pair distribution function (PDF) can be calculated. 

This method reveals the structure of a material in real-space, as opposed to reciprocal space, 

as in diffraction. A PDF is the probability of the existence of atom-atom pairs as a function of 

distance for all atoms in a sample, as shown in Figure 1.3. for representative 

amorphous/liquid and crystalline materials. PDF studies have been found to be a useful tool 

to characterize the structural complexity of functional materials, such as ferroelectric 

perovskites.12 Chapter 4 covers PDFs in detail. 
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Figure 1.3. Pair distribution functions for representative amorphous and crystalline materials.  

 

1.3 Dissertation Outline 

Chapters 2 and 3 describe the response of the lead-free ferroelectric NBT-xBT to 

uniaxial stresses and electric fields, respectively, using in situ neutron diffraction. Chapter 4 

provides background information on pair distribution functions. Chapter 5 includes both X-

ray diffraction and neutron pair distribution function studies performed at ambient 

conditions. Chapters 6 describes results from the novel methodology of measuring X-ray 

total scattering during in situ application of electric fields. Chapter 7 shows preliminary ex 

situ results from neutron PDF experiments on poled and unpoled Na1/2Bi1/2TiO3 ceramics. 

Chapter 8 contains atomic models used to understand the electric-field-dependent PDFs. 

Chapter 9 describes the characterization of the samples including grain sizes as determined 

from scanning electron micrographs and ferroelectric and piezoelectric properties. 
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CHAPTER 2 

IN SITU NEUTRON DIFFRACTION EXPERIMENTS I: MECHANICAL STRESS 

 

2.1 Motivation 

Ferroelectric ceramics are used in both sensors and actuators due to their ability to 

interconvert mechanical and electrical energy.5 While the electrical properties of ferroelectric 

materials are most often studied, an understanding of the elastic properties and response to 

applied mechanical loads is also of fundamental importance.45 Elastic properties have been 

identified as crucial for the performance of actuators, as they affect the magnitude of the 

piezoelectric response, with elastic softness typically corresponding to a large piezoelectric 

response.46,47 For instance, the large elastic compliance of the rhombohedral phase of 

PbZn1/3Nb2/3O3–PbTiO3 (PZN–PT) has been suggested as the mechanism for the so-called 

“giant” piezoelectric effect found in this material.48,49 

Elastic (and other electromechanical) constants of ferroelectric crystals can be 

determined using the resonance technique, which measures impedance as a function of 

frequency.50,51 Additionally, elastic stiffnesses or compliances and piezoelectric coefficients 

of single crystals can be measured by the ultrasonic pulse-echo technique, which utilizes the 

fact that the speed at which an elastic wave moves through the material depends on the 

material’s elastic constants.50,52 Figure 2.1 presents macroscopic compliance and d33 data for 

a variety of single crystal materials, where there is an observable tendency toward increased 

compliance (i.e., elastic softness) and an increased piezoelectric response. Table 2.1 lists the 

values used in Figure 2.1 and the sources. However, not all ferroelectrics can be easily 
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synthesized as single crystals in order to perform such measurements, such as the 

commercially useful lead zirconate titanate (Pb(ZrxTi1-x)O3 or PZT).53 Single-crystal elastic 

constants for PZT are not yet reported. In ceramic form, a compositional phase boundary 

exists near x=0.52 between a Ti-rich tetragonal phase and a Zr-rich rhombohedral phase at 

which many electromechanical properties are maximized.54,55 It has been observed that for 

PZT ceramics, the elastic compliance also peaks at the compositional phase transition 

between the tetragonal and rhombohedral phases.55 When investigating the mechanical 

properties for a given PZT composition as function of temperature, it has been found that the 

elastic modulus has local minima (equivalent to a maximum in the compliance) at the 

temperature-dependent phase transitions in PZT ceramics as well.47 

 
Figure 2.1. The general trend between increased piezoelectric properties and increased 

compliance for different materials and various crystallographic directions.  
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Table 2.1 Data and references for Figure 2.1 
Composition d33 (pC/N) Compliance (1010 N/m2) Ref. 

PMN 42-PT [001] 260 19.21 56 

PMN-29PT [001] 1020 13.9 57 

PMN-30PT [001] 1981 67.7 56 

PMN-33PT [001] 2820 119.6 56 

BaTiO3 SC 90 13.1 58 

PZN [111] 83 7.4 6 

PZN [001] 1100 48 6 

PZN-4.5PT 2000 108 59 

PZN-8PT 2890 141 59 

PZN-9PT (R) [001] 1570 143 60 

PZN-9PT (T) [001] 795 56 60 

PZN-9PT (R) [111] 625 36.9 60 

PZN-9PT (T) [111] 450 10.3 60 

PZN-7PT [110] 1150 62.0233 59 

PZN-12PT 576 58 59 

Na1/2Bi1/2TiO3  230 7.3 46 

BS-64PT 440 34 61 

BS-66PT (T) 200 22.32 62 

LiTaO3 8 4.36 63 

LiNbO3 6 5.02 63 

PbTiO3 136.6 33.3 64 

PbTiO3 83.7 21.3 65 

 

Despite the widespread commercial use of PZT and other Pb-based ferroelectrics, 

there is increasing interest in Pb-free ferroelectric materials due to legislation which seeks to 

decrease the usage of Pb in consumer products.8 Several recent compositions are based on 

sodium bismuth titanate (Na0.5Bi0.5TiO3, or NBT) and/or BaTiO3 (BT), both of which adopt 

the ABO3 perovskite structure. Given the importance of elastic properties to the performance 

of ferroelectrics, this work investigates the elastic response to uniaxial stresses of four NBT-

based compositions through in situ neutron diffraction during the application of mechanical 

loads to failure. The results are reconciled with the various phases present in the NBT-xBT 
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system by investigating the elastic and piezoelectric anisotropies for various 

compositions/symmetries. 

 

2.2 Experimental 

 

2.2.1 Sample synthesis 

Polycrystalline samples of NBT-4BT, NBT-6BT, NBT-7BT, and NBT-13BT were 

selected for this study based on their positions across the NBT-xBT phase diagram. NBT-

4BT lies between pure Na1/2Bi1/2TiO3 and the morphotropic phase boundary (MPB) region, 

which has been identified located at ~7% BT or in the range 6-10% BT.66,67 Compositions 

NBT-6BT and NBT-7BT were selected because they are in the MPB region, and NBT-13BT 

because it lies on the tetragonal side of the MPB region. The solid solution of Na1/2Bi1/2TiO3-

xBaTiO3 is discussed more fully in section 5.2.1. The samples were synthesized from 

stoichiometric ratios of reagent grade powders of Na2CO3 (99.5% purity), TiO2 (99.6% 

purity), Bi2O3 (99.975% purity), and BaTiO3 (99.7% purity, all Alfa Aesar) through a solid 

oxide processing route. Reactant powders were ball-milled in ethanol for 24 h with 5 mm 

yttria-stabilized zirconia milling media using a ball to powder ratio of 10:1. The powders 

were dried at 100 °C, ground with a mortar and pestle, and passed through a 200 μm sieve. 

The powders were calcined at 900°C for 4 h in covered alumina crucibles with heating and 

cooling rates of 5 °C/min. Approximately 30 g of powder was uniaxially pressed in a 25 mm 

square hardened steel die at 2 metric tons for 5 min to form a pellet, followed by isostatic 

pressing at 250 MPa for 5 min. Pellets were sintered between 1100-1150 °C for 4 h, also with 
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heating and cooling rates of 5 °C/min. Rectangular prisms were cut from the sintered pellets 

with a diamond saw. Samples were prepared for loading by machining parallel sides to 

prevent stress concentrations during compression. Typical sample dimensions were ~10 mm 

x ~10 mm x ~20 mm.  

 

2.2.2 In situ neutron diffraction 

In situ neutron diffraction patterns were measured during static compressive loading, 

using a 100,000 N capacity hydraulic load frame, on the instrument VULCAN, a time-of-

flight (ToF) diffractometer at the Spallation Neutron Source, Oak Ridge National 

Laboratory.68 A schematic of the instrument is shown in Figure 2.2. The samples were 

clamped in place by the platens. Stresses were increased in 25 MPa increments until sample 

failure. Diffraction patterns were measured for approximately 15 min at each stress level with 

a detector that recorded diffraction patterns from lattice planes with their normals parallel to 

the applied stress. As this is a ToF diffractometer, each diffraction pattern is the sum of 

diffracted neutrons from sets of different crystallographic planes that have the same spatial 

orientation; in this case, the normals of all the diffracting planes are parallel to the applied 

stress. The diffraction patterns were normalized to a vanadium standard background pattern 

recorded during the experiment.  
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Figure 2.2 Schematic of the ToF neutron diffraction instrument VULCAN. 

 

2.2.3 Single peak fitting 

 Single peak fitting was performed on selected Bragg reflections in the normalized 

patterns using a least squares algorithm with a Gaussian profile shape function in the 

program MATLAB (The Mathworks Inc., ver. 7.6.0.324), which provided the peak center 

positions (dhkl) and peak integrated intensities (Ihkl).  

Due to a small degree of splitting in certain twin-related reflections (e.g. the 111/111̅ 

peak in rhombohedral perovskites), the constituent peak widths were constrained to be equal, 

which allowed more reliable peak fitting as the peak intensities increased or decreased with 

applied load. To further improve the reliability for the fitting of the 200/002 reflection of 

tetragonal NBT-13BT, a third Gaussian peak was introduced to account for domain wall 

scattering between the two diffraction reflections.69  
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Figure 2.3. Diffracted intensity and modeled Gaussian peaks for the 111, 200, and 220 peaks 

of NBT-4BT, NBT-6BT, NBT-7BT, and NBT-13BT.  

 

Figure 2.3 shows the pseudocubic 111, 200, and 220 reflections in NBT-4BT, NBT-

6BT, NBT-7BT, and NBT-13BT at the initial 3 MPa stress and at 200 MPa; 3 MPa was the 

initial stress used to hold the sample in the platens of the load frame and 200 MPa was below 
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the fracture stress of all compositions. The measured intensity is shown as symbols and the 

Gaussian fits are shown as lines. NBT-4BT exhibits pseudo-rhombohedral symmetry, with a 

split 111/111̅  peak. NBT-13BT shows tetragonal symmetry, with a split 200/002 peak. The 

compositions near the MPB (NBT-6BT and NBT-7BT) do not show observable splitting. 

However, the 200 peak in NBT-7BT broadens with increasing stress, possibly due to an 

unresolved tetragonal distortion, or strain broadening. 

 

2.2.4 Linear fitting of stress-strain curves in the elastic region 

Using the parameters from the peak fitting process, lattice strains were determined as 

a function of applied stress. The lattice strain, εhkl for selected crystallographic planes with 

normals parallel to the applied uniaxial stress were calculated using the fitted peak center 

positions (dhkl) with Equation 2-1.  

𝜀ℎ𝑘𝑙 =
𝑑ℎ𝑘𝑙 𝑖𝑛𝑖𝑡𝑖𝑎𝑙−𝑑ℎ𝑘𝑙 𝑓𝑖𝑛𝑎𝑙

𝑑ℎ𝑘𝑙 𝑖𝑛𝑖𝑡𝑖𝑎𝑙
      (2-1) 

Figure 2.4 shows the compressive strains as a function of uniaxial compressive stress 

for selected lattice planes for the four compositions. The stress at which the curves terminate 

is the stress at which the samples failed; NBT-6BT failed at a higher stress than the other 

compositions.  

In order to extract further information regarding the elastic properties, linear fits of 

the stress-strain curves were performed on the elastic region of the curves. The slope of the 

linear fit is the elastic modulus for the lattice planes which correspond to the selected 

diffraction peaks. The elastic region lies between the initial stress and the stress at which the 
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response becomes non-linear. However, this stress value is not the same for all the 

compositions. The stress value for the end of the elastic region was determined by comparing 

the goodness of fit values for the linear fits of each reflection up to 75, 100, 125, and 150 

MPa. The terminal stress was 125 MPa for NBT-4BT, 75 MPa for NBT-6BT and NBT-7BT, 

and 150 MPa for NBT-13BT. 

 

 
Figure 2.4. Lattice strain for selected lattice planes for NBT-xBT. 

 

The elastic stiffness Ehkl (i.e., elastic modulus) was determined using the slope of the 

linear fits of the σhkl vs. εhkl curves as per equation 2-2,70  
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𝐸ℎ𝑘𝑙 =  𝜎ℎ𝑘𝑙 𝜀ℎ𝑘𝑙⁄          (2-2) 

It has been noted previously that Equation 2.2 can be carried out as the full tensor 

relationship, but in practice, reduction to Hooke’s law is an effective and practical 

approximation for uniaxial loading.70 Similarly, lattice strains due to an electric field can be 

used to determine the electric-field strain coefficient, d.71  

To verify the trends obtained from the above method, an additional method of 

calculating Ehkl was utilized for NBT-6BT. A second order polynomial fit was used to fit the 

stress vs. strain data and the coefficient for the linear term was used to determine the elastic 

stiffness. The use of this method resulted in slightly different values but similar trends in 

orientation (hkl)-dependence.  

 

2.3 Elastic Anisotropy 

The values obtained for Ehkl for the various sets of planes for each composition are 

plotted in Figure 2.5 in the form of a polar plot. The length of the radius (from the center to 

the points on each of the red, green, black, and blue lines) is the magnitude of the elastic 

stiffness Ehkl for the given lattice planes and composition. The angles are those between the 

particular crystallographic direction measured and the vertical [001] direction of the crystal 

(i.e., the tetragonal c-axis is at zero degrees). For example, the (111) plane is located at 

54.74° from [001]. The analogous use of a polar plot has been previously used to show 

anisotropy of electric-field strain coefficients in Refs. 71 and 72.  
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Figure 2.5. Elastic anisotropy of NBT-xBT compressed onto the c-a plane. Certain data 

points are duplicated onto the bottom half of the figure via symmetry. 

 

 

2.4 Discussion  

There are few reports in the literature on the elastic anisotropy of ferroelectric 

ceramics. However, in reports by Heifets et al. and Cohen et al., the authors simulated the 

elastic anisotropies for tetragonal and rhombohedral phases of PZT with a 50/50 Zr/Ti 

ratio.45,73 These studies provided calculated single crystal elastic constants, which could be 

compared to experimental values from other compositions. Three-dimensional elastic 

anisotropies were plotted based on the calculated single crystal elastic constants, which are 

replotted here in Figure 2.6(b) and (c).45 In the left hand column of Figure 2.6, the magnitude 



28 

 

 

 

 

of the radius from the center of the axes to the 3D surface is the elastic modulus along that 

direction. Heifets and Cohen found that the elastic modulus of tetragonal PZT is softer along 

[001] and stiffer in the transverse plane, which contains [100] and [010], as shown in Figure 

2.6(b).45 For rhombohedral PZT, it was found to be elastically stiff both along the 

polarization direction, [111], and in the perpendicular directions.45 However, the study by 

Heifets and Cohen does not provide an atomistic origin for the different anisotropies for the 

different crystal phases of 50/50 PZT.  

In order to understand the atomistic origins of elastic anisotropy, the related work by 

Davies et al., which provides an explanation for different piezoelectric anisotropies is first 

examined. It is summarized in section 2.4.1.74 In section 2.4.2., a relationship between 

piezoelectric and elastic anisotropies is proposed and evidenced. 

 

2.4.1 Rotators and extenders 

 

In Davis et al., it is stated that the piezoelectric shear coefficients, d15 and d24, are 

related to polarization rotation and electrostriction, and can be quantified by the transverse 

susceptibilities, χ11 and χ22.
74 Conversely, the linear piezoelectric coefficient, d33, is related to 

expansion of the polarization vector (as opposed to rotation of the polarization vector) and 

the longitudinal susceptibility, χ33. The ratio of the longitudinal and transverse piezoelectric 

coefficients are therefore related to the ratio of the two electrostrictive coefficients. Davis et 

al. verify this correlation by examining piezoelectric constants for a variety of materials, 

including both data from experiments and phenomenologically derived data. It was found 
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that the correlation depends on point group symmetry only, and because of the similar 

structures of all these materials (m3m oxygen octahedra), this is an intrinsic feature of such 

materials.74 

Davis et al. then introduced the concept of rotator and extender ferroelectrics. 

Rotators are crystals which have d15/d33 greater than the critical value, resulting in the 

greatest piezoelectric coefficients in non-polar directions, due to the large transverse 

susceptibility χ11. Crystals with point groups 3m and mm2 were determined as rotators. 

Extenders are crystals with d15 /d33 less than the critical value, and these exhibit the greatest 

piezoelectric coefficients along the polarization direction.74 This behavior is due to the 

relatively large longitudinal susceptibility χ33. Crystals with point groups 4mm are all 

extenders except for two known exceptions: BaTiO3 near room temperature (it becomes an 

extender at higher temperatures) and Pb0.56Ba0.44Nb2O6.
74  

 

2.4.2 Relationship between elastic and piezoelectric anisotropy for representative 

symmetries 

This section presents phenomenological observations linking piezoelectric and elastic 

anisotropies; it demonstrates that the intrinsic materials properties which control the 

piezoelectric anisotropy are correlated with those that control the elastic anisotropy for 

perovskite crystals. It is possible that the elastic and piezoelectric anisotropies have the same 

atomistic origins but only their correlation is evidenced here. 
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The elastic anisotropies for the rhombohedral and tetragonal phases of PZT are 

presented in Figure 2.6(b) and (c), and are plotted from the simulated elastic constants from 

Ref. 45. The piezoelectric anisotropies for the same phases of PZT are shown in Figure 

2.6(g) and (h), respectively. For tetragonal PZT, an extender, the piezoelectric 3D anisotropy 

is such that the response is greatest along the [001] polar direction (and the antiparallel 

direction as well).74,75 The elastic 3D anisotropy exhibits the smallest elastic stiffness along 

the [001] polar direction, with greater elastic stiffness in the transverse directions. There is an 

inverse relationship between the two. For tetragonal PbTiO3, the piezoelectric anisotropy, 

shown in Figure 2.6(f), shows the same shape as that of tetragonal PZT. The elastic 

anisotropy, shown in Figure 2.6(a), exhibits a minimum stiffness along [001], just as that of 

tetragonal PZT. Contrasting to tetragonal PZT, however, is the appearance of 4-fold 

symmetry in the (001) plane. 

For rhombohedral PZT, the piezoelectric anisotropy has the form such that the 

response is highest along the pseudocubic {001} directions (the three lobes in the top and 

bottom of Figure 2.6(h)) and lowest along the [111] (the vertical direction).75 The 3-fold 

symmetry around the [111] pseudocubic body diagonal is clearly visible. This corresponds to 

the behavior of rotators, which is characterized by greater piezoelectric responses along non-

polar directions than along the polar direction.74 The elastic anisotropy, shown in Figure 

2.6(c) exhibits the inverse behavior: the elastic modulus is stiffest along the [111] and the 

transverse plane, but is very soft in other, non-polar, directions. Likewise for LiNbO3, which 

also has point group 3m, the piezoelectric anisotropy, shown in Figure 2.6(i), adopts a similar 
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shape to that of rhombohedral PZT.74 The elastic anisotropy shows local minima in the same 

orientations as the maxima in the piezoelectricity, but exhibits a lower degree of anisotropy 

than rhombohedral PZT. 

Davis et al. stated that orthorhombic crystals with point group mm2 should also be 

rotators.74 The polarization direction for orthorhombic crystals is the [101] pseudocubic 

direction; therefore it is expected that the elastic stiffness will be greatest along the direction 

and the piezoelectric response will be greater in other, non-polar directions. Figure 2.6(e) 

shows the elastic anisotropy for orthorhombic KNbO3. The elastic stiffness is greatest along 

[101] pseudocubic directions, as expected. The piezoelectric response is likewise lowest in 

the polar [101] and greater in non-polar directions, especially perpendicular to the (101) 

plane. 

Across the three point groups shown here, there is a consistent inverse trend in the 

three dimensional elastic and piezoelectric anisotropies. In this way, an explanation can be 

provided for the elastic anisotropies of the NBT-xBT system, shown in Figure 2.4. NBT-

13BT, which exhibits P4mm symmetry,67,76 is elastically softer along [001] and stiffer in the 

transverse directions, similar to PbTiO3 and tetragonal PZT. As mentioned in section 2.2, 

compositions NBT-6BT and NBT-7BT, which lie within the MPB region, are typically found 

to have a pseudocubic structure as ceramics in the as-synthesized state,77,78 though have also 

been identified as nanodomains of P4bm space group67 using TEM or the R3m space group76 

via X-ray diffraction. The elastic anisotropy of these two compositions are such that they are 

stiffest in the [111] directions, which corresponds to the 3m point group. It has also been 
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reported that these compositions transition to a two-phase rhombohedral and tetragonal phase 

mixture upon electrical poling (see Chapter 3).77,79 In the case that uniaxial stress also causes 

an induced phase transition to mixed phases, it appears that the rhombohedral phase 

dominates the elastic anisotropy. For NBT-4BT, the elastic stiffness is greatest along the 

[110] directions. This might indicate that NBT-4BT exhibits orthorhombic symmetry, 

however it has been reported that NBT-4BT exhibits a monoclinic (Cc) or mixed phase 

monoclinic and rhombohedral structure (Cc + R3c).80,81 The polarization direction for 

monoclinic structures of this type lies within a {110} plane,24 and as a rotator, it is reasonable 

that the greatest elastic stiffness is along a <110> direction, as shown in Figure 2.5. 

The MATLAB code for plotting the anisotropies is reported in Appendices B and C 

and the single crystal elastic constants used are listed in Table 2.2. Figures 2.6(b,c) are 

reprinted with permission from Ref. 45 with the permission of AIP Publishing. Figures 

2.6(g,h) are reprinted with permission from Ref. 75 with the permission of AIP Publishing. 

Figure 2.6(i) is reprinted with permission from Ref. 82 with permission from Elsevier. Figure 

2.6(j) is reprinted with permission from Ref. 83 with the permission of AIP Publishing. 

Figure 2.6(f) is reprinted with permission from Ref. 74 with the permission of AIP 

Publishing. 
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Figure 2.6. Elastic (a-e)  and piezoelectric (f-j) anisotropies for crystals of various 

symmetries and compositions. In the case of the 4mm and mm2 crystals, the vertical direction 

is the [001] direction, while for the 3m crystals the vertical direction is the [111] pseudocubic 

direction. See Table 2.2 for the reference data.   
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Table 2.2. Elastic and piezoelectric coefficients used to plot Figure 2.5(a-j). 
 Elastic compliance 

constants (1000 GPa-1) 

Ref. Piezoelectric constants Ref. 

PbTiO3 (4mm) S11 = 7.1 

S 12 = -0.4 

S 13 = -6.3 

S33 = 21.3 

S44 = 15.4 

S66 = 9.6 

S16 = 0; 

84 d31 = -23.1 

d32 = -23.1 

d33 = 79.1 

d22 = 0 

d24 = 56.1 

d15 = 56.1 

84 

PZT (4mm) S11 = 5.76 

S12 = -0.28 

S13 = -4.98 

S33 = 19.93 

S44 = 40.65 

S66 = 11.89 

S16 = 0; 

45 d31 = -58.9 

d32 = -58.9 

d33 = 162 

d22 = 0 

d24 = 169 

d15 = 169 

74 

PZT (3m) S11 = 6.75 

S12 = -3.67 

S13 = -0.93 

S14 = 9.4 

S25 = 0 

S33 = 6.13 

S44 = 111.9 

45 d31 = -5.2 

d32 = -5.2 

d33 = 32.5 

d22 = 23.4 

d24 = 112 

d15 = 112 

74 

LiNbO3 (3m) S11 = 5.8 

S12 = -1 

S13 = -1.5 

S14 = -1 

S33 = 5 

S44 = 17 

S25 = 0 

S16 = 0 

82 d31 = -1 

d32 = -1 

d33 = 6 

d22 = 21 

d24 = 68 

d15 = 68 

82 

KNbO3 (mm2) S11 = 5.4 

S22 = 5.1 

S33 = 7 

S12 = -1.5 

S13 = -1.2 

S23 = -2.2 

S14 = 0; 

S44 = 13.5 

S55 = 40 

S66 = 10.5 

84 d31 = -24.6 

d32 = 9.5 

d33 = 21.6 

d22 = 0 

d24 = 241.5 

d15 = 205.1 

 

83 
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2.5 Conclusions 

In situ ToF neutron diffraction during uniaxial loading was used to investigate the 

elastic response of four compositions of bulk polycrystalline NBT-xBT. By using single-peak 

fitting on multiple diffraction profiles and calculating the lattice strain, stress-strain curves 

were generated. The linear regime was fit for each curve, which allowed the elastic modulus 

for each set of crystallographic planes to be determined. By plotting the elastic moduli on a 

polar plot, the two dimensional elastic anisotropies were revealed, and are found to be 

consistent with single crystal elastic anisotropies for a variety of point groups and 

compositions. The piezoelectric anisotropies for the same compositions and point groups are 

also presented, and a consistent inverse trend between the piezoelectric and elastic 

anisotropies is observed. A framework explaining piezoelectric anisotropy has been 

previously developed, which classifies materials as extenders (point group 4mm) or rotators 

(point groups 3m and mm2). The behavior of a crystal with a given point group depends on 

the electrostrictive coefficients, which are functions of the longitudinal and transverse 

susceptibilities, and originate from the electrostrictive anisotropy of the oxygen octahedra. 

This framework therefore also provides an explanation for the elastic anisotropies plotted 

from literature data and from those experimentally determined for NBT-xBT. 
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CHAPTER 3 

IN SITU NEUTRON DIFFRACTION EXPERIMENTS II: ELECTRIC FIELDS 

3.1 Motivation 

Ferroelectric materials based on Na1/2Bi1/2TiO3 are the focus of much current 

research; in particular, the solid solution between NBT and BaTiO3 (BT) is widely studied, as 

discussed in Chapter 2.76,77,85,86 The current work investigates the response of four 

prototypical compositions (NBT-4BT, NBT-6BT, NBT-9BT, and NBT-13BT) to electric 

fields using in situ neutron diffraction. Diffraction patterns were recorded during application 

of incrementally increased static electric fields to investigate lattice strain and domain 

switching.  

 

3.2 Experimental methods 

 

3.2.1 Sample processing 

Samples of NBT-4BT, NBT-6BT, and NBT-9BT and NBT-13BT were synthesized 

using a solid oxide processing route with from starting powders of Na2CO3, TiO2, Bi2O3, and 

BaTiO3, as described in section 2.2.1. The temperatures were changes as followed: NBT-

4BT, NBT-6BT, and NBT-7BT were calcined at 950°C for 4 h, while NBT-9BT was 

calcined at 975°C for 4 h and NBT-13BT was calcined at 1000°C for 4 h. After sintering, the 

pellets were cut into bars of approximately 4 x 4 x 20 mm and silver paint was applied to two 

of the long faces as electrodes. 
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3.2.2 In situ neutron diffraction 

The in situ ND experiments were carried out at the instrument WOMAT at the OPAL 

research reactor at the Australian Nuclear Science and Technology Organisation (ANSTO). 

This instrument features constant wavelength (λ=2.95 Å) neutron radiation and a curved 

position-sensitive detector with robust integration with software that controls the applied 

voltage. Because of these features, time-resolved and stroboscopic measurements at 

frequencies of up to 1 kHz are possible,87 but were not implemented here. The sample is 

placed at the top of a plastic post, out of which two electric lead wire extend. The sample is 

fixed in place with a dab of fast-set epoxy and the wires are connected to the sample 

electrodes with small amounts of silver paint. The samples are free and not clamped. Then a 

Kapton tube is slid over the sample and electric lead wires from above, and then filled with 

Fluorinert insulating liquid. The entire sample stage can rotate. The electric field vector was 

oriented such that it is parallel to the scattering vector at 2θ=90°, which is in between the 111 

and 200 diffraction reflections. This allows the measurement of the response of both 

reflections at an orientation nearly parallel to the electric field direction simultaneously. The 

angle ϕ between the electric field vector and either the 111 or 200 reflections can be 

determined by ϕ =(90 - 2θ)/2.87 The 111 reflection is ~3.5° from the electric field vector and 

the 200 reflection is ~4° from the electric field vector. It has been previously demonstrated 

that in polycrystalline ferroelectrics, lattice planes within 10° to the electric field vector 

behave consistently with those parallel to the field.71,88 
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Figure 3.1 Schematic of the WOMBAT instrument noting the scattering vectors of the 

incident and scattered neutrons and the orientation of the sample electric field vector such 

that it is aligned with the scattering vector, q, for the diffraction peaks of interest. 

 

3.2.3 Peak fitting 

In order to extract information of interest from the diffraction patterns, single-peak 

fitting was undertaken using MATLAB. The peaks were fit with Gaussian profiles as single 

peaks or as doublets. Figure 3.2(a) show a representative single peak fit for NBT-13BT at 

zero-field and high-field and Figure 3.2(b) shows a representative fit of a doublet for the 

same composition. The outputs from the MATLAB peak fitting include peak positions and 

integrated areas. Note that there is intensity between the 200 and 002 diffraction peaks in 

Figure 5.2(b) that is not well modeled by the two Gaussian peaks. This intensity is due to 

domain wall scattering and has been characterized in ferroelectrics previously.89  
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Figure 3.2. (a) Single peak fit for the 111 peak and (b) double peak fit for the 200 peak of 

NBT-0.13BT showing the measured intensity as solid points and the fit Gaussian curves as a 

solid line. 

 

3.3 Results 

The neutron diffraction patterns for the three compositions, NBT-4BT, NBT-6BT, 

NBT-9BT, and NBT-13BT are shown as a function of electric field in Figures 3.3.-3.3.5, 

respectively. The insets in in each figure show the 111 and 200 diffraction peaks. For NBT-

4BT, the 111 peak is split, evidencing a rhombohedral (or pseudo-rhombohedral80) structure. 

The ½(311) superlattice peak associated with 𝑎−𝑎−𝑎−(or 𝑎−𝑎−𝑐−) octahedral tilting is 

clearly apparently near 78° 2θ, indicating the structure of this composition has the R3c or Cc 

space group as opposed to the R3m space group, which does not exhibit octahedral tilting.80,90 

As a function of field, the intensity shifts from the 111̅ peak at higher 2θ to the 111 peak at 

lower 2θ (higher d-spacing) indicating domain switching is occurring. The 200 peak shifts to 
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lower 2θ, indicating a positive electric-field-induced strain. Both these effects are quantified 

in the following sections. 

 
Figure 3.3. Neutron diffraction patterns as a function of electric field for NBT-4BT. The 

patterns in the main panel are offset for visual clarity. The two smaller panels show the 111 

and 200 diffraction peaks. In this case, the 111 peaks exhibits domain switching while the 

200 peak exhibits lattice strain. 

 

NBT-6BT, which lies within the MPB region, has single diffraction peaks for both 

the 111 and 200 peaks in the unpoled state, as shown in Figure 3.4. No superlattice peaks are 

observed. However, once a field is applied, both the 111 and 200 peaks split into two. This 

indicates a mixture of rhombohedral and tetragonal phases, both of which then undergo 

domain switching. As the 111 peak splits, the ½(311) superlattice peak also appears, as was 

observed at zero field for NBT-4BT, indicating the rhombohedral phase here exhibits 
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octahedral tilting and can be described with the R3c space group. There are no tetragonal 

superlattice peaks, so the tetragonal phase is likely P4mm. The R3c + P4mm mixture has 

been previously reported to evolve in NBT-6BT under electric fields.85 

 
Figure 3.4. Neutron diffraction patterns as a function of electric field for NBT-6BT. The 

patterns in the main panel are offset for visual clarity. The two smaller panels show the 111 

and 200 diffraction peaks. In this case, both the 111 and 200 peaks exhibits domain 

switching, evidencing an electric-field-induced phase transition to a two-phase mixture. 

 

The diffraction patterns of NBT-9BT as a function of electric field are shown in 

Figure 3.5. This composition lies within the MPB region in the unpoled state but transitions 

out of the MPB region with field application.85 Unfortunately, this sample broke down at a 

lower electric field (3.0 kV/mm) than the other samples, so data is only shown up to 2.5 

kV/mm. It can be seen that even at the lower voltages, domain switching is occurring due to 
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the interchange of intensity between the 002 and 200 peaks. In the unpoled state, there 

appears to be a third peak between the 200 and 002 peaks at ~98.5°. This could be a 

rhombohedral or pseudocubic phase, as it lines up with the zero-field 200 peak of NBT-6BT. 

There are no superlattice peaks visible, indicating primarily a P4mm phase. 

 
Figure 3.5. Neutron diffraction patterns as a function of electric field for NBT-9BT. The 

patterns in the main panel are offset for visual clarity. The two smaller panels show the 111 

and 200 diffraction peaks. In this case, the 200 peaks exhibits domain switching while the 

111 peak exhibits lattice strain. 

 

The diffraction patterns of NBT-13BT, which lies on the tetragonal side of the MPB 

region, are shown as a function of electric field in Figure 3.6. In this composition we see 

behavior opposite that of NBT-4BT. For NBT-13BT, the 200 peak is split (with the 002 peak 

at lower 2θ and the 200 peak at higher 2θ) and undergoes domain switching as a function of 
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electric field. The intensity of the 002 peak increases parallel to the electric field, indicating 

that domains have reoriented such that the longer c-axis is parallel to the field. Conversely, 

the 111 peak only exhibits positive electric-field-induced lattice strain. No superlattice peaks 

are observed in the diffraction pattern, indicating that the structure of NBT-13BT can be 

described with the P4mm space group, as reported previously.67,76 

 
Figure 3.6. Neutron diffraction patterns as a function of electric field for NBT-13BT. The 

patterns in the main panel are offset for visual clarity. The two smaller panels show the 111 

and 200 diffraction peaks. In this case, the 200 peaks exhibits domain switching while the 

111 peak exhibits lattice strain. 

 

3.3.1 Lattice strain 

The lattice strains for the 110, 111, 200, and if applicable, the ½(311) peaks were 

calculated for each compositions as function of electric field using Equation 2.1, and are 
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shown in Figure 3.7. The fitted peak positions, in terms of 2θ were converted to d-spacing by 

𝑑 = 𝜆/(2 sin
2𝜃

2
). For NBT-4BT, is apparent that the response begins ~2.5 kV/mm. Most of 

the lattice planes expand, except for the 111̅. For NBT-6BT, the different lattice planes begin 

straining at a lower electric field of ~0.5 kV/mm. The 110 lattice planes strain more than the 

others, though it is possible that this is due to unresolved peak intensity interchanges due to 

domain switching. It should be noted that the 110 lattice planes are ~12.5° degrees from the 

electric field, however, they still behave as expected if parallel to the field. For NBT-9BT, 

lattice strain begins at ~0.5 kV/mm, similarly to NBT-6BT. For NBT-13BT, lattice strain 

begins ~2.5 kV/mm and has similar behavior to NBT-4BT.  
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Figure 3.7. Lattice strains as a function of electric field for NBT-4BT, NBT-6BT, NBT-9BT, 

and NBT-13BT. Each panel uses the same scale. 

 

3.2.2 Domain switching 

Domain switching occurs in ferroelectrics as the spontaneous polarization in certain 

domains reorients towards the electric field vector. During this process, the walls between 

domains move and domains that already had their polarization closer to electric field vector 

grow in volume at the expense of the other domains.30,91 Equations for quantifying the degree 
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of domain switching in tetragonal (Equation 3-1) and rhombohedral (Equation 3-2) 

ferroelectrics have been previously reported and are used here.71 A framework for 

quantifying domain switching in orthorhombic phases has recently been developed but was 

not needed here.92 

𝜂002 =

𝐼002

𝐼′002

𝐼002

𝐼′002
+ 2 (

𝐼200

𝐼′200
)

−
1

3
 (3-1) 

𝜂111 =

𝐼111

𝐼′111

𝐼111

𝐼′111
+ 3 (

𝐼111̅

𝐼′111̅
)

−
1

4
 (3-2) 

where I’hkl is the integrated area of the peaks when there is no preferred orientation, i.e., 

when the sample is in the unpoled state, and Ihkl is the integrated area when there is preferred 

orientation, i.e., when an electric field is applied.71 

The degree of domain switching as a function of electric field was quantified for 

NBT-4BT, NBT-6BT, NBT-9BT, and NBT-13BT, as shown in Figure 3.8. The electric fields 

at which domain switching begins are the same as those at which lattice strain begins, as 

shown in Figure 3.6., and can be thought of as the coercive field in these materials. 

Consequently, the coercive field for NBT-4BT is 2.5 kV/mm, for NBT-6BT and NBT-9BT it  

is 0.5 kV/mm, and for NBT-13BT it is 2.5 kV/mm. 
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Figure 3.8. Degree of domain switching as a function of electric field for NBT-4BT, NBT-

6BT, NBT-9BT and NBT-13BT. Each panel uses the same scale. 

 

3.3 Discussion  

The MPB composition (NBT-6BT) transformed to a two-phase rhombohedral and 

tetragonal structure with electric field application. The transformation from a pseudocubic 

structure to a mixed phase R3c + P4mm structure has been previously reported by in situ 

transmission electron microscopy (TEM) studies.85 In that study, Ma et al. observe 
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nanodomains of P4bm structure (which would appear pseudocubic in diffraction) transform 

to ferroelectric R3c + P4mm domains, along with an increase in the piezoelectric coefficient. 

The same mixed-phase structure has been reported via XRD and ND studies.79 It is thought 

that the presence of a mixed-phase structure results in enhanced properties in the MPB 

region.79,93 

Additionally, the degree of domain switching in each of the rhombohedral and 

tetragonal phases in NBT-6BT was higher than that in the single phase compositions (NBT-

4BT, NBT-9BT, and NBT-13BT). It has been previously hypothesized that mixed-phase 

materials (e.g., co-existing rhombohedral and tetragonal phases) should allow for greater 

degrees of domain wall motion than single phase materials.30 The present work demonstrates 

experimental evidence of this concept. However, the use of Equations 3-1 and 3-2 in this 

study results in overly-high values of η because the starting peaks are pseudocubic. These 

equations rely on the assumption that the zero-field peaks have ideal multiplicity ratios; for 

the rhombohedral case, a 1:3 ratio between the 111 and 111̅ peaks and for the tetragonal 

case, a 1:2 ratio between the 002 and 200 peaks. Despite this issue, this work still 

demonstrates a high degree of domain switching in a material that transforms to a two-phase 

mixture upon electric field application. 

The compositions in the MPB region, NBT-6BT and NBT-9BT, exhibited the lowest 

coercive fields, which means that they can be poled at a lower field than the other 

compositions. However, there is a tradeoff between coercive field and thermal stability, as 

evidenced in Ref 94. The depoling temperature is the temperature at which the macroscopic 
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piezoelectric response returns to zero. In that work, compositions in the MBP region (defined 

as NBT-6BT to NBT-11BT95) exhibit a higher piezoelectric coefficient d33, but lose their 

polarization at 106-107°C.94 This is much lower than, for example, NBT-13BT which 

thermally depoles at 165°C.94 

Finally, it should be noted that in the single-phase compositions, NBT-4BT (R3c), 

NBT-9BT (P4mm), and NBT-13BT (P4mm), the peaks that decreases in intensity due to 

domain switching (111̅ for R3c and 200 for P4mm) compress while the other lattice planes 

expand. This is likely a consequence of the process of domain switching within a 

polycrystalline matrix in which the grains are constrained by their  neighboring grains. 

 

3.4 Conclusions 

In this study the response to electric fields of four compositions of NBT-xBT is 

probed with constant wavelength in situ ND. All compositions undergo lattice strain and 

domain switching, both of which are quantified. NBT-6BT transforms from an initially 

pseudocubic lattice to a mixed-phase rhombohedral and tetragonal structure. Both 

compositions in the MPB region, NBT-6BT and NBT-9BT respond at lower fields than the 

compositions either the NBT or BT side of the MPB region.  
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CHAPTER 4 

BACKGROUND ON PAIR DISTRIBUTION FUNCTIONS 

 

4.1 Theory and Description 

Diffraction has been used for over a century to study the structure of crystalline 

materials. By analyzing the position and intensity of diffraction peaks using crystallography 

(such as through Rietveld refinement, described in 1.2.3.1) one could determine the positions 

of atoms and structural symmetry of crystals and polycrystalline materials. However, if one 

wanted to learn the structure of a liquid or an amorphous material (e.g., SiO2-based glasses, 

metallic glasses, and liquids such as water or mercury), almost no useful information at all 

was accessible through Bragg diffraction. As early as 1927, a new approach was used that 

involved taking the Fourier transform of the total scattering data (includes both sharp 

diffraction peaks and the diffuse background).96 Now, before explaining how this method 

works, I think it is useful to spend a few pages explaining Fourier transforms and what they 

do. 

 

4.1.1 Fundamentals of Fourier transforms 

Fourier transforms (FT) change a function from being a variable in one space or 

domain to being a variable in the inverse space or domain. The variable domains easiest to 

think about and likely the most used ones in applied mathematics are the time and frequency 

domains. As an example, a layperson might say to a musician, “I want you to sing a note like 
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this: la…la…la…la…la…la…” and the musician might respond, “So you want me sing “la” 

once per second?” The layperson is explaining the song they want to hear in the time domain, 

while the musician translates the same song into the frequency domain because that makes it 

easier for them to understand. 

The Fourier transform and the inverse Fourier transform allow one to change 

functions back and forth between time and frequency domains. The Fourier transform 

(Equation 4-1) and the inverse Fourier transform (Equation 4-2) are formally written out as 

below where t is time, F(t) is a function of time, f is frequency, and Φ(f) is a function of 

frequency. 

𝐹(𝑡) = ∫ Φ(𝑓)𝑒2𝜋𝑖𝑓𝑡𝑑𝑓
∞

−∞

 (4-1) 

Φ(𝑓) = ∫ 𝐹(𝑡)𝑒−2𝜋𝑖𝑓𝑡𝑑𝑡
∞

−∞

 (4-2) 

Together they are called a ‘Fourier pair’.97 Recall that as per Euler’s relation, 𝑒−𝑖𝑥 =

cos 𝑥 + 𝑖 sin 𝑥; the e exponential is a more convenient way to write cosine and sine. 

It is easiest to see the power of Fourier transforms with an example. Let us begin with 

simple cosine functions. For this example, the Fourier transforms were performed using the 

fast Fourier transform (FFT) command in MATLAB. The MATLAB code used to perform 

the transforms and plot Figures 1-4 is shown in Appendix A.  

Function 1 = cos( 2𝜋 ∗ 25 ∗ 𝑡) 

Function 2 = cos( 2𝜋 ∗ 50 ∗ 𝑡) 

Function 3 = cos(2𝜋 ∗ 100 ∗ 𝑡) 
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The three functions are plotted in Figure 4.1 in the time domain. The only difference 

between these three are their frequencies, which are 25, 50, and 100 (ignoring the factors of 

2π). 

 
Figure 4.1. Three cosine functions with difference frequencies in time space. 

 

The MATLAB fast Fourier Transform is then applied to functions 1-3 over a range of 

1024 data points (The algorithm is faster if the length is a power of 2). The results are shown 

in Figure 4.2. A single sharp peak appears in each graph at the value of the frequencies of 

each of the cosine functions: 25, 50 and 100. Ideally, a single line with no width (Dirac delta 

function) would occur at the values of 25, 50, and 100, but the line is smeared out because 

the transform was performed using the discrete Fourier transform of a series of data points, as 

opposed to a ‘symbolic’ computation where the integration occurs over infinite space. (The 

single sharp peaks look a bit like diffraction peaks.) 
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Figure 4.2. Three cosine functions transformed to frequency space by the fast Fourier 

Transform in MATLAB. 

 

Next we move on an example with slightly more complex functions. Functions 4 

through 6 were created by adding different cosine functions together and are plotted in Figure 

4.3. 

Function 4 = cos( 2𝜋 ∗ 25 ∗ 𝑡) + cos(2𝜋 ∗ 50 ∗ 𝑡) + cos(2𝜋 ∗ 100 ∗ 𝑡) 

Function 5 = cos( 2𝜋 ∗ 25 ∗ 𝑡) + cos(2𝜋 ∗ 50 ∗ 𝑡) + cos(2𝜋 ∗ 75 ∗ 𝑡) +

cos(2𝜋 ∗ 100 ∗ 𝑡) 

Function 6 = 0.5 ∗ cos(2𝜋 ∗ 25 ∗ 𝑡) + 1 ∗ cos(2𝜋 ∗ 50 ∗ 𝑡) + 1.5 ∗ cos(2𝜋 ∗ 100 ∗ 𝑡) 

Function 4 is the addition of functions 1 through 3. While it would be difficult to see 

this by eye by only looking at Figure 4.3, it is easy to tell once the Fourier transform has been 

taken. There are 3 sharp peaks at the frequencies corresponding to 25, 50, and 100, as shown 

in the top panel of Figure 4.4. Again, ideally, each peak would be a single vertical line and 

they would all be the same height. The three peaks have slightly unequal heights because the 
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Fourier transform was performed using an algorithm on a dataset with a finite number of 

points, as opposed to an integration of a smooth curve from negative to positive infinity. 

Function 5 is the addition of four cosine functions with frequencies that increase in 

regular intervals of 25. This results in peaks in the time domain at spacing proportional to 

1/25, i.e., at 0, 0.04, 0.08, 0.12, 0.16, and so on.  

Function 6 is the same as function 4, except that the cosine functions have been given 

different magnitudes: 0.5, 1, and 1.5. This is clearly apparent in the frequency domain, where 

the heights of the sharp peaks correspond to the magnitudes of the cosine functions while still 

appearing at the same frequency values as those for function 4. 

 
Figure 4.3. Functions 4 through 6 in the time domain. 
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Figure 4.4. Functions 4 through 6 transformed to frequency space by the Fast Fourier 

Transform in MATLAB. 

 

4.1.2 Fourier transforms applied to diffraction  

Chapter 1, section 1.2.3. described the fundamentals of diffraction and scattering 

from X-rays and neutrons which result in diffraction or total scattering patterns. This section 

will move on to the transformation of diffraction data, as a function of reciprocal space, into 

a pair distribution function (PDF), which is a function of real space. This transformation 

occurs via an inverse sine Fourier transform which is often written as equation 3.12 

𝐺(𝑟) =  
2

𝜋
∫ 𝑄[𝑆(𝑄) − 1)] sin(𝑄𝑟)𝑑𝑄

∞

0

 (4-3) 

where S(Q) is the corrected and normalized scattering data and G(r) is the ‘reduced 

pair distribution function.’12 Section 4.1.4 clarifies the different forms of distribution 

functions.  
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The transform is more correctly written as below, because in reality, we do not have 

access to infinite Q range; there are upper and lower bounds determined by the incident 

radiation and the detector position and geometry.12 

𝐺(𝑟) =  
2

𝜋
∫ 𝑄[𝑆(𝑄) − 1)] sin(𝑄𝑟)𝑑𝑄

𝑄𝑚𝑎𝑥

𝑄𝑚𝑖𝑛

 (4-4) 

The Fourier transform changes the data from reciprocal space to real space; with a 

PDF, one analyzes peaks which represent real atom-atom distances. In the early years of PDF 

studies (1920’s), there were no computers to do the Fourier transform and it had to be done 

by hand. A few important works on the structure of liquid mercury were reported, but the 

method was not widespread.96 The development of computers in the 1960’s reinvigorated the 

method of PDF. Though first developed to study liquids and amorphous materials, PDFs 

have found their modern place amongst the methods used to study complex12,24 and 

nanocrystalline materials.98,99 In cases where detailed information about the structures of 

nanocrystalline materials cannot be obtained from Bragg diffraction because the shape of the 

peaks – so crucial to determining crystallographic information – are significantly broadened 

by the nano-sized particles, the total scattering data converted into a PDF can still reveal the 

crystallographic structure.100,101 Careful analysis and modeling can additionally reveal the 

nanocrystal shape and other molecules present on the surface.102,103 

 

4.1.3 Fundamental features of pair distribution functions  

To the untrained eye, a PDF tends to look like a squiggly line. However, by keeping 

in a mind a few fundamental features, it is not hard to have a baseline understanding of even 
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an unfamiliar material’s structure by examining a PDF by eye. The first is that, the peak 

positions give the interatomic spacings in a material, and shown by the purple tick marks in 

Figure 4.5. After ~7 Å, depending on the structure, the peaks begin to overlap and each one 

is no longer from a single atom-atom distance. The peak height, noted in green, is 

proportional to the multiplication of the scattering factors for the two elements (or isotopes, 

in the case of neutrons). Atom-atom pairs with higher scattering factors generate larger peaks 

than atoms with small scattering factors. The peak area, filled in blue in Figure 4.5 for one 

peak, is proportional to the coordination number for that atom-atom pair. The peak width is 

proportional to the disorder in the material, shown in red lines in Figure 4.5. The peak widths 

can increase because of thermal motion at elevated temperatures or because of inherent 

structural disorder. Wider peaks indicate a broader distribution of interatomic distances for 

atom-atom pairs. This feature is apparent when the partial PDFs are calculated for a given 

structure, as shown for the X-ray PDF of BaTiO3 in Figure 4.6. The Ba-Ba and Ba-Ti 

contributions dominate the total PDF, while those from O-O and Ti-O are minimal. 
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Figure 4.5. Representative G(r) of BaTiO3 with several features highlighted: peak position 

(purple tick marks); peak area (blue fill); peak height (green lines); and peak width (red 

lines). 

 

 
Figure 4.6. Partial PDFs for the X-ray PDF of BaTiO3. 
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4.1.4. Various forms of the PDF 

There are multiple different forms and notation for PDFs. This section will clarify 

their definitions and differences and uses notation consistent with Ref. 12.  

The pair distribution function, g(r), is normalized such that it converges to 1 at 

infinite r, and is zero at r =0. Its closest relation is ρ(r), the pair density function, and they are 

related by 𝜌(𝑟) = 𝜌0𝑔(𝑟). ρ(r) converges to ρ0 (the average number density of the material ) 

at high r and to zero at r =0, like g(r). Both of these functions emphasize low-r order.12 

The reduced pair distribution function, G(r), is the function experimentally accessed 

and is generally what is referred to when “PDF” is written in this work. G(r) is related to the 

pair distribution function g(r) by 𝐺(𝑟) = 4𝜋𝜌0𝑟(𝑔(𝑟) − 1). G(r) behaves as -4πρ0r at low-r 

as shown in Figure 4.7 for BaTiO3 and oscillates around 0 at high r, as shown in Figure 8. 

This baseline of -4πρ0r is the “lower limit” for G(r) (i.e., what it would look like for no atom-

atom pairs) and explains why some of the values of G(r) are negative; it is because the pair 

correlation peaks are ‘stacked on top’ of the -4πρ0r baseline, which is negative for all values 

of r.12  

Figure 4.8 shows the effect of the resolution of the instrument used, which is that the 

peaks in G(r) decay in intensity with increasing r. This data was measured at 11-ID-B at the 

Advanced Photon Source at Argonne National Laboratory, which is a high-intensity, fast 

measurement, medium resolution instrument. Similar ‘envelopes’ can also occur if the 

material is comprised of nanoparticles, in which case the decay is due to the small size of the 

individual crystals (i.e., if the nanoparticle is only 50 Å in size, there will not be any atom-
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atom pairs for r > 50 Å). However, the data shown in Figure 4.8 was from a bulk 

polycrystalline sample so the decay is due to the intermediate resolution of the instrument. 

Without such a resolution function, the peaks in G(r) continue to oscillate around 0 to infinite 

r with approximately the same amplitude, instead of decreasing in amplitude.  

 
Figure 4.7. Experimental X-ray G(r) for BaTiO3 with a representative baseline of -4πρ0r 

shown in red. 
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Figure 4.8. Experimental X-ray PDF of BaTiO3 showing the resolution envelope and that 

G(r) oscillates around 0 at high r. 

 

The final form of a distribution function that required mentioning is the radial 

distribution function, R(r) or RDF. R(r) is related to g(r) and G(r) by  

𝑅(𝑟) = 4𝜋𝑟2𝜌0𝑔(𝑟) = 𝑟(𝐺(𝑟) + 4𝜋𝜌0𝑟) (4-5) 

It has been said this this version is the most intuitive to understand because R(r)dr 

gives the number of atoms in an annulus of thickness dr at distance r from a given atom; 

performing the integration over a chosen r range provides the coordination shell.12 

Additionally, peaks in R(r) have a Gaussian shape, which makes them ideal for peak fitting. 

In fact, Usher et al. made use of this feature to peak fit and analyze the first Bi-Ti peak in 

Na1/2Bi1/2TiO3.
104 One disadvantage of R(r) is that it increases with increasing r, which is 
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inconvenient for graphing extended r-ranges (imagine what G(r) would look like if it was not 

sitting on the -4πρ0r baseline). 

 

4.2 Instruments 

There are several instruments in the United States which are suitable for PDF 

measurements. For X-rays, these are synchrotrons radiation sources such as the Advanced 

Photon Source at Argonne National Laboratory or the National Synchrotron Light Source at 

Brookhaven National Laboratory. The X-ray PDFs presented in Chapter 6 were measured at 

beamline 11-ID-B at the Advanced Photon Source.105 For neutrons, only spallation sources 

produce neutrons of sufficiently high energy to access the high-Q range required for PDF 

measurements. There are two such facilities in the United States: the Spallation Neutron 

Source at Oak Ridge National Laboratory and the Lujan Neutron Scattering Center at Los 

Alamos National Laboratory, although the user program there has recently seen significant 

cuts, as of this writing. The neutron PDFs presented in Chapter 5 were measured at NPDF, a 

neutron time-of-flight total scattering powder diffractometer at the Lujan Neutron 

Scattering.106 NPDF features four sets of banks, each at different scattering angle, and can 

measure scattering to over 40 Å-1.  The neutron PDFs presented in chapter 7 were measured 

at the ToF total scattering diffractometer NOMAD at the Spallation Neutron Source, which 

features excellent detector coverage (see Chapter 7) as well as several in situ cells.107  
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4.3 Normalizations and corrections to data 

There are typically several corrections and normalizations that must be applied to the 

raw intensity data from a neutron or X-ray total scattering experiment before the Fourier 

Transform is applied and the PDF is calculated. Section 4.3.1 outlines the corrections 

necessary for X-ray PDFs and 4.3.2 outlines those for neutron PDFs. The information in 

Section 4.3 is overall taken from Ref. 12. 

 

4.3.1 X-ray PDFs 

There are many corrections and normalizations that must be performed in order to 

transform the raw intensity counts from a 2D X-ray detector to a pair distribution function 

(PDF). To understand the corrections, first a short description of scattering types is given. 

Then, the corrections are described in the order they should be performed in.  

The scattering of X-rays from a sample can be described by identifying the scattering 

mechanism as elastic or inelastic, and coherent or incoherent. Elastic means that there is no 

energy exchange between the scattering particle and the system; i.e., the scattering particle 

maintains the same energy before and after scattering. Inelastic means that there is an energy 

exchange. Coherent means that there is a definite phase relationship between the scattered 

particles/waves, which allows them to interfere constructively and destructively. Incoherent 

means that there is no definite phase relationship and therefore, incoherent scattering does 

not contain any information about the structure of the sample. This results in four categories: 

elastic and coherent (Bragg scattering), elastic and incoherent, inelastic and coherent, and 

inelastic and incoherent (Compton scattering). 
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The required corrections are: 1) dark counts, 2) quantum efficiency of the detector, 3) 

detector dead-time, 4) flux normalization (not required for 2D detectors), 5) absorption, 6) 

multiple scattering corrections, 7) polarization correction, 8) Compton scattering, 9) atomic 

form factor, and 10) additional corrections for 2D detectors used for rapid acquisition of total 

scattering data for PDF conversion. Each correction type is explained in more detail below. 

1) The dark counts correction is done by taking a measurement with the X-rays off in order 

to determine the signal in the detector due to thermally excited pixels and to noise in the 

electronics. The dark count measurement is subtracted from each light (X-rays on) 

measurement. In the experiments in this work, pairs of dark and light frames are taken for 

each measurement and the dark file is subtracted automatically. 

2) The quantum efficiency correction takes into account the probability of the detector 

detecting a particle that impinges upon it. The correction is done by dividing the 

measured counts by εd, which is the quantum efficiency. 

3) The dead time correction is required because there is a short amount of time for each 

pixel after an X-ray photon is detected in which the signal is sent and the circuit is reset. 

During this time, if another X-ray photon were to impinge upon the same pixel, it would 

not be detected. This time gap during which photons cannot be detected is referred to as 

dead time. Dead time is typically a few percent, and in those cases, the standard dead 

time correction can be used: 

𝑁′ =  
𝑁

1 − 𝑅𝑑𝜏𝑑
 (4-6) 
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where N’ is the corrected counts, N is the measured counts, Rd is the count-rate (counts 

per second), and τd is the detector dead time.  

4) Flux normalization is a correction done to account for changing incident flux as a 

function of time. It is typically performed by dividing the dead time corrected counts by 

the counts recorded by the incident beam monitor. However, when a 2D detector is used, 

which measures all Q’s simultaneously, this correction is not required.  

5) Absorption corrections must be performed in order to account for X-rays that are 

absorbed by the sample. The absorption correction is based on the integration of the 

sample attenuation factor over all trajectories that beams take through the sample. The 

incident beam profile should also be taken into account, but is instead typically 

considered to be homogeneous. Presently, the X-ray mass absorption coefficients have 

been tabulated and are available in software packages. This allows one to simply enter 

the composition of the sample and container (if needed) and their densities into the 

analysis program. If a powder sample is being used, the lower powder density should be 

used in place of the solid material density. 

6) Multiple scattering corrections must be done in order to account for X-rays that undergo 

more than one scattering process within the sample, container, or apparatus. They are not 

straightforward to calculate, as they depend on the sample size in the beam direction, the 

sample transparency, and thus on the sample absorption. Multiple scattering is most 

significant in transmission geometry at high scattering angles (high Q). This correction is 

also typically present in software packages.  
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7) The polarization correction is a correction done to account for the polarization of the 

incident X-ray beam. If the incident beam is polarized perpendicular to the scattering 

plane, then the scattered intensity is fully transmitted and does not depend on the 

scattering angle. If the incident beam is polarized in the scattering plane, the intensity will 

fall to zero at 2θ = 90°. Typically, the incident radiation is not quite fully polarized 

perpendicular to the scattering plane (0.95 - 0.99 instead of 1.0), so there will be an 

angular dependent decrease in intensity. Synchrotron X-rays are polarized in the plane of 

the ring, which explains why many synchrotron experiments are designed to record 

scattering perpendicular to the ring (vertical). Additionally, a crystal monochromator 

polarizes the beam. Polarization corrections must be taken into account before the 2D 

image is integrated into a 1D diffraction pattern. The polarization correction for 

synchrotron radiation is given by: 

𝑃𝑖 =
(1 + 𝐴 cos2 2𝜃)

(1 + 𝐴)
 

(4-7) 

 where 2θ is the scattering angle and A is given by: 

𝐴 =
1 − 𝑓

1 + 𝑓
 

(4-8) 

where f is the polarization rate of the incident radiation in the direction perpendicular to 

the scattering plane (i.e., in the plane of the synchrotron). It should be noted that the 

Lorentz polarization factor should not be used because it has an additional 1/sin2θ 

correction, which is not required for powder diffraction. 
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8)  Compton scattering is both incoherent and inelastic. The Compton cross section per atom 

is given by: 

𝑛𝑖𝑛𝑐(𝑄) = (
𝐸𝑐

𝐸0
)

𝛼

[∑ 𝑐𝑎𝑍𝑎

𝑛

𝑎=1

− ∑ 𝑐𝑎𝑓𝑎
2(𝑄)

𝑛

𝑎=1

] (4-9) 

 where ca is the concentration of element a, (Ec/E0)
α is the Breit-Dirac recoil factor which 

takes radiation pressure into account, and α  takes the value of 2 or 3 depending on the 

experiment setup. The first summation is the classical Thompson scattering and the 

second is the coherent scattering power. The theoretical Compton scattering is often 

calculated using an empirical equation and subtracted and it should also be corrected for 

absorption in the same way as the experimental data. Ruland’s empirical equation for 

Compton scattering is often used and is given by: 

𝑅(𝑄) = {(1 +
𝑌

𝑏
) [1 +

𝑄2𝑑

(𝑌 + 𝑏)2
]}

−1

 (4-10) 

 where Y = cQ3/(a2+Q2) and a-d are constants. Compton scattering intensities for the vast 

majority of the elements are tabulated and utilized by various software packages. 

Compton scattering is greater when higher energy X-rays are used, increases at high-Q, 

and is proportionally larger for lighter elements, which can create a signal-to-noise issue 

at high-Q. However, this is largely mitigated by the use of 2D detectors at synchrotrons 

because of high counting statistics available at high-Q, as the entire Scherrer cone is 

recorded.  

9) The atomic form factor correction is required because the scattering power of atoms 

decrease as a function of scattering angle. Atomic scattering factors for all elements have 
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been tabulated in the International Crystallography Tables. Typically, free-atom 

scattering factors are used, despite the fact that solid-state effects can modify the 

scattering factors due to changes in electron distributions (X-rays scatter off of electrons). 

There have been attempts to calculate and use adjusted scattering factors, based on the 

solid state chemistry of the constituent atoms. This, however, requires intensive 

computing. The atomic form factor, using free-atom scattering factors, is calculated as: 

〈𝑓(𝑄)〉2 = [∑ 𝑐𝑎(𝑓0
𝑎(𝑄) + 𝑓𝑎

′ + 𝑖𝑓𝑎
′′)

𝑎

]

2

 (4-11) 

 where ca is the concentration of atomic species a, 𝑓0
𝑎 is the atomic scattering factor for 

species a, and 𝑓𝑎
′ and 𝑓𝑎

′′ are the anomalous scattering corrections to the atomic form 

factor (which are usually not required unless the scattering X-rays are very close in 

energy to one of the constituent element’s absorption edges). The average form-factor: 

〈𝑓2(𝑄)〉 = ∑ 𝑐𝑎[(𝑓0
𝑎(𝑄) + 𝑓𝑎

′)2 + (𝑓𝑎
′′)2]

𝑎

 (4-12) 

 is proportional to the total sample cross scattering as a function of Q and is also required. 

When the data are divided by 〈𝑓2(𝑄)〉, diffuse scattering at high-Q is often more readily 

apparent. (The scattering factor is also covered in 1.2.3.) 

10) Additional corrections specific to rapid acquisition PDFs (RAPDFs) are listed and briefly 

described below: 

a) The flat field or flood field correction is often carried out in order to correct for pixel 

efficiency differences. 
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b) Geometric corrections are performed due to distortions present in certain detectors, 

particularly those in which a phosphor is optically coupled to a CCD chip. This 

correction is supplied by the manufacturer and is done by taking an image of a regular 

grid and then re-mapping the pixel positions to obtain the undistorted grid. 

d) During RAPDF measurements, the detectors can become saturated very quickly (~1 s) 

before sufficient signal-to-noise is achieved. Therefore, many exposures (frames) are 

often summed together to create one 2D image which has significantly improved 

statistics. This is often performed within the diffraction acquisition software. 

d) When integrating a 2D diffraction image to create a 1D diffraction pattern, certain 

parameters must be known in order to generate an accurate x-axis (d-spacing, Q, or 2θ). 

These parameters include the X-ray wavelength, sample-to-detector distance, detector 

and pixel size, and beam center position. These parameters are determined or refined 

(except the wavelength) from a 2D diffraction image from a calibrant such as silicon or 

cerium dioxide, CeO2. This is often performed in software such as Fit2D.108,109 

e) Sometimes there are shadows or other artifacts such as dead or overexposed pixels present 

in the 2D image. Shadows can be present due to the presence of other objects between the 

detector and the sample, such as a beam stop (which prevents the un-diffracted X-ray 

beam from burning the center of the detector). These pixels and/or areas are masked and 

excluded before the 2D image is integrated. 
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f) A geometric correction is required to account for X-rays traversing longer path lengths 

through the phosphor near the edges of the detector. This results in a slight tendency to 

over-count detection events at high-Q.  

 

4.3.2 Neutron PDFs 

In order to obtain an accurate neutron PDF, several measurements besides the sample 

measurement which must be taken. They are subtracted from the sample measurement or 

used to normalize the sample measurement. They are listed below: 

A measurement of the empty sample holder is required, which is subtracted as a 

background file. The measurement does not have to be the specific sample holder if there is 

sufficient reproducibility between the different holders. 

A measurement of the empty instrument environment is required, which is also 

subtracted. This would be the instrument and any in situ setup such as a furnace, cryostat, 

magnetic fields, etc., without the sample in place. 

A measurement of a vanadium rod. Vanadium scatters neutrons almost entirely 

incoherently so it is used to measure the incident spectrum. The sample scattered intensity is 

then normalized to the vanadium spectrum. This is because of the nature of neutron time-of-

flight measurements in which there is a distribution of intensity as a function of wavelength. 

It is important to take vanadium measurements regularly (on the order of days or weeks) to 

account for slowly varying changes in the neutron source spectrum.  
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A crystalline standard is measured and used to calibrate the time-of-flight constants 

for each detector or bank of detectors. Such a standard is often a material with a well-known 

structure like silicon, quartz, or diamond. 

 

There are three main corrections which are applied to the data.  

The conversion from time-of-flight to wavelength (or momentum transfer, Q) is 

performed because the incident neutrons are initially measured as a function of their arrival 

time within each pulse of neutrons from the spallation source. This conversion makes use of 

the de Broglie relationship between a particle’s velocity, mass, and wavelength. Using 

equations 4-13, and 4-14, the final relationship, 4-15 is obtained. In equation 4-13, v is the 

neutron velocity, L1 is the flight path from moderator to sample, and L2 is the flight path from 

sample to detector, and τ is time traveled by the neutron. In equation 4-14, p is the 

momentum, mn is the mass of the neutron, ℎ̅ is Planck’s constant, and k is the wave vector. In 

Equation 4-15, λ is the wavelength. 

𝑣 =
𝐿1 + 𝐿2

𝜏
=

𝐿

𝜏
 (4-13) 

𝑝 = 𝑚𝑛𝑣 = ℎ̅𝑘 (4-14) 

𝜆 =
2𝜋

𝑘
=

2𝜋ℎ̅𝜏

𝑚𝑛(𝐿1 + 𝐿2)
 (4-15) 

 

Similar to X-ray PDF experiments, a detector dead-time correction must be 

performed. This correction must be done to account for neutrons which arrive at a detector 
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while it is still busy processing the previous neutron detection event. This correction will 

generally be taken care of by instrument staff and not users. 

Finally, the Placzek correction should be applied, which corrects for inelastically 

scattered neutrons that get incorporated into the spectrum as a function of Q. A full 

correction is impossible because the time-dependent S(Q) is not known a priori. Instead, a 

correction based on the low-Q data is used. It is generally small and results in an additive 

correction to the measured intensities. The effect of inelastic scattering is smaller in solids 

than in liquids, and smaller for heavy elements than lighter elements.  
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CHAPTER 5 

AMBIENT CONDITION STRUCTURAL STUDIES 

 

5.1 Combined refinement of high resolution X-ray diffraction and neutron diffraction of 

(0.96)Na0.5Bi0.5TiO3 – (0.04)BaTiO3 

The content of section 5.1 is reprinted from T. M. Usher, J. S. Forrester, C. R. dela 

Cruz, and J. L. Jones, "Crystal structure of 0.96(Na0.5Bi0.5TiO3)-0.04(BaTiO3) from 

combined refinement of x-ray and neutron diffraction patterns," Applied Physics Letters, 101, 

152906 (2012) with the permission of AIP Publishing.80 

 

5.1.1 Background on (1-x)Na0.5Bi0.5TiO3 – (x)BaTiO3 

Na0.5Bi0.5TiO3 (NBT) based compositions are of interest as part of the future 

generation of ferroelectric materials. However, unmodified NBT exhibits inferior properties 

relative to other piezoelectrics, including a high coercive field (5.5-7.3 kV/mm),110 low 

depolarization temperature (160-190°C),111,112 and low piezoelectric constant (75 pC/N). 

NBT adopts the perovskite (ABO3) structure, where both the A and B site may be substituted 

by atoms of similar size and valence. The properties of NBT are modified by this 

substitutional alloying and by creating solid solutions with other perovskites. 

The phase diagram between NBT and BaTiO3 (BT) exhibits a morphotropic phase 

boundary (MPB) near 6at% BT (NBT-6BT).66 The substitution of barium has beneficial 

effects on the properties of NBT, such as increasing the piezoelectric constant.113 
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Compositions on the NBT-rich side of the MPB (NBT to NBT-6BT) have been previously 

thought to adopt rhombohedral R3c symmetry,76,95 however recent single crystal structure 

analyses by Gorfman and Thomas19 and crystallographic refinements using high resolution 

X-ray diffraction (XRD) by Aksel et al.20 have assigned the monoclinic space group Cc to 

unmodified NBT. Both these studies base this assignment on subtle yet distinguishable 

reflections in the diffraction patterns of NBT that cannot be attributed to the R3c space group. 

Given the change in symmetry assignment of unmodified NBT, it follows that the 

space group assignment for the phase diagram region between NBT and NBT-6BT requires 

reconsideration. Near the MPB, NBT-xBT appears cubic in some diffraction patterns114,115 

although the measured piezoelectric coefficients and well-developed polarization-electric 

field hysteresis29,93 indicate that MPB compositions do not have cubic symmetry at the local 

level. Thus, compositions between NBT and NBT-6BT have a complex structure that is not 

wholly understood and has important significance to functional properties.  

The aim of the present work is to re-examine the crystal structure of NBT-4BT and, 

by extension, the structures in the range from NBT to NBT-6BT. High resolution XRD and 

neutron diffraction are combined to provide, respectively, high resolution of lattice 

distortions through subtle peak splitting and sensitivity to light elements in the structure. 

Analysis of these diffraction patterns allows the structure to be determined and refined with 

more accuracy than was previously available.  

 

 



77 

 

 

 

 

5.1.2 Experimental 

Samples were prepared using solid state synthesis. Stoichiometric quantities of 

Na2CO3 (99.5%), TiO2 (99.6%), Bi2O3 (99.975%), and BaTiO3 (99.7%, all Alfa Aesar) were 

ball-milled in ethanol for 24 h, then the powder was dried and sieved. The powder was 

calcined at 900°C for 4 h, then uniaxially pressed into a pellet and isostatically pressed, both 

at 300 MPa for 5 min. Pellets were sintered at 1100°C for 4 h, then crushed to pass through a 

200 μm sieve. The powder was annealed for 3 h at 400°C to relieve stresses caused by 

crushing.  

High resolution synchrotron XRD patterns were recorded on the instrument 11-BM at 

the Advanced Photon Source at Argonne National Laboratory using approximately 20 mg of 

powder in a quartz capillary for 1 h with an average wavelength of 0.413639 Å and a step-

size of 0.002° from 0.5° to 45.99° in 2θ. High resolution neutron diffraction patterns were 

measured on the instrument HB2A at the High Flux Isotope Reactor at Oak Ridge National 

Laboratory for approximately 1 h using 10 g of powder and a wavelength of 1.5378 Å from 

10° to 120.35° in 2θ with a step-size of 0.05°.  

The diffraction patterns from both instruments were analyzed using full pattern fitting 

techniques. The crystal structure of the samples was refined using the Rietveld refinement 

program GSAS with the EXPGUI interface.41,42 Profile function 3 was used for the cubic 

phase and profile function 4 for the rhombohedral and monoclinic phases. The Stephens 

asymmetry model incorporated in profile function 4 accounted well for the asymmetric peak 

shapes. 24 background parameters were used to accommodate the diffuse scattering. 
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Parameters refined included the zero, peak-shape parameters, scale, lattice parameters, 

atomic positions, isotropic displacement parameters, and atomic occupancies. As three 

atomic species share the A-site (Na, Bi, and Ba), occupancies were refined independently to 

semi-quantitatively verify the nominal composition. Throughout this work the peak indices 

are identified by their pseudocubic coordinate reference frame for consistency across 

different space groups. 

 

5.1.3 Results and discussion 

In order to model the high-resolution XRD pattern of NBT-4BT, multiple space 

groups were considered including R3c, P4bm, P4mm, Cc, and Cm. The tetragonal space 

groups P4bm and P4mm were removed from consideration because the 200 peak in the XRD 

pattern of NBT-4BT does not exhibit splitting, which would be a characteristic tetragonal 

feature. The XRD pattern for NBT-4BT exhibited a ½(311) superlattice reflection and the 

neutron diffraction pattern exhibited ½(311) and ½(511) superlattice reflections. Because 

R3m and Cm do not allow for superlattice peaks from octahedral tilting, only the space 

groups R3c and Cc remained for consideration. 

The space group R3c was initially investigated because it has been reported for 

compositions between NBT and NBT-6BT from both TEM and XRD studies.67,76 While the 

R3c model provides a reasonably good quality of fit (Rp = 4.93%), the calculated pattern 

deviates from the observed pattern in several significant areas, shown in Figure 5.1(a). The 

two 110-type reflections in the R3c model do not account for the maximum intensity in the 
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profile shape, indicated by the arrow. Similarly, the two 111-type reflections in the R3c space 

group are unable to model the distinct shoulder on the lower 2θ side of the profile. 

Additionally, the fit for the ½(311) superlattice peak is unable to model the asymmetry 

present because only a single reflection is allowed at this 2θ position in the R3c space group. 

This model also over-calculates the intensity of this superlattice peak.  

The XRD pattern of NBT-4BT was also modeled with the Cc space group, a 

subgroup of the R3c space group, and the results of this fit are shown in Figure 5.1(b). This 

model improved the fit (Rp = 4.29%) and a significant improvement was found in the fit of 

the ½(311) superlattice peak. The multiple contributing peaks present in the Cc space group 

for this superlattice peak allowed the calculated pattern to model the asymmetry and intensity 

of this peak. However, some discrepancies observed in the R3c space group model for the 

110 and 111 reflections remained in this space group assignment.  

The possibility that a two phase mixture would best model the measured diffraction 

pattern was then considered. Several refinements of mixed phases were completed, with the 

aim of providing a closer model to the experimental pattern than that provided by a single 

(Cc) phase. Combinations including R3c + P4mm, R3c + P4bm, Cc + R3c, Cc + R3m, and Cc 

+ P4mm were trialed. All of these combinations either resulted in unstable refinements or 

provided unsatisfactory or only incremental improvements to the fits.  

It was also considered that the second phase observed in the diffraction pattern of 

NBT-4BT may exist only at the nanoscale, at length scales below the coherence length of X-

rays or neutrons. This was considered because unmodified NBT has been reported to contain 
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nanoscale regions in the form of platelets of tetragonal (P4bm) symmetry within a 

rhombohedral (R3c) matrix. 26,27 These nanoscale regions are similar to the microstructural 

features that have been identified as the source of relaxor behavior in ferroelectric relaxors, 

polar nano-regions (PNRs).116 Nanometer length scale features have also been revealed in 

NBT-4BT through diffuse X-ray scattering and were identified as tetragonal platelets 

separating rhombohedral regions.117 Similarly, TEM studies have identified nanoscale 

regions of rhombohedral and tetragonal symmetry in NBT-4.5BT.118 Since the local 

symmetry of these nanoregions cannot be detected through X-ray or neutron diffraction, they 

may appear as a metrically cubic phase.   

To model the contribution to the diffraction pattern from these nanoscale regions, a 

two phase mixture of the Cc phase and a cubic phase based on the aristotype perovskite 

phase (Pm3̅m) was trialed. The result is shown in Figure 5.1(c). This same method was used 

in recent work on the crystal structure of NBT with increasing temperature, where the cubic 

phase facilitated convergence in the higher temperature refinements; in some cases becoming 

a significant phase fraction (30wt% at 200°C). It was subsequently included in the room 

temperature refinement to its improvement, but was found to only account for 2wt%.21 To 

clarify, the addition of a metrically cubic phase is not intended to indicate that a long range 

cubic phase exists in NBT-4BT.  Likewise, the cubic phase is not expected to have the same 

long range Cc structure, even if measured with a higher resolution instrument. Rather, it is 

used to model the contribution to the diffraction pattern from nanoregions such as platelets of 

different phases or regions of instability similar to those reported in Refs. 26 and 27. 
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Figure 5.1. Fit of high resolution XRD data to the modeled pattern in a Rietveld refinement 

of NBT-4BT modeled in the (a) R3c space group, (b) Cc space group, and (c) Cc + Pm3̅m 

space groups. 
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The Cc + Pm3̅m model considerably improved the criteria of fit (Rp = 3.93%) and 

significant improvements were gained in the fit to the 110 reflection. The shape of this 

profile was accurately modeled with the addition of the cubic peak. The fit of the 111 peak 

was improved over the previous refinements. The ½(311) superlattice peak is fit equally well 

with the Cc and Cc + Pm3̅m models. While the intensity of the ½(311) superlattice peak 

decreases due to the increased Pm3̅m phase fraction, the calculated intensity may compensate 

by increasing the octahedral tilt angle, which would increase the superlattice intensity. 

While the high resolution of the X-ray diffractometer119 provided detailed observation 

of subtle structural distortions, XRD is more sensitive to the larger scattering factors of the 

higher atomic number elements such as Ba and Bi than the lighter elements such as Na and 

O. Therefore, a combined refinement using both the X-ray and neutron diffraction patterns 

was performed to determine more accurate atomic positions. In this approach, a single 

crystallographic model (containing two phases) is simultaneously fit to both diffraction 

datasets.  

The combined refinement utilized the two phase Cc + Pm3̅m mixture identified 

through analysis of the XRD pattern and the results of this fit are shown in Figure 5.2. The 

insets in Figure 5.2 show a detailed fit of the major peak in each of the patterns. A 

quantitative phase calculation120 of the Cc and Pm3̅m phases indicated that the proportion of 

the sample modeled using the Pm3̅m phase is 13wt%. 
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Figure 5.2. (a) XRD and (b) neutron patterns of NBT-4BT with a Cc + Pm3̅m model through 

a combined Rietveld refinement. 

 

The major refined parameters are presented in Table 5.1 and several of these should 

be highlighted (parameters for the X-ray-only refinements can be found in Table 5.2-5.4). 

The data suggest that Ba2+ substitutes for both Na+ and Bi3+ on the A-site, a substitution 

scheme that maintains the charge balance without defect compensation. In order to test the 

validity of this substitution scheme, the occupancies in the Cc + Pm3̅m X-ray refinement 

were manually changed to have Ba2+ preferentially substitute for Na+ or Bi3+, which 

increased the Rp to 4.81% and 4.46%, respectively, from 3.93%. The occupancies of the 
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cations of each phase were constrained to be equal due to the small phase fraction of the 

cubic phase. Unconstrained refinements yielded similar results. A second feature of note is 

the large A-site displacement parameters for both the Cc (0.0463 Å2) and Pm3̅m (0.0456 Å2) 

phases. Large A-site displacement parameter values (~0.054 Å2) have also been reported in 

the related ternary system Bi0.5Na0.5TiO3–BaTiO3–K0.5Na0.5NbO3.
121 Typical values for 

ferroelectric or relaxor materials with only one A-site cation (e.g., BaTiO3, PbMg1/3Nb2/3O3 

and PbZr0.52Ti0.48O3) range from ~0.001 to ~0.01 Å 11,122,123 a factor of five or more lower 

than observed NBT-based materials. The large magnitude of the atomic displacement 

parameter may indicate large thermal motion of the atoms on this site, or alternately, a large 

degree of static disorder.  

Bond valence sums (BVS) were calculated from the Cc phase of the combined 

refinement to investigate the local bonding environments around the different A-site ions.124 

The ideal and calculated BVSs are summarized in Table 5.5. The BVS for Ba-O bonds is 

twice that expected, which indicates that the local structure surrounding the Ba2+ ions is 

likely different than the average structure calculated through Rietveld refinement. The 

existence of unique local bonding environments for each A-site cation is one possible 

explanation for the large A-site atomic displacement parameters in NBT-4BT and related 

materials. 
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5.1.4 Conclusions 

In summary, refinement of high resolution X-ray and neutron diffraction patterns of 

NBT-4BT allowed for a new space group assignment and the determination of lattice 

parameters, atomic positions, and atomic displacement parameters. The new monoclinic 

space group assignment for an NBT-xBT composition in the phase field between NBT and 

the MPB (NBT-6BT) challenges the accuracy and completeness of existing phase diagrams 

which should be revisited in the light of the present results. Additionally, the necessary 

addition of a metrically cubic phase to account for additional regions of the material and the 

large displacement parameters and atypical BVS for Ba-O and Bi-O bonds indicate possible 

disorder on a local scale that differs from the long-range, average structural description. 
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Table 5.1. Parameters for the Cc + Pm3̅m phases from the combined Rietveld refinement 

 a (Å) b (Å) c (Å) β(degrees) profile fit 

Cc (87wt%) 
Rp 4.12% 

Rwp 5.92% 

χ2 0.8361 

9.56236(35) 5.49184(8) 5.51893(9) 125.4144(11) 

Pm3̅m (13wt%) 

3.89770(4) 3.89770(4) 3.89770(4) 90 

Site positions 

 x y z Occ. Uiso  

(100 Å2) 

Cc (87wt%) 

Na 

0 0.25 0 

0.480(3) 

4.626(33) Bi 0.478(0) 

Ba 0.040(1) 

Ti 0.2253(4) 0.2506(26) 0.7443(11) 1.001(1) 0.65(6) 

O(1) -0.0139(11) 0.1976(9) 0.5370(20) 0.937(8) 0.87(10) 

O(2) 0.2269(9) 0.5113(24) -0.0166(29) 0.975(16) 2.78(16) 

O(3) 0.2827(10) -0.0005(17) 0.0587(24) 1.044(16) 1.81(16) 

Pm3̅m (13wt%) 

Na 

0 0 0 

0.480(3) 

4.56(6) Bi 0.478(0) 

Ba 0.040(1) 

Ti 0.5 0.5 0.5 1.001(1) 0.73(8) 

O 0.5 0.5 0 1.034(4) 3.61(4) 

 

 

Table 5.2. Parameters for the R3c phase based on the X-ray Rietveld refinement 

 a (Å) b (Å) c (Å) β(degrees) profile fit 

R3c  Rp 4.93% 

Rwp 6.67% 

χ2 3.175 
5.499663(33) 5.499663(33) 13.52345(15) 120 

Site positions 

 x y z Occ. Uiso  

(100 Å2) 

R3c  

Na 

0 0 0.26509(20) 

0.477(3) 

4.808(12) Bi 0.480(0) 

Ba 0.040(1) 

Ti 0 0 0.01141(30) 1.003(2) 1.961(24) 

O(1) 0.1351(9) 0.3434(12) 0.0815(4) 1.011(3) 1.92(6) 
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Table 5.3. Parameters for the Cc phase based on the X-ray Rietveld refinement 

 a (Å) b (Å) c (Å) β(degrees) profile fit 

Cc  Rp 4.31% 

Rwp 5.62% 

χ2 2.254 
9.55298(22) 5.49544(4) 5.51907(4) 125.3247(7) 

Site positions 

 x y z Occ. Uiso  

(100 Å2) 

Cc  

Na 

0 0.25 0 

0.476(3) 

5.183(11) Bi 0.479(0) 

Ba 0.040(1) 

Ti 0.27503(28) 0.2498(17) 0.7621(12) 0.992(1) 0.180(19) 

O(1) 0.0342(11) 0.2053(15) 0.5061(34) 1.049(9) 0.86(21) 

O(2) 0.1929(16) 0.4751(19) -0.0291(37) 1.080(16) 0.15(24)   

O(3) 0.2244(22) 0.0001(35) -0.0222(76) 1.032(14) 1.42(23) 
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Table 5.4. Parameters for the Cc + Pm3̅m phases based on the X-ray Rietveld refinement 

 a (Å) b (Å) c (Å) β(degrees) profile fit 

Cc (98.3 wt%) 

Rp 3.93% 

Rwp 5.29% 

χ2 1.995 

9.55553(22) 5.49424(4) 5.51952(4) 125.3480(7) 

Pm3̅m (1.7 wt%) 

3.89917(5) 3.89917(5) 3.89917(5) 90 

Site positions 

 x y z Occ. Uiso  

(100 Å2) 

Cc (98.3 wt%) 

Na 

0 0.25 0 

0.477(3) 

4.588(10) Bi 0.480(0) 

Ba 0.040(0) 

Ti 0.26597(33) 0.2499(17) 0.7605(18) 1.000(1) 1.328(20) 

O(1) 0.0281(13) 0.2011(13) 0.4989(30) 1.012(9) 0.40(24) 

O(2) 0.1911(12) 0.4810(22) -0.0382(32) 1.083(16) 0.24(25) 

O(3) 0.2265(16) 0.0001(41) -0.0059(53) 1.042(16) 2.32(24) 

Pm3̅m (1.7 wt%) 

Na 

0 0 0 

0.477(3) 

6.31(14) Bi 0.480(0) 

Ba 0.040(0) 

Ti 0.5 0.5 0.5 1.000(1) 1.24(22) 

O 0.5 0.5 0 1.006(33) 2.2(4) 

 

 

Table 5.5. Bond valence sum calculations for each bond type in the Cc phase. 
Bond type Na-O (vu) Bi-O (vu) Ba-O (vu) Ti-O (vu) 

Ideal BVS 1.0 3.0 2.0 4.0 

Calculated BVS 1.046 2.273 3.850 3.941 
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5.2 High resolution X-ray diffraction and neutron total scattering study of (1-x)BaTiO3 – 

(x)Bi(Zn0.5Ti0.5)O3 

 

5.2.1 Background on (1-x)BaTiO3 – (x)Bi(Zn0.5Ti0.5)O3 

The properties of inorganic dielectric materials strongly depend on their crystal 

structure. A new class of dielectric materials that exhibit high dielectric permittivity (r > 

1000), which persists to high electric fields (E > 100 kV/cm), is of interest. The compositions 

are based on perovskite solid solutions of BaTiO3-BiMeO3 (where Me = Zn0.5Ti0.5, Sc, 

Mg0.5Ti0.5, for example) that exhibit high relative permittivity and negligible saturation. 

While the formation of the compound Bi(Zn0.5Ti0.5)O3 (BZT) is not stable at atmospheric 

pressure, its synthesis has been demonstrated under high pressure.125 Suchomel et al. 

synthesized BZT at 900°C and 6 GPa as a phase pure perovskite with the space group 

P4mm.125 The structure was characterized by an enormous polarization of 150 µC/cm2 and a 

correspondingly large tetragonal c/a ratio of 1.211 at room temperature. First-principles 

calculations by H. Wang et al. have shown that the large tetragonal distortion and off-center 

ion displacements are stable in pure BZT as a direct consequence of the strong covalent 

nature of the Zn-O and Bi-O bonds, despite the tolerance factor of BZT being <1 (generally, 

a tolerance factor of <1 indicates that a rhombohedral or orthorhombic structure is the most 

stable).126,127 Similar results were obtained using first-principles calculations in the analogue 

compound Bi(Mg0.5Ti0.5)O3.
128 

While BZT has only been synthesized at high pressure, it can be alloyed with stable 

perovskites at ambient pressure to form solid solutions such as (1-x)PbTiO3-xBi(Zn0.5Ti0.5)O3 
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(PT-xBZT) 129 and (1-x)BaTiO3-xBi(Zn0.5Ti0.5)O3 (BT-xBZT).130,131 Although both PT and 

BT exist as tetragonal ferroelectrics at room temperature, the behavior of BT-xBZT solid 

solutions is markedly different from that of PT-xBZT. In PT-xBZT, the addition of BZT 

results in a significant increase in Curie temperature (TC) up to 700°C with a corresponding 

increase in tetragonality.129 In contrast, the addition of BZT to BT causes an initial decrease 

in TC and then a slight increase, and increased amounts of BZT induce a pseudocubic 

structure, similar to that reported for other solid solutions such as K1/2Na1/2NbO3-BZT.132 In 

both BT-xBZT and PT-xBZT, the addition of BZT causes a change in the ferroelectric 

transition at TC from a sharp well-defined first-order phase transition to a diffuse phase 

transition.129,130 

This section focuses on BT-xBZT compositions with 0<x<0.2.  Compositions with 

x<0.09, exhibit a hysteretic non-linear ferroelectric response which is indicative of long range 

dipolar order, similar to the end-member BaTiO3.
133 However, as the BZT fraction is 

increased, the dielectric response becomes diffuse and the material exhibits a quasi-linear 

non-hysteretic polarization response with r exceeding 1000.133 The underlying mechanism 

for these anomalous dielectric properties is not known. The high permittivity and intrinsic 

frequency dependence observed in BT-xBZT is characteristic of relaxor ferroelectrics, in 

which high permittivity is attributed to nano-domain structures (e.g., polar nanoregions). The 

lack of hysteresis and the negligible saturation observed in BT-xBZT suggests that long-

range domain interactions are not the primary origin of this behavior. Alternatively, Ogihara 

et al. have proposed a weakly-coupled relaxor mechanism to describe the observed dielectric 
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phenomenon in the similar material BT-BiScO3.
134  In agreement, an analysis of the 

dielectric data by Triamnak et al. revealed that the spectra followed the Vogel-Fulcher law, 

as is typical with relaxors.133 However, the activation energy was 0.16 eV, nearly one order 

of magnitude larger than for the archetypical relaxor Pb(Mg1/3Nb2/3)O3 (PMN).133 Since 

relaxor properties are tied to structural features, a more clear description of the atomic 

structure is necessary to further interpret the properties of BT-xBZT.  

 

5.2.2 Experimental 

Bulk polycrystalline samples of (1-x)BaTiO3-xBi(Zn0.5Ti0.5)O3 (BT-xBZT) ceramics, 

where 0.06 ≤ x ≤ 0.20, were prepared using a conventional solid state synthesis technique by 

Prof David Cann’s group at Oregon State University. Reagent grade oxide powders of Bi2O3 

(≥99.9% purity, Sigma-Aldrich), ZnO (≥99%, Sigma-Aldrich), TiO2 (≥99.9%, Sigma-

Aldrich), and BaCO3 (≥99.5%, Sigma-Aldrich) were batched for the desired stoichiometric 

composition and mixed in ethanol. The solution was vibratory milled using yttria-stabilized 

zirconia media for 6 h. After drying at 80C, the powder mixtures were calcined in closed 

crucibles at 950°C for 4 h followed by additional milling and drying. The calcined powders 

were mixed with a 3 wt% polyvinyl butyral binder, and uniaxially cold pressed at 150 MPa 

into 12.7 mm diameter pellets. The green pellets were placed in closed crucibles in a furnace, 

and heated using a rate of 3°C/min to 400°C for 3 h for binder burnout, then sintered at 

1200°C for 2 h, and cooled at 5°C/min. The sintered samples were crushed into fine powders 

and annealed at 400°C for 3 h. 
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The compositions selected for this study are 0.80BT-0.20BZT, 0.90BT-0.10BZT, 

0.92BT-0.08BZT, and 0.94BT-0.06BZT. These compositions span the pseudocubic-to-

tetragonal phase transition, which lies above room temperature for 0.92BT-0.08BZT and 

0.94BT-0.06BZT and below room temperature for 0.80BT-0.20BZT and 0.90BT-0.10BZT. 

This phase transition has been shown to occur in the vicinity of room temperature between 

0.91BT-0.09BZT and 0.92BT-0.08BZT, from previous laboratory XRD.133 

 HRXRD patterns were measured on beamline 11-BM at the Advanced Photon 

Source at Argonne National Laboratory.135 Crushed powders of each composition were 

loaded into Kapton capillaries and spun to achieve improved powder averaging statistics. 

XRD patterns were recorded at room temperature with a wavelength of 0.413132 Å, using 

standard data collection protocol (30 keV, multi-detector range covering approximately 0.5 

to 52° in 2θ).  

Samples for the PDF measurements originated from the same batch of powders as 

those used in the HRXRD experiments. Approximately 2 g of each powder was loaded into a 

vanadium can and neutron total scattering data were recorded for approximately 3 h at room 

temperature on the neutron total scattering powder diffractometer NPDF at the Lujan 

Neutron Scattering Center at Los Alamos National Laboratory.106 Using the program 

PDFgetN, the data were corrected for instrument background, incident neutron spectrum, 

absorption and multiple scattering, were normalized, and the experimental G(r) were 

extracted.136 Based on the inspection of noise levels in the data, the total scattering data was 
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cut off at a Qmax = 34 Å-1. Due to the high resolution at high Q of NPDF, PDFs have clearly 

defined atom-atom distances (pair correlations) to a high r-range (approximately 100 Å).  

Using the Rietveld refinement program GSAS with the EXPGUI interface, combined 

refinements utilizing both the HRXRD and ND patterns were performed.41,42 For the neutron 

component, only the data from the highest resolution bank (bank 4) was used. Note that the 

background increases with Q due to instrumental background. Rietveld refinement utilizes a 

least-squares minimization to refine a crystallographic model based on an experimental 

diffraction pattern. For a given space group or combination of space groups, the lattice 

parameters, atomic positions, atomic occupancies, and isotropic displacement parameters 

were refined. For the HRXRD patterns, profile function 4 was used and its parameters were 

also refined. This function accounted for the reflections representing the coexistence of 

phases with overlapping reflections. The diffuse background was modeled using 16 

parameters in the shifted Chebyschev model. For the ND data, profile function 1 was used 

and the background was modeled using the shifted Chebyschev model with 12 parameters. In 

all refinements, the space groups of expected phases were trialed, both as single phases, and 

in combination. Lattice parameters, atomic site positions, and isotropic displacement 

parameters were refined, followed by profile functions. When these parameters reached 

convergence, they were no longer refined. The final refined parameter was the atomic site 

occupancies. Both the A-site and B-site in this perovskite structure (ABO3) are fractionally 

occupied by two different atomic species, where one is a much smaller proportion than the 

other. Therefore, the refinement strategy consisted of constraining the species on each site to 
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equal a total of 1 (i.e. fully occupied), and refining the atoms opposite to each other (i.e. as 

the occupancy of one of the atoms on the site increases, the other correspondingly decreases). 

During this part of the refinement, other crystal structure parameters such as atomic site 

positions or profile function parameters were not refined concurrently. The goodness of fit 

parameters Rp (%), Rwp (%), and χ2 for each refinement are listed in Table 5.6. 

Least-squares refinements to the experimental PDF data were carried out using 

PDFgui.137 The atomic structures were refined using starting crystal structure data from 

laboratory XRD pattern analyses.133 The lattice parameters, atomic positions, anisotropic 

displacement parameters, and a parameter for correlated atomic motion were allowed to vary. 

The positions and atomic displacement parameters of the two cations at each of the A- and B-

sites were constrained to identical values. The cation and anion atomic positions were refined 

separately. Refining the atomic occupancies was attempted, however these contributed little 

to the quality of fit, and therefore the occupancies were fixed at their ideal values. The 

goodness of fit parameter Rwp (%) for each refinement is listed in Table 5.6. 

 

5.2.3 Combined high resolution X-ray and neutron diffraction refinements 

The diffraction results for 0.80BT-0.20BZT and 0.90BT-0.10BZT are described and 

discussed first, followed by the results for 0.92BT-0.08BZT and 0.94BT-0.06BZT. This 

order is also used in the presentation and discussion of the neutron PDF results.  

Selected regions of the HRXRD patterns are shown in the top panels and insets in 

Figures. 5.3, 5.5, 5.7, and 5.9. There are some trends apparent in the data: the compositions 
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with greater BZT content, namely 0.80BT-0.20BZT and 0.90BT-0.10BZT, do not have 

observable peak splitting in any of the reflections. This suggests that these compositions have 

cubic symmetry, in agreement with Triamnak et al.133 The major reflections of 0.80BT-

0.20BZT are at a lower 2θ than 0.90BT-0.10BZT, indicating larger lattice parameters in this 

composition. The selected diffraction peaks of 0.92BT-0.08BZT and 0.94BT-0.06BZT are 

split (except the 111, which remains a single peak as expected for tetragonal symmetries), 

with the profiles exhibiting at least three separate reflections. A previous laboratory-scale 

XRD study of 0.90BT-0.10BZT to 0.95BT-0.05BZT also shows (h00) reflections splitting 

into two reflections.133 While this peak splitting is consistent with a lowering of the 

symmetry from cubic, the structure cannot be single phase tetragonal (P4mm), because only 

two individual peaks would contribute to the (h00) reflections.  

Based on the inspection of the peak-splitting, an initial space group assignment of  

Pm3̅m was selected for 0.80BT-0.20BZT. The best fit results from the crystallographic 

refinement of the HRXRD-only pattern of 0.80BT-0.20BZT in the Pm3̅m space group is 

shown in Figure 5.3(a). While this space group is commonly observed in cubic perovskites 

such as SrTiO3, the refinement did not account well for the anisotropic broadening in several 

of the reflections resulting in a relatively high Rp value of 10.18%. A poor fit with the cubic 

Pm3̅m space group concurs with the high permittivity and other property measurements 

which suggest the structure has lower-symmetry features. Of lower symmetry phases with 

which to consider modeling the structure, P4mm is logical given the compositional proximity 

of 0.80BT-0.20BZT to the P4mm phase in BaTiO3. The rhombohedral space group R3m was 
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also attempted, but did not adequately model the data. Other common perovskite space 

groups, R3c (rhombohedral) or P4bm (tetragonal), are precluded by the absence of 

superlattice reflections in the diffraction pattern. If the structure is only subtly tetragonal, 

peak splitting may not be apparent in the diffraction pattern due to instrumental or 

microstructural contributions to broadening. The measured and calculated diffraction patterns 

using the P4mm space group for 0.80BT-0.20BZT are presented in Figure 5.3(b) for the X-

ray only refinement (Rp value decreases to 5.98%) and in Figure 5.4 for the combined 

HRXRD and ND refinement. This refinement using a tetragonal space group more accurately 

calculates the both patterns and results in an improved goodness of fit. The refined values for 

this model are tabulated in Table 5.6. Of note in this table is that the c/a ratio is 1.000141(5), 

indicating that the lattice parameters have a subtle but non-negligible tetragonal distortion. 

However, it is also noted that the atomic site positions are displaced from those of the 

aristotype cubic perovskite structure (Pm3̅m). The B-site cation (Zn/Ti) is displaced from the 

cubic 0.5, 0.5, 0.5 position by ~0.018 (in fractional coordinates). The O1 and O2 atomic 

displacements have a similar magnitude but are displaced in the opposite direction. This 

tetragonal-type distortion of the TiO6 is seen across all four compositions. The cubic 

perovskite aristotype space group Pm3̅m disallows such atomic displacements because of its 

symmetry elements; therefore a lower symmetry hettotype with P4mm symmetry is required 

in order to more accurately model the HRXRD patterns. The implications of this result are 

discussed further below.  
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Figure 5.3. Experimental (red x’s) diffraction pattern and refined (continuous line) model of 

0.80BT-0.20BZT using (a) Pm3̅m space group, and (b) P4mm space group. The difference 

pattern and hkl markers are shown below. The insets show magnified views of selected 

characteristic reflections. 
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Figure 5.4. Combined X-ray (top panel) and neutron (bottom panel) Rietveld refinement of 

of 0.80BT-0.20BZT using the P4mm space group. Data (red x’s) and refined (continuous 

line) model are shown, along with the difference pattern and hkl markers below. The insets 

show magnified views of selected characteristic reflections. 

 

An HRXRD-only refinement of 0.90BT-0.10BZT was similarly attempted in the 

Pm3̅m space group, but was also found to inadequately model the HRXRD pattern (Rp = 

10.95%), as shown in Figure 5.5(a). A refinement using the P4mm space group yielded a 

more reliable solution (Rp = 7.14%), the results of which are shown in Figure 5.5(b). The 

combined refinement was therefore performed with the P4mm space group, and is shown in 

Figure 5.6. The c/a ratio is 1.000064(4), slightly lower than that found in 0.80BT-0.20BZT. 

The refined Ti/Zn atomic displacements are similar to those for 0.80BT-0.20BZT and are 

tabulated in Table 5.6. 



99 

 

 

 

 

 
Figure 5.5. Experimental (red x’s) diffraction pattern and refined (continuous line) model of 

0.90BT-0.10BZT using (a) Pm3̅m space group, and (b) P4mm space group. The difference 

pattern and hkl markers are shown below. The insets show magnified views of selected 

characteristic reflections. 
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Figure 5.6. Combined X-ray (top panel) and neutron (bottom panel) Rietveld refinement of 

of 0.90BT-0.10BZT using the P4mm space group. Data (red x’s) and refined (continuous 

line) model are shown, along with the difference pattern and hkl markers below. The insets 

show magnified views of selected characteristic reflections. 

 

  For the compositions on the BT side of the phase boundary, initial assignments of a 

two-phase mixture of space groups P4mm and Pm3̅m were chosen for 0.92BT-0.08BZT 

based on inspections of the peak splitting, as shown in Figure 5.7 for the HRXRD-only 

refinement and Figure 5.8 for the combined refinement. The P4mm space group models the 

outermost reflections in the 100 and 110 profiles of 0.92BT-0.08BZT in Figure 5.7 and 5.8; 

this is a distinctly different structure from that modeled in the 0.80BT-0.20BZT and 0.90BT-

0.10BZT datasets, as it shows a more typical tetragonal splitting with a c/a ratio of 

1.0066790(5). The Pm3̅m phase represents a secondary, coexisting polymorph which is used 

to model the reflections which lie between the peaks of the more distorted phase for the (h00) 
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and (hk0) reflections. It is hypothesized that this Pm3̅m phase represents the same phase from 

the 0.80BT-0.20BZT and 0.90BT-0.10BZT compositions that were modeled using P4mm. 

Due to the overlap of the reflections of these two phases, it was not possible to refine both 

phases using two distinct P4mm space groups with different lattice parameters. Therefore a 

P4mm and a Pm3̅m phase were used. The refined phase fractions are 62.59(2)) wt% of the 

P4mm phase, and 37.41(4) wt% of the Pm3̅m phase. Refined patterns are shown in Figure 

5.8 and refined values are given in Table 5.6.  

The combined Rietveld refinement of 0.94BT-0.06BZT used a similar model 

combination of the P4mm and Pm3̅m space groups, as shown in Figure 5.9 for the HRXRD-

only refinement and Figure 5.10 for the combined refinement. Refined values are given in 

Table 5.6. Refinement of the phase fractions give 70.00(2) wt% of the P4mm phase and 

29.99(6) wt% of the Pm3̅m phase. The cubic phase fractions decreases 8% from 0.92BT-

0.08BZT to 0.94BT-0.06BZT, despite initial observation suggesting that the phase 

proportions present in the HRXRD pattern of 0.94BT-0.06BZT are quite different than those 

of 0.92BT-0.08BZT (see Figures 5.7-10). The decrease in the height of the Pm3̅m peaks with 

decreasing BZT content is due primarily to the increasing c/a ratio of the P4mm phase. As 

the c/a ratio increases, there is lower intensity between the P4mm reflections, which reduces 

the apparent intensity of the Pm3̅m peaks. It is expected that from 0.92BT-0.08BZT to 

0.94BT-0.06BZT, the amount of P4mm phase increases and Pm3̅m phase decreases, since the 

composition is closer to pure BaTiO3.  
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Figure 5.7. Experimental (red x’s) diffraction pattern and refined (continuous line) model of 

0.92BT-0.08BZT using a two-phase mixture of P4mm and Pm3̅m space groups. The 

difference pattern and hkl markers are shown below. The insets show magnified views of 

selected characteristic reflections.  

 

 
Figure 5.8. Combined X-ray (top panel) and neutron (bottom panel) Rietveld refinement of 

of 0.92BT-0.06BZT using a combination of P4mm and Pm3̅m space groups. Data (red x’s) 

and refined (continuous line) model are shown, along with the difference pattern and hkl 

markers below. The insets show magnified views of selected characteristic reflections. 
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Figure 5.9. Experimental (red x’s) diffraction pattern and refined (continuous line) model of 

0.94BT-0.06BZT using a two-phase mixture of P4mm and Pm3̅m space groups. The 

difference pattern and hkl markers are shown below. The insets show magnified views of 

selected characteristic reflections.  

 

 
Figure 5.10. Combined X-ray (top panel) and neutron (bottom panel) Rietveld refinement of 

of 0.94BT-0.06BZT using a combination of P4mm and Pm3̅m space groups. Data (red x’s) 

and refined (continuous line) model are shown, along with the difference pattern and hkl 

markers below. The insets show magnified views of selected characteristic reflections. 
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It is noted that the HRXRD-only refinements of 0.80BT-0.20BZT and 0.90BT-

0.10BZT resulted in larger atomic displacements and an unusual arrangement of the O2- 

positions in which the O2 atoms (those along the c-axis) were displaced in the same direction 

as the Ti4+ cation while the equatorial O1 atoms were displaced in the antiparallel direction. 

This is known as the “Axe mode” of atom positioning.138,139 The “Axe mode” allows for an 

additional degree of freedom in that it allows a “bending” of the O6 octahedron.138 However, 

with the inclusion of the ND data, the atomic displacements take on a different arrangement 

in which the O1 and O2 atoms shift in the same direction and the Ti atom shifts in the 

opposite direction. This is the “Slater mode” and is known to promote ferroelectricity in 

BaTiO3.
138,140 The Axe mode positions result in a very poor fit of the ND data. It is therefore 

readily apparent that the inclusion of the ND data to the Rietveld refinements provides more 

realistic atomic displacements. 

To summarize the combined Rietveld refinement results, 0.80BT-0.20BZT and 

0.90BT-0.10BZT were previously identified as pseudocubic and likewise, the HRXRD 

patterns do not indicate any obvious peak splitting. However, atomic displacements and 

small lattice distortions are required in order to fully model the patterns; thus these patterns 

are more adequately modeled using the P4mm space group. In the 0.92BT-0.08BZT and 

0.94BT-0.06BZT HRXRD and ND patterns, a two-phase mixture using the P4mm and Pm3̅m 

space groups were the most suitable models. 

 

 



105 

 

 

 

 

Table 5.6. Structural parameters from the Rietveld refinements of the HRXRD patterns and 

the neutron PDFs (1-50Å). 
0.80BT-0.20BZT (P4mm) 

Combined HRXRD and neutron refinement PDF refinement 

a (Å) 

4.012483(5) 

c (Å) 

4.012942(19) 

c/a = 

Rp (%) = 

Rwp (%) = 

χ2 = 

1.000114(5) 

5.88 

7.37 

9.736 

a (Å) 

4.00226(2) 

c (Å) 

4.02881(5) 

 c/a = 

Rw (%) = 

1.00663(1) 

10.18 

Atomic 

position 

x y z Occ. Uiso Atomic 

position 

x y z Ideal 

Occ. 

Ba 0 0 0 0.854(2)   2.581(13) Ba 0 0 0 0.8 

Bi 0 0 0 0.146(2) 2.581(13) Bi 0 0 0 0.2 

Ti 0.5 0.5 0.5180(19)   0.875(2) 0.41(4) Ti 0.5 0.5 0.4785(2) 0.9 

Zn 0.5 0.5 0.5180(19)   0.125(2) 0.41(4) Zn 0.5 0.5 0.4785(2) 0.1 

O1 0.5 0 0.4768(9) 1 0.39(5) O1 0.5 0 0.5012(3) 1 

O2 0.5 0.5 -0.0190(14)   1 0.37(10) O2 0.5 0.5 0.0092(2) 1 

0.90BT-0.10BZT (P4mm) 

Combined HRXRD and neutron refinement PDF refinement 

a (Å) 

4.010198(4) 

c (Å) 

4.010455(17) 

c/a = 

Rp (%) = 

Rwp (%) = 

χ2 = 

1.000064(4) 

6.98 

8.68 

13.32 

a (Å) 

4.00075(2) 

c (Å) 

4.03106(3) 

 c/a = 

Rw (%) = 

1.00757(1) 

11.23 

Atomic 

position 

x y z Occ. Uiso Atomic 

position 

x y z Ideal 

Occ. 

Ba 0 0 0 0.936(2) 1.472(12) Ba 0 0 0 0.9 

Bi 0 0 0 0.064(2) 1.472(12) Bi 0 0 0 0.1 

Ti 0.5 0.5 0.5187(17) 0.923(2) 0.26(4) Ti 0.5 0.5 0.5178(2) 0.95 

Zn 0.5 0.5 0.5187(17) 0.077(2) 0.26(4) Zn 0.5 0.5 0.5178(2) 0.05 

O1 0.5 0 0.4787(11) 1 0.232(25) O1 0.5 0 0.4976(3) 1 

O2 0.5 0.5 -0.0202(14) 1 0.429(64) O2 0.5 0.5 -0.0064(3) 1 
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Table 5.6 Continued 
0.92BT-0.08BZT  

Combined HRXRD and neutron refinement (P4mm) PDF refinement (P4mm) 

a (Å) 

4.001964(9) 

c (Å) 

4.028736(19) 

c/a = 

Rp (%) = 

Rwp (%) = 

χ2 = 

1.006690(5) 

4.88 

6.12 

6.839 

a (Å) 

3.99779(1) 

c (Å) 

4.03396(3) 

 c/a = 

Rw (%) = 

1.00905(1) 

11.19 

Atomic 

position 

x y z Occ. Uiso Atomic 

position 

x y z Ideal 

Occ. 

Ba 0 0 0 0.936(4) 0.855(10) Ba 0 0 0 0.92 

Bi 0 0 0 0.064(4) 0.855(10) Bi 0 0 0 0.08 

Ti 0.5 0.5 0.5079(9)   0.961(3) 0.062(22) Ti 0.5 0.5 0.4823(2) 0.96 

Zn 0.5 0.5 0.5079(9)   0.039(3)   0.062(22) Zn 0.5 0.5 0.4823(2) 0.04 

O1 0.5 0 0.4755(7) 1 0.191(14) O1 0.5 0 0.5000(2) 1 

O2 0.5 0.5 -0.0269(8) 1 0.605(39) O2 0.5 0.5 -0.0147(1) 1 

Combined HRXRD and neutron refinement  

(Pm 3 m, 37.41(4) wt%) 

 

a (Å) 4.009997(4) 

Ba 0 0 0 0.917(6) 2.111(20) 

Bi 0 0 0 0.083(6) 2.111(20) 

Ti 0.5 0.5 0.5 0.913(7) 1.16(4) 

Zn 0.5 0.5 0.5 0.087(7) 1.16(4) 

O 0.5 0.5 0 1 0.532(21) 

0.94BT-0.06BZT using P4mm + Pm 3 m 

Combined HRXRD and neutron refinement (P4mm) PDF refinement (P4mm) 

a (Å) 

3.999799(7) 

c (Å) 

4.032242(15) 

c/a = 

Rp (%) = 

Rwp (%) = 

χ2 = 

1.008111(4) 

5.49 

6.53 

9.180 

a (Å) 

3.99797(3) 

c (Å) 

4.03379(6) 

 c/a = 

Rw (%) = 

1.00896(2) 

5.74 

Atomic 

position 

x y z Occ. Uiso Atomic 

position 

x y z Ideal 

Occ. 

Ba 0 0 0 0.961(2) 0.469(10) Ba 0 0 0 0.94 

Bi 0 0 0 0.039(2) 0.469(10) Bi 0 0 0 0.06 

Ti 0.5 0.5 0.5082(8) 0.937(2) 0.080(16) Ti 0.5 0.5 0.5188(1) 0.97 

Zn 0.5 0.5 0.5082(8) 0.063(2) 0.080(16) Zn 0.5 0.5 0.5188(1) 0.03 

O1 0.5 0 0.4787(7) 1 0.313(18) O1 0.5 0 0.4941(2) 1 

O2 0.5 0.5 -0.0272(5) 1 0.351(35) O2 0.5 0.5 -0.0186(1) 1 

Combined HRXRD and neutron refinement  

(Pm 3 m, 29.99(6) wt%) 

 

a (Å) 4.010261(11) 

Ba 0 0 0 0.940(5) 3.21(4) 

Bi 0 0 0 0.060(5) 3.21(4) 

Ti 0.5 0.5 0.5 0.951(7)   1.71(6) 

Zn 0.5 0.5 0.5 0.049(7) 1.71(6) 

O 0.5 0.5 0 1 0.496(17) 
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5.2.4 Total neutron scattering of (1-x)BaTiO3 – (x)Bi(Zn0.5Ti0.5)O3 

The Rietveld analysis of the HRXRD patterns provides a detailed view of the long-

range average structure of BT-xBZT. However, in some materials, the local structure can 

deviate significantly from the long-range average structure. Pair distribution functions 

(PDFs) are calculated from the sine Fourier transform of the total scattering data and yield 

the probability of atom-atom pairs as a function of distance, r.12 PDFs are sensitive to local-

scale correlations of atomic displacements which are not discernable in a long-range structure 

determined from diffraction. For example, PDF analyses of the relaxor ferroelectric 

Na0.5Bi0.5TiO3 have shown that the local bonding environment of Bi3+ is different than that of 

Na+; in particular, Bi3+ is offset towards one side of its 12-fold O2- bonding environment, 

which results in a bimodal distribution of Bi-O bond lengths.24,141 This structural feature is 

not observable via long-range structural analyses such as Rietveld refinement. In another 

example, local structure analyses of (Ba,Ca)TiO3 have observed a similar offset of the Ca2+ 

ion, which is the origin of the sustained TC and polarization of (Ba,Ca)TiO3 with increasing 

Ca2+ content, in contrast to the behavior of (Ba,Sr)TiO3.
142 PDFs are used here to probe local 

structural deviations in BT-xBZT. The PDFs of all compositions were modeled using an r-

range of 1-50 Å. In general, the c/a ratio for the structures determined in the PDF refinement 

are higher than those determined through Rietveld refinements, while the magnitude of the 

atomic displacements are similar.  

The PDF of 0.80BT-0.20BZT was modeled using the space group Pm3̅m. In 

agreement with the Rietveld refinement, the cubic Pm3̅m model did not adequately account 
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for the measured data (Rw = 15.22%), as shown in Figure 5.11(a). A refinement using the 

P4mm space group yielded a lower criteria of fit (Rw = 10.18%), which is shown in Figure 

5.11(b). The refined parameters are included in Table 5.6 for comparison with the long-range 

structure. 

The PDF of 0.90BT-0.10BZT was also modeled using the space group Pm3̅m which 

provided a poorer fit than for 0.80BT-0.20BZT (Rw = 19.5253%). A refinement using the 

P4mm space group yielded a lower criteria of fit (Rw = 11.23%), and is shown in Figure 

5.11(c). The refined parameters of the P4mm refinement are included in Table 5.6.  

The PDFs of 0.92BT-0.08BZT and 0.94BT-0.06BZT were best modeled through the 

use of a single P4mm phase, as shown in Figure 5.11(d) and (e), respectively. A combination 

of the P4mm and Pm3̅m phases was also attempted, based on the phases identified from the 

Rietveld refinements, but it was found that adding a Pm3̅m phase only provided a minor 

improvement to the refinements. The outputs from the PDF analyses of 0.92BT-0.08BZT and 

0.94BT-0.06BZT are included in Table 5.6 for comparison with the Rietveld results. The 

tetragonal phases of the PDF refinements show a higher c/a ratio as compared to the 

tetragonal phases of the Rietveld refinements. The c/a ratios for the P4mm structures refined 

from the HRXRD and PDF data for 0.92BT-0.08BZT are 1.006679(6) and 1.00905(1), 

respectively, and for 0.94BT-0.06BZT they are 1.007975(6) and 1.00896(2), respectively. 
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Figure 5.11. The PDF refinement in the range 1-50 Å of 0.80BT-0.20BZT using (a) The 

Pm3̅m space group. Rw = 15.22%, and (b) The P4mm space group, Rw = 10.18%, (c) 0.90BT-

0.10BZT using the P4mm space group, Rw = 10.95%, (d) 0.92BT-0.08BZT using the P4mm 

space group, Rw = 11.19%, (e) 0.94BT-0.06BZT using the P4mm space group, Rw = 5.74%. 
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The PDFs are shown together in Figure 5.12. Note that peaks involving Ti, such as 

the Ti-O peak at ~2 Å are negative because of the negative scattering factor for Ti. This first 

peak appears as a double-well, which is typical for BaTiO3 and indicates the local 

displacements of Ti are along [111], creating 3 short and 3 long Ti-O distances.12,13 For 

0.80BT-0.20BZT, this peak appears higher because of the increased Zn content; the positive 

Zn-O peak offsets the negative Ti-O peak. In the low-r region, it can be see that the peaks are 

found at the same positions, indicating that the local structure is constant as a function of 

composition. As the amount of BZT increases, the peaks decrease in height and increase 

slightly in width. The decrease in height is partially due to the change in neutron scattering 

factors as a function of composition. At high-r, it is observed that the trend in peak heights 

actually reverses. At the longer length scales, the tetragonal compositions 0.92BT-0.08BZT 

and 0.94BT-0.06BZT exhibit increased splitting and lowered heights, while the pseudocubic 

compositions 0.80BT-0.20BZT and 0.90BT-0.10BZT exhibit increased height. A similar 

reversal of PDF peak heights at low- and high-r has been observed in LiNiO2 as a function of 

temperature.143 In LiNiO2, the reversal happens due to the formation of nanodomains at low 

temperature.143,144 A similar phenomenon is thought to be occurring here across the different 

compositions, where 0.92BT-0.08BZT and 0.94BT-0.06BZT exhibit less disorder at low-r 

but long-range order is slightly suppressed by the formation of ferroelectric domains. For 

0.80BT-0.20BZT and 0.90BT-0.10BZT, the pseudocubic phase does not form domains and 

therefore the PDF peak heights maintain at high r.  
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Figure 5.12. Neutron PDFs of the four BT-xBZT compositions. (a) At low r, the lower-BZT 

content compositions have higher PDF peaks (only a portion of which can be attributed to 

differences in scattering factors. The peak positions for all compositions are the same, which 

corresponds to the similar atomic displacements in the combined Rietveld refinements. (b) At 

higher r, the trend of peak heights reverses due to the long-range tetragonal structures of the 

lower-BZT content compositions, which results in broader atom-atom distributions.  

 

 

5.2.5. Box-car fitting analysis 

Based on the fact that the long-range structures determined from diffraction and the 

local structures determined from the PDFs are different, BT-xBZT appears to exhibit a 

length-scale dependent structure. In order to characterize this length scale dependence 

further, a box-car fitting technique was performed on the neutron PDFs which allows the 

structure to be refined as a function of length scale. This method has been used to investigate 

how bond length distributions vary as a function of r in Na0.5Bi0.5TiO3.
23 In the box-car 
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fitting method, r-ranges of 10 Å (1-10, 5-15, 10-20, 15-25,…70-80 Å) were sequentially 

refined. This allows for the characterization of gradual structural changes from low-r to high-

r. The r-ranges selected were larger than a single unit cell (~4 Å) and overlap.  

Figure 5.13 shows the variation of the lattice parameters as a function of r for each 

composition from 5 to 75 Å. For 0.80BT-0.20BZT and 0.90BT-0.10BZT, it is observed that 

at low r (1-10 Å), the lattice parameters are tetragonal (c/a = 1.0138(6) and 1.0093(7), 

respectively). However as r increases (>40 Å), the lattice parameters of 0.80BT-0.20BZT 

converge towards those of a cubic structure. The lattice parameters modeled at the longest 

length scale accessible by the PDFs (75 Å) correlate with the pseudocubic lattice parameters 

determined through the combined Rietveld refinement (i.e., the long-range structure). The 

lattice parameters for 0.90BT-0.10BZT trend towards cubic (i.e., c/a approaches 1) with 

increasing r, but at 75 Å, there remains a mismatch between the pseudocubic lattice 

parameters determined through the combined Rietveld refinement and the tetragonal lattice 

parameters obtained through the PDFgui refinement. It is likely that the lattice parameters 

converge towards those of a cubic structure at an intermediate length scale (i.e., in between 

that accessible through PDFs (75 Å) and the long-range average structure).  

For 0.92BT-0.08BZT and 0.94BT-0.06BZT, the lattice parameters at low r have 

higher c/a ratios than the long-range average structure but converge to values approximately 

the same as those determined from the combined Rietveld refinements at high r. In these 

compositions, which are closer to BT, the local structure more closely matches the average 

structure. However, the cubic phase that was required in the Rietveld refinements to 
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adequately model the HRXRD patterns is not independently observed in the PDF analyses. 

This is because the long-range pseudocubic phase is locally tetragonal, so it does not appear 

as a unique phase in the PDF refinements. 

The variation in lattice parameter, such that the tetragonal distortion decreases for 

longer atom-atom distances, suggests that for the BZT-rich compositions, the local unit cell 

distortions “average out” or converge to the long-range lattice parameters as atom-atom 

distances are calculated across increasing numbers of unit cells. For example, the lattice 

parameters of 0.80BT-0.20BZT for the 60 Å interval, which are close to cubic, are refined 

based on atom-atom pairs where the atoms are ~15 unit cells apart. Conversely, the lattice 

parameters for the 10 Å interval, which have a higher c/a ratio, are refined based on atom-

atom pairs where the atoms are only ~2.5 unit cells apart. This analysis indicates that there 

are local-scale regions of tetragonal distortions which vary in orientation or are separated by 

cubic regions. At the long-range scale, a pseudocubic lattice is observed, while the 

nanometer-scale reveals the tetragonal distortions and atomic displacements. 

 

  
Figure 5.13 The box-car analysis of the PDFs resulted in the lattice parameters shown as red 

and black symbols. The blue lines indicate the tetragonal lattice parameters obtained from the 

Rietveld refinements and the dashed pink line represents the lattice parameter for the cubic 

phase obtained from the Rietveld refinements. Error bars are smaller than the symbols. 
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5.2.6 Conclusions 

In this study of (1-x)BaTiO3-xBi(Zn0.5Ti0.5)O3, the long-range structures of four 

compositions (x = 0.06, 0.08, 0.10, 0.20) are determined to be either a two-phase mixture of a 

tetragonal phase and a cubic phase (BZT < 0.09) or as a pseudocubic phase with 

ferroelectric-like atomic displacements (BZT > 0.09). On the pseudocubic side of the phase 

diagram, (BZT > 0.09), there is sufficient disorder due to the increased alloying with 

Bi(Zn0.5Ti0.5)O3 that the long-range order is disrupted, resulting in a pseudocubic long-range 

lattice. This is in agreement with the general idea that the behavior of relaxor ferroelectrics is 

attributed to the substitution of ions of different sizes, valences, and/or polarizations, which 

can introduce sufficient disorder to prevent long-range ferroelectric order 145. On the 

tetragonal side of the phase diagram (BZT < 0.09) the material appears to be a mix of regions 

of long-range ferroelectric order, similar to BaTiO3, and regions where there is sufficient 

disorder to disrupt the long-range ferroelectric symmetry. Despite the increased disorder, the 

enhanced atomic displacements and strong tetragonal distortions present in pure BZT are still 

observable at the local scale (i.e., for atom-atom distances less than 40 Å) through the box-

car fitting analysis. This suggests that while Bi3+ and Zn2+ contribute to local lattice 

distortions (up to 10 unit cells), they also induce sufficient disorder to disrupt the long-range 

ferroelectric symmetry present in unmodified BaTiO3.  

The nanoscale regions of polarization present in BT-xBZT provide a mechanism to 

describe the anomalous dielectric properties exhibited by the higher BZT content 

compositions. Though unobservable by diffraction, these nanoscale regions of tetragonal 
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distortions may be the mechanism which is responsible for a large relative permittivity that is 

remarkably insensitive to temperature. By utilizing both HRXRD, ND, and neutron PDFs, 

this work identified local-scale structural features which update existing structure-property 

relationships for BT-xBZT and other related compounds.  
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CHAPTER 6 

IN SITU X-RAY PAIR DISTRIBUTION FUNCTIONS  

 

6.1 Introduction 

The content of this chapter, except sections 6.3.2 and 6.3.3, is reprinted from T.-M. 

Usher, I. Levin, J. E. Daniels and J. L. Jones, “Electric-field-induced local and mesoscale 

structural changes in polycrystalline dielectrics and ferroelectric,” Scientific Reports, 5, 

14678 (2015).104  

Functional properties of dielectrics and ferroelectrics depend on electric-field-induced 

changes in sub-Ångstrom atomic displacements and their correlations over length scales 

ranging from sub-nanometre to micrometre. Examples of macroscopic phenomena that are 

impacted by these atomic scale mechanisms include dielectric permittivity (dipolar, ionic, 

electronic), electromechanical properties (piezoelectric lattice strain, field-orientable polar 

nanoregions, motion of domain walls), and phase transitions. Different mechanisms, if 

assumed to operate independently, often can be identified from their distinct effects on the 

frequency and temperature dependence of a dielectric response. However, understanding the 

structural origins of these phenomena, as necessary for establishing chemistry-structure-

property relations, requires in situ diffraction or spectroscopic measurements, which can be 

traced directly to specific atomic displacements or interatomic relationships.    

A formalism for analysis of diffraction data collected on electrically biased single 

crystals has been developed previously146 and used to determine field-induced changes of 
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bond lengths in several piezoelectrics, including -GaPO4
147, LiNbO3

148 and LiSO4·H2O
147. 

However, for many useful systems, large single crystals are unavailable and applications rely 

on more easily produced polycrystalline materials. Determination of a crystal structure from 

powder diffraction measured during application of an electric field is challenging because the 

field reduces the symmetry of the sample and precludes proper averaging of crystal 

orientations. That is, each crystallite is modified differently depending on its orientation with 

respect to the external field. For diffraction patterns collected using geometries that involve a 

fixed orientation of the scattering plane relative to the detection arc, each Bragg reflection is 

associated with a subset of crystallites having distinctly different orientations relative to the 

field vector. Using sample rotations149 and/or area detectors,76 diffraction information can be 

extracted that represents a fixed scattering vector angle to the applied field vector. Other 

experiments have employed different techniques to analyse field-dependent diffraction 

data.22,150-152 However, none of these datasets are amenable to conventional Rietveld 

refinements. 

Significant information has been extracted by analysing the behaviour of single 

diffraction reflections or profiles in powder patterns. In particular, domain rearrangement and 

lattice strain in large-domain electroceramic materials have been analysed under various field 

conditions,153,154 but such analyses give no insight into atomic displacements. Diffraction and 

imaging techniques available in a transmission electron microscope (TEM) enable single-

crystal studies of field-induced phase transitions, lattice distortions, and domain 

rearrangement in polycrystalline materials;85,86 however, obtaining quantitative information 
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on atomic displacements from TEM data is difficult. Additionally, microscopy results can be 

influenced by the thin-foil nature of TEM samples.   

The problem of identifying structural changes that underlie the functional responses 

of many dielectrics and ferroelectrics is further complicated by differences between the local 

and average atomic displacements. For example, in the prototypical ferroelectric BaTiO3, 

local displacements of Ti ions are directed approximately along 111 pseudo-cubic 

directions in the tetragonal and orthorhombic polymorphs, whereas average Ti displacements 

in these structures, as seen by Bragg diffraction, occur along [001] and [110] directions, 

respectively.12,13 Similar differences between the local and average atomic displacements are 

observed in other dielectrics, such as KNbO3,
13 AgNbO3,

155 and Bi2Ti2O7.
156 Moreover, 

typical systems of practical interest are solid solutions, for which differences between the 

local and average structures are unavoidable, as exemplified by recent detailed studies of 

atomic displacements in several complex-oxide dielectrics and ferroelectrics.24,142,157-161 

Measurements of atomic pair-distribution function (PDF) using neutron/X-ray total 

scattering, which includes both diffraction peaks and the diffuse background caused by 

atomic displacements and their correlations, have emerged during the last decade. These 

methods allow for simultaneous probing of local (sub-nanometre) and nanoscale structures in 

addition to the long range symmetry of the polycrystalline materials. Previously, PDFs 

determined from high-energy X-ray total scattering have been applied to study the behaviour 

of bond distances in metallic glasses under uniaxial stress.162-164 Here, we extend this 

technique to polycrystalline materials during application of electric field and demonstrate its 
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capabilities using three representative polycrystalline perovskite systems: BaTiO3, 

Na½Bi½TiO3, and SrTiO3. As discussed above, BaTiO3 is a classical ferroelectric featuring 

partial disorder of local Ti displacements that differ from those in the average structure. 

Na½Bi½TiO3, also a ferroelectric, is a base component in several solid-solution systems 

which show promise as lead-free piezoelectrics. This compound features a largely disordered 

distribution of Na and Bi on the cube-octahedral sites and combines several modes of 

octahedral tilting with ferroelectric cation displacements resulting in a complex hierarchical 

structure.25,165 In contrast to the first two compounds, SrTiO3 is an incipient ferroelectric, 

which at room temperature retains a paraelectric cubic atomic arrangement.  

 

6.2 Experimental methods 

BaTiO3, Na½Bi½TiO3, and SrTiO3 were prepared using solid-state synthesis. BaTiO3 

was synthesized by first ball-milling a stoichiometric ratio of BaCO3 (Alfa Aesar, 99.8%) 

and TiO2 (Alfa Aesar, 99.99%) for 24 h in ethanol. After drying and sieving, the powder was 

calcined at 1200 °C for 4 h. The calcined powder was pressed into a pellet by uniaxial and 

isostatic pressing and sintered at 1400 °C for 4 h. SrTiO3 was synthesized by ball-milling 

commercial SrTiO3 powder (Sigma-Aldrich, 99% purity) in ethanol for 24 h. The powder 

was dried, sieved, and then pressed into a pellet by uniaxial and isostatic pressing. The pellet 

was sintered at 1400 °C for 4 h. Heating ramp rates for both compositions were 5 °C/min. 

After the pellets were cut into the experimental samples, they were annealed at 400 °C for 3 h 

in order to relieve stresses due to cutting. The synthesis method for Na1/2Bi1/2TiO3 can be 
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found in Ref. 166. X-ray total scattering was measured using beamline 11-ID-B of the 

Advanced Photon Source at Argonne National Laboratory.105 The data were collected before 

and during the application of static electric fields to initially unpoled samples. The design of 

the electric field loading stage is the same as described in Ref. 167. A schematic of the 

experimental setup is shown in Figure 6.1. The samples, with silver electrodes on opposing 

faces, were immersed in the dielectric insulating liquid Fluorinert™ FC-40 (The 

identification of any commercial product trade name does not imply endorsement or 

recommendation by the National Institute of Standards and Technology). 

Diffraction data were collected using the incident X-ray wavelength of 0.1430 Å 

(86.70 keV) for the BaTiO3 and SrTiO3 samples and 0.2114 Å (58.66 keV) for the 

Na½Bi½TiO3 sample; the wavelength for each composition was selected to avoid the 

proximity to absorption edges of the constituent species. The patterns were recorded on a 

Perkin Elmer flat-panel amorphous-silicon detector105 while ramping electric field amplitude 

in increments of 0.25 kV/mm. The sample was oriented so that the electric field vector was 

tilted towards the incident beam by 12-15 degrees to reduce the angular variation between the 

scattering and electric field vectors on the detector plane, as described in more detail in 

Appendix D. Exposure times varied from 5 min to 10 min at each field value, depending on 

the scattering power of the sample and the background levels. 



121 

 

 

 

 

 
Figure 6.1.  Schematic of the measurement setup used to collect the X-ray diffraction (XRD) 

data under electric field. The sample is rotated toward the incident beam in order to minimize 

the angle η between the electric field E and the scattering vector Q, for the Q||E sector of the 

detector. The angular sectors of ±10° used to extract the XRD traces parallel and 

perpendicular to the field are indicated using white lines. The sample stage is shown in the 

inset. 

  

The data were reduced using the program Fit2D108,109. One-dimensional diffraction 

patterns corresponding to scattering vectors oriented parallel and perpendicular to the electric 

field were extracted by integrating a 2D diffraction image over an azimuthal 20° sector 

centred on the vertical and horizontal directions, respectively (for details see Appendix D and 

E). The intensity data were corrected for polarization, and then normalized and converted to 

S(Q) and G(r) using PDFgetX3.168 Background scattering from the insulating liquid 

(measured separately) was subtracted during data reduction. 
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6.3 Results 

 

6.3.1 Representative piezoelectric, relaxor-ferroelectric, and dielectric materials  

The experimental setup used to collect X-ray total scattering data during application 

of electric field is shown in Figure 6.1 and described in the methods section.  For all three 

samples, electric-field-induced changes were observable in the X-ray scattering parallel, 

S||(Q), and perpendicular, S(Q), to the field; the largest difference was observed for 

Na½Bi½TiO3.  

For a sample of randomly oriented crystallites, the PDF, G(r), is related to the total-

scattering function, S(Q), as 

𝐺(𝑟) = 4𝜋𝑟(𝜌(𝑟) − 𝜌0) =  
2

𝜋
∫ 𝑄[𝑆(𝑄) − 1)] sin(𝑄𝑟)𝑑𝑄

∞

0

 (6-1) 

where 𝜌(𝑟) is the atomic pair-density function, 𝜌0 is the number density of the material, and 

Q is the modulus of the scattering vector.12 The response of a crystal to an electric field is 

anisotropic and, therefore, spherical averaging over the scattering vector Q, which is used to 

derive Equation 6-1, becomes inadequate. Weak deviations from the spherical symmetry can 

be accounted for by expanding the S(Q) and PDF into spherical harmonics.162-164 Our use of 

this method (see Appendix F) allowed us to conclude that the approximation of Equation 6-1 

works well for the presently considered systems. The directional PDFs discussed in the 

remainder of the text were calculated using Equation 6-1.    

 The G||(r) for all three compounds (Na½Bi½TiO3, BaTiO3, and SrTiO3) at 0 and 4.25 

kV/mm are shown in Figure 6.2. The effect of electric field on interatomic distances can be 
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seen in the difference traces, G||(r) (Figure 6.2(a), (c), (e)), obtained by subtracting the zero-

field G||(r) from the G||(r) under field. For BaTiO3, the peak-to-peak amplitude in G||(r) 

increases gradually as r increases and its magnitude saturates for r>20 Å. For Na½Bi½TiO3, 

the peak-to-peak amplitude is significantly larger than that for BaTiO3 and varies less with r. 

The G||(r) amplitude for SrTiO3 remains small across the entire r-range. 

The changes in the PDF as a function of r and E can be quantified using the residual 

R defined as 

 𝑅 =
∑|𝐺(𝑟)𝑧𝑒𝑟𝑜𝑓𝑖𝑒𝑙𝑑 − 𝐺(𝑟)𝑒𝑓𝑖𝑒𝑙𝑑|

∑|𝐺(𝑟)𝑧𝑒𝑟𝑜𝑓𝑖𝑒𝑙𝑑|
 (6-2) 

where the sum is calculated over a given r-range. Since G(r) can have both positive and 

negative values, the absolute value is used such that the metric does not depend on the sign of 

G(r). The R-value is calculated using a boxcar approach with a sampling r-range of ±2.5 Å, 

which includes multiple PDF peaks, and an increment of 0.5 Å. Both shifts in G(r) peak 

positions and changes in width contribute to increasing the R-values. The resulting R-values 

for BaTiO3, Na½Bi½TiO3, and SrTiO3 were calculated for each electric field amplitude and 

are presented in Figure 6.2(b), (d), and (f), respectively.  

For BaTiO3, R increases approximately linearly with r, (Figure 6.2(b)), as expected 

with a constant strain which leads to larger absolute differences between the initial and 

strained interatomic spacings at longer distances. The maximum value of R reached at high r 

is ≈0.31. Modelling confirmed that this linear trend can be attributed to piezoelectric lattice 

strain. The local distances (<10 Å) vary little with field, suggesting that no significant 

changes in local structure occur beyond the piezoelectricity-induced straining of the material. 
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(Note: The X-ray data are dominated by the distances that involve Ba atoms and are largely 

insensitive to changes, if any, in the local Ti-O distances.) 

For Na½Bi½TiO3, R remains close to zero up to E≈3 kV/mm, and then abruptly 

increases and saturates at E≈3.5 kV/mm, reaching a maximum value of ≈0.94. In contrast to 

BaTiO3, the local structure in Na½Bi½TiO3 responds strongly to an applied electric field with 

significant changes seen at all distances (Figure 6.2(d)). The threshold field of 3.5 kV/mm is 

similar to that observed by Rao et al. at which major long-range structural changes occur and 

the d33 increases.22 An abrupt change of R-value at this field (in contrast to the gradual strain 

response of BaTiO3) suggests the occurrence of a phase transition and/or domain 

reorientations, as will be discussed below. The near-zero R-values observed for Na½Bi½TiO3 

below 3.5 kV/mm can be attributed to the lack of strain response prior to the threshold field.  

For SrTiO3, the R-values are highest at low-r, lower in the mid-r range, and then 

increase again at high-r, as shown in Figure 6.2(f). The high R-values at low r reflect changes 

in local displacements. This is attributed to ionic polarization, which shifts positive and 

negative ions in opposite directions within the unit cell. The observed increase in R-values at 

high-r is explained by the combination of decreased G||(r) amplitude and consistent 

amplitude of G||(r). Overall, SrTiO3 yields R-values that increase with electric field to a 

maximum value of only ≈0.04, which is lower than the values observed for ferroelectric 

Na½Bi½TiO3 (≈0.94) and BaTiO3 (≈0.31).  
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Figure 6.2. Electric-field-dependent PDFs and residual R. G||(r) for a) BaTiO3, c) 

Na½Bi½TiO3, and e) SrTiO3 and the r-dependence of the residual R (equation (2)) for b) 

BaTiO3, d) Na½Bi½TiO3, and f) SrTiO3. Note that R for BaTiO3 increases approximately 

linearly with both r and electric field while R for Na½Bi½TiO3 exhibits a distinct jump at 3.25 

kV/mm, reaching a much larger maximum value. 
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6.3.2 Na1/2Bi1/2TiO3-xBaTiO3 system 

Electric-field dependent PDFs were also measured for the NBT-xBT system. The 

electric-field-dependent G||(r) and R curves are shown for NBT-4BT, NBT-6BT, NBT-7BT, 

NBT-9BT and NBT-13BT in Figures 6.3-6.7, respectively.  

NBT-4BT, which lies between pure Na1/2Bi1/2TiO3 and the MPB region95 and has 

been shown to have the same long-range structure as Na1/2Bi1/2TiO3,
80 responds similarly to 

Na1/2Bi1/2TiO3 at the local scale. The R-curves have a similar shape and there is also an 

abrupt jump between 3.25 and 3.5 kV/mm, similar to the abrupt change observed in NBT. 

This supports the idea that NBT-4BT also undergoes a monoclinic-to-rhombohedral electric-

field-induced phase transition, as was suggested by Ma et al..86 

NBT-6BT exhibits the largest response of the NBT-xBT materials (though still 

smaller than that of pure NBT), and is shown in Figure 6.4. As observed in the R-curves, the 

material responds gradually, beginning ~1 kV/mm and continuing until sample failure at 4 

kV/mm. The gradual response observed here concurs with the in situ neutron diffraction 

results shown in Chapter 3 in which NBT-6BT transformed from a pseudocubic to mixed-

phase tetragonal and rhombohedral structure with increasing electric fields. 

The response to electric fields of NBT-7BT is similar to that of NBT-6BT, but 

smaller is magnitude, based on the R-curves. The response is also gradual, but saturates at 

~3.25 kV/mm, whereas the response of NBT-6BT does not saturate.  

The response of NBT-9BT is shown in Figure 6.7 and based on the R-curves, is 

smaller in magnitude than the compositions with less BT. The response is also more linear as 
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a function of r, similar to pure BT, and does not exhibit the low-r changes observed in the 

compositions with < 8% BT. 

For the NBT-13BT composition, which is outside of the MPB region, the response is 

very small below 3.25 kV/mm. For fields > 3.25 kV/mm the response is relatively small but 

linear in nature, similar to pure BT.  

In compositions from NBT to NBT-6BT there is a strong response at the local scale 

to electric fields across the entire r-range. The peaks in G||(r) sharpen with increasing electric 

fields, indicating increasing alignment of cation displacements within the material, as 

discussed fully for NBT in section 6.4. However, with increasing amounts of BT, the 

magnitude of the response is smaller and becomes more like that of BT, which is dominated 

by piezoelectric strain and ionic polarization (described more fully in Chapter 8). 

Compositions with > 8% BT lose the relaxor-ferroelectric characteristics observed in NBT 

and behave more like pure BT, which supports the assignment of a P4mm phase to those 

compositions.85 
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Figure 6.3. Electric-field-dependent G||(r) (top panel) and R (bottom panel) for NBT-4BT. 

 

 
Figure 6.4. Electric-field-dependent G||(r) (top panel) and R (bottom panel) for NBT-6BT. 
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Figure 6.5. Electric-field-dependent G||(r) (top panel) and R (bottom panel) for NBT-7BT. 

 

 
Figure 6.6. Electric-field-dependent G||(r) (top panel) and R (bottom panel) for NBT-9BT. 
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Figure 6.7. Electric-field-dependent G||(r) (top panel) and R (bottom panel) for NBT-13BT. 

 

6.3.3 HfO2 

Hafnium oxide, HfO2, is a high-k gate dielectric used in silicon transitors169 and has 

also been reported to exhibit ferroelectric properties in thin film form, but not in bulk 

form.170,171 The electric-field-dependent G||(r) and R curves are shown for bulk ceramic HfO2 

in Figure 6.8. The response is smaller than the perovskite materials in sections 6.3.1 and 

6.3.2 but clearly has field-dependent behaviour which is strongest at low-r. A response like 

this, which is greatest at low-r and smaller at high-r is consistent with the response of a 

dielectric material which primarily experiences ionic polarization, as demonstrated in 

Chapter 8. 
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Figure 6.8. Electric-field-dependent G||(r) (top panel) and R (bottom panel) for HfO2. 

 

6.4 Discussion 

In the following, we focus on the effects of electric field on the structure of 

Na½Bi½TiO3, which shows field-induced changes of interatomic distances over the entire r-

range. Comparison of the isotropic components of S(Q) (i.e., zero-order harmonics, S0(Q), 

determined using the spherical harmonics method outlined in Appendix F), which represent 

averages over all orientations of Q relative to E, reveals that application of E>3.5 kV/mm 

causes: 1) an abrupt increase in the integrated intensities of diffraction peaks (peak widths 

remain relatively unchanged), 2) more isotropic peak broadening with the peak shape 

changing from mixed Gaussian-Lorentzian to predominantly Gaussian, and 3) lower 

backgrounds, as shown in Figure 6.9. The peak positions, however, change little, indicating 

that the unit-cell volume is conserved within the resolution of the present measurements. X-

ray scattering from Na½Bi½TiO3 is largely determined by Bi atoms. Therefore, enhanced 
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peak intensities for E>3.5 kV/mm may indicate a decrease in the atomic displacement 

parameter (ADP) of Bi. Indeed, Rietveld refinements of the rhombohedral (R3c) structural 

model while fitting the isotropic components of the diffraction patterns confirm lowering of 

the Uiso parameters for the Bi/Na site from ≈0.03 Å2 at E=0 to ≈0.02 Å2 at E=4 kV/mm (the 

parameters of these refinements can be found in Tables 6.1 and 6.2). Refinements of 

anisotropic Uij at E=0 reveal strong anisotropy of the A-cation (i.e. Bi/Na) ADPs with 

U11/U334.5, which points to significant deviations of the A-cation displacements from the 

average rhombohedral axis, consistent with previous local-structure analyses.24 Application 

of electric field appears to suppress these deviations as reflected in the reduced ratio of 

U11/U331.7 at E=4 kV/mm.  

 
Figure 6.9. Zero-order spherical harmonic of the normalized total scattering. Isotropic S0(Q) 

for Na½Bi½TiO3 at E=0, 2.75, and 4 kV/mm.   
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Table 6.1. Parameters for the Rietveld refinement of Na½Bi½TiO3 at 0 kV/mm. The zero-

order harmonic, S0(Q) was used for the Rietveld refinement. The atomic displacement 

parameters for Ti and O were fixed. 

a = b = 5.4993(11)  Å c =13.568(7) Å 

Site positions Rwp= 6.47%,  χ2=1.58 

 
x y z 

U11 = U22 

(100 Å2) 

U33 

(100 Å2) 

U12 

(100 Å2) 

Na, 

Bi 0 0 0.2008(12) 5.14(27) 1.13(32) 2.57(13) 

Ti 0 0 -0.0659(13) 0.60 0.60 0 

O(1) 0.129(5) 0.3312(25) 0 1.00 1.00 0 

 

 

Table 6.2. Parameters for the Rietveld refinement of Na½Bi½TiO3 at 4 kV/mm. The zero-

order harmonic, S0(Q) was used for the Rietveld refinement. The atomic displacement 

parameters for Ti and O were fixed. 

a = b = 5.4947(10)  Å c =13.594(6) Å 

Site positions Rwp= 5.52%,  χ2=1.11 

 
x y z 

U11 = U22 

(100 Å2) 

U33 

(100 Å2) 

U12 

(100 Å2) 

Na, 

Bi 0 0 0.2011(8) 3.23(18) 1.85(28) 1.62(9) 

Ti 0 0 -0.06481(33) 0.60 0.60 0 

O(1) 0.1217(25)      0.3261(19) 0 1.00   1.00   0 

  

The structure of Na½Bi½TiO3 features both anti-phase and in-phase octahedral 

rotations combined with polar displacements of Bi and Ti cations.25 The anti-phase and in-

phase octahedral tilts are ordered over long and short ranges, respectively. According to the 

model proposed by Levin and Reaney, such coexistence of long- and short-range ordered tilts 

yields assemblages of nanodomains having average monoclinic symmetry, as observed by 

powder diffraction.25 The average directions of Bi displacements appear to be aligned 

approximately with the 112 direction.24 However, the pronounced diffuse scattering 

observed in single-crystal electron and X-ray diffraction patterns reveals significant 
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directional disorder of local Bi displacements.25,165 Ex situ X-ray powder diffraction studies 

of unpoled and poled samples of Na½Bi½TiO3 suggested a field-induced monoclinic to 

rhombohedral phase transition when averaged over long-range length scale (the poled 

samples were crushed to powder but assumed to preserve their polarized state).22,150 Similar 

results were also found using TEM.86 

Our present in situ X-ray total-scattering results support the occurrence of a long-

range transition to the rhombohedral structure under electrical bias. This transition should be 

accompanied by suppression of in-phase tilting and alignment of average cation 

displacements with the rhombohedral axis. In powder diffraction, these effects are expected 

to yield more isotropic peak broadening (elimination of weak monoclinic distortion), the 

reduced, more isotropic ADPs for the A-cations, and diminished diffuse scattering (i.e., 

lower background and suppressed scattering at peak tails) because the atomic displacements 

become more ordered. These are exactly the changes observed for the isotropic components 

of S(Q).  

The directional S(Q) confirm that the d-spacings for all the lattice planes having their 

normal parallel to the electric field expand whereas those with the normal perpendicular to 

the field contract, as shown in Figure 6.10(a) and (b). The same behaviour is observed for the 

interatomic distances >7 Å in the corresponding directional PDFs, shown in Figure 6.10(c) 

and (d). Intriguingly, some of the shorter distances in the PDFs appear to exhibit the opposite 

behaviour. The most striking difference is seen for the nearest-neighbour Bi-Ti distances (the 

contribution of Na-Ti distances to the X-ray PDF is negligible), which contract in G||(r) 
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(3.21 Å) and expand in G(r) (3.35 Å), relative to this distance in the isotropic component 

of G(r) (3.30 Å), as shown in Figure 6.11(a). This is dissimilar to the peak at 5.5 Å (Bi-Bi 

and Ti-Ti distances along the pseudocubic unit cell face diagonal; the Na-Na and O-O 

contributions can be neglected), which does not shift in r for the various angles between Q 

and E, as shown in Figure 6.11(a). For ferroelectric crystals, the electric field is expected to 

have the largest effect on distances having direction vectors aligned with the polar axis of the 

crystal; that is, for the rhombohedral Na½Bi½TiO3, Bi-Ti distances parallel to the pseudo-

cubic 111 direction should be affected the most, which agrees with the experimental 

observations.  
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Figure 6.10. Diffraction data and PDFs of Na½Bi½TiO3. Data are shown for select diffraction 

peaks (a-b) and G(r) peaks (c-d) as a function of electric field from 0 to 4.5 kV/mm. 

Diffraction peaks with scattering vectors aligned with the electric field (a) tend to shift 

towards lower Q (higher d-spacing) with increased electric field amplitude while diffraction 

peaks with scattering vectors aligned perpendicular to the electric field (b) tend to shift to 

higher Q (smaller d-spacing). Select G(r) peaks are shown for both parallel (c) and 

perpendicular (d) to the electric field. Note that the peak at ≈5.5 Å (pseudocubic cell face 

diagonal) does not shift. At higher r, peaks in G||(r) tend to shift to higher r while those in 

G(r) tend to shift to lower r. 

 

The directional G(𝒓) describes a distribution of interatomic distances in the sample 

along a given direction. In contrast to glasses, interpretation of G(r) is less straightforward in 

polycrystalline materials, because each crystal is oriented differently relative to the field. For 

example, each peak in the G||(r) is associated with interatomic distances having direction 
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vectors parallel to the field; that is, a peak at 3.3 Å corresponds to the Bi-Ti distances 

parallel to E in crystals with 111||E, whereas a peak at 4 Å corresponds to the Bi-Bi/Ti-Ti 

distances parallel to E in crystals with 001||E, etc. A framework for structural refinements 

using such directional PDFs is presently unavailable. Nevertheless, useful information can be 

gained by analysing individual profiles that can be identified with specific interatomic 

distances and crystal orientations.  

A model for the directional distributions of the Bi-Ti distances was constructed by 

assuming a rhombohedral structure for Na½Bi½TiO3 and considering off-centring of Bi ions 

along 111 directions within the [Ti8] cubes. Such Bi displacements generate a complex 

distribution of the Bi-Ti distances, which can be approximated with 1 short (R1), 6 

intermediate (3+3) (R2), and 1 long (R3) distances. These distances are illustrated 

schematically in Figure 6.12(b) and their contributions to G(r) in Figure 6.11. For an unpoled 

sample, each grain contains multiple ferroelectric domains and, therefore, all three distances 

(R1, R2 and R3) are encountered along any given 111 direction. The first Bi-Ti peak in the 

G||(r) and G(r) are associated with crystals having one of their 111 directions parallel or 

perpendicular to the field, respectively. Poling the sample will lead to domain switching such 

that the polar 111 axis becomes aligned with the field, as shown schematically in Figure 

6.12(a). Thus, for a completely poled sample, the G||(r) should reveal R1 and R3 only, whereas 

the G(r) will feature R2, as shown in Figure 6.12(b).  

We used this model to fit the distributions of the Bi-Ti and Bi-Bi/Ti-Ti distances in 

the directional G(r), converted into radial distribution functions 𝐺∗(𝑟) = (𝐺(𝑟) + 4𝜋𝑟𝜌0)𝑟 , 
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for which peak areas are proportional to coordination numbers (Figure 6.5(b-d)).15 Gaussian 

peak shapes were assumed. The areas under the individual peaks (𝐴𝑅𝑖
) representing distinct 

Bi-Ti distances were constrained as following. For E=0 (Figure 6.11(b)), a 3-component peak 

fit is used with 𝐴𝑅1
= 𝐴𝑅3

= 1/6𝐴𝑅2
. For E=4 kV/mm, the Bi-Ti distances in the G||(r) (Figure 

6.11(c)) were described using 2 peaks, R1 and R3, with 𝐴𝑅1
= 𝐴𝑅3

, whereas those in the G(r) 

(Figure 6.11(d)) were fitted using a single peak R2. A single peak was used to model the Bi-

Bi/Ti-Ti distances. For E=0, the fit returned R1=3.20(1) Å, R2=3.36(1) Å, and R3=3.63(2) Å. 

The short Bi-Ti distance is consistent with that previously determined using EXAFS.172 For 

E=4 kV/mm, we obtained R1=3.21(1) Å and R3=3.64(1) Å parallel to the field and 

R2=3.34(1) Å perpendicular to the field. The positions of the peaks corresponding to the Bi-

Bi/Ti-Ti distances in G||(r) and G(r) were 3.94(1) Å and 3.92(1) Å, respectively.  

 Our new characterization method reveals that the local Bi-Ti distances in 

Na½Bi½TiO3 remain largely unchanged in response to the electric field, but become 

redistributed among different directions in the sample because of domain switching (Figures 

6.11 and 6.12). This leads to markedly different appearances of the Bi-Ti peaks in the 

directional PDFs. In particular, in the poled sample, the intermediate distances become 

absent in G||(r) revealing a sharp peak that corresponds to R1, whereas the short and long 

distances disappear from G(r). Evidently, in Na½Bi½TiO3, the electrical poling is concurrent 

with the monoclinic to rhombohedral phase transition. Orientation-dependent redistribution 

of the local Bi-Ti distances provides a useful probe of domain reorientation at the unit-cell 
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level which, for Na½Bi½TiO3, is difficult to discern from Bragg reflections because of the 

weak lattice distortion and nanoscale nature of the ferroelectric domains.  

 
Figure 6.11. Orientation dependent G(r) and Gaussian fits of the Bi-Ti and Bi-Bi/Ti-Ti 

distances in Na½Bi½TiO3. (a) Portion of the experimental G(r) for Na½Bi½TiO3 at E=0 

kV/mm and as a function of angle between Q and E at 4 kV/mm. The arrow indicates the 

progression from QE to Q||E. Marked changes are observed for the Bi-Ti peak, whereas the 

Bi-Bi/Ti-Ti peak corresponding to the distances along the 100PC direction remain relatively 

unaffected by the field. (b)-(d) Fits (dashed lines) of the experimental  𝐺∗(𝑟) =
(𝐺(𝑟) + 4𝜋𝑟𝜌0)𝑟 (open circles) for 0 kV/mm (b) and 4 kV/mm (QE (c) and Q||E (d)) using 

the three Bi-Ti distances (R1, R2, and R3), and a single Bi-Bi/Ti-Ti distance. The solid black 

line in (b)-(d) represents the total fitted profile. 
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Figure 6.12. A schematic illustration explaining changes in the directional distributions of the 

local Bi-Ti distances in Na½Bi½TiO3 under electric field. (a) The change from an unpoled 

polydomain (only two domains are shown) to a poled monodomain state in the rhombohedral 

crystal under electric field, E. The polarization vectors in the individual domains are labelled 

as P. The field is applied along the vertical direction, which coincides with the polar axis of 

Domain 2. (b) Rendering of a rhombohedral Na½Bi½TiO3 structure in Domains 1 and 2. Only 

Bi (purple sphere, central) and Ti (blue spheres at cube vertices) atoms are shown.  Bi atoms 

are displaced along the polar axis generating 1 short (R1, red) and 1 long (R3, blue) Bi-Ti 

distance along that direction. The intermediate distances, labelled as R2 (gray), are formed 

along all other cube-diagonal directions. For a polydomain crystal, a PDF along either 

vertical or horizontal (approximately) directions will feature R1, R2, and R3 distances. In 

contrast, for the poled monodomain state, a PDF along the vertical direction will include only 

the R1 and R3 distances, whereas a PDF along the horizontal direction will contain only R2. 

 

6.5 Conclusions 

In conclusion, we report the effects of electric field on the local structure of 

polycrystalline ceramics measured in situ using X-ray total scattering. This technique is 

demonstrated for three representative ferroelectrics/dielectrics: BaTiO3, Na½Bi½TiO3, and 

SrTiO3. The changes observed at the nanometre-scale in ferroelectric BaTiO3 can be 
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accounted for by piezoelectric lattice strain. Ferroelectric Na½Bi½TiO3 exhibits more 

dramatic effects attributed to switching of the nanoscale ferroelectric domains, which 

accompanies a monoclinic to rhombohedral phase transition induced by electric field; this 

transition is evidenced by the behaviour of S(Q). In contrast to the ferroelectric compounds, 

dielectric SrTiO3 displays a relatively small response dominated by ionic polarization. The 

results obtained for Na½Bi½TiO3 highlight the application of in situ PDF measurements for 

probing reorientations of polar nanoregions/nanodomains in systems that incorporate 

strongly off-centred ions (e.g., Pb and Bi-based dielectrics/ferroelectrics/relaxors).  While 

demonstrated here using X-rays, the technique can be readily extended to neutron total 

scattering, which would emphasize the effects of electric field on metal-oxygen distances 

(see Chapter 7 for preliminary results). 
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CHAPTER 7 

EX SITU NEUTRON PAIR DISTRIBUTION FUNCTIONS 

 

7.1 Motivation 

It is desirous to extend the in situ PDF methods presented in Chapter 6 to neutron 

total scattering because neutron scattering is sensitive to different elements than X-ray 

scattering. X-ray total scattering is predominated by the signal from heavier elements (such 

as Bi in Na1/2Bi1/2TiO3) and the signal from light elements (such as oxygen) can become 

“lost”. For this reason, performing Rietveld refinements with a combination of X-ray and 

neutron data typically results in more accurate and reasonable positions for light elements, 

such as O.23,80 One example material system in which the positions of oxygen anions are 

especially important is that of hybrid improper ferroelectrics, which oxygen tilt systems drive 

ferroelectricity, magnetoelectricity, and weak ferromagnetism.173 

The Jones research group has had an ongoing project to implement in situ electric 

field studies at the instrument NOMAD at Spallation Neutron Source at Oak Ridge National 

Laboratory. Here, preliminary ex situ results on poled and unpoled samples of Na1/2Bi1/2TiO3 

are shown. In situ experiments have been performed but issues in the data reduction and 

background subtraction processes remain and are therefore not presented here. 
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7.2 Experimental 

 

7.2.1 Sample synthesis 

The bulk ceramic Na1/2Bi1/2TiO3 sample was synthesized through a two-step 

calcination and sintering process such as that described in Ref 174. However, a larger volume 

of powder was used in order to create a larger sample for the neutron total scattering 

measurement. Approximately 9-10 g of calcined powder was pressed into a green pellet 

using a 25 x 25 mm square die. Because of the larger volume, the hold times for the 

calcination and sintering steps were increased to 4 h. The sintered pellet was cut down into 

samples of size 3.5 x 3.5 x 19 mm which were then electroded with silver paint on two of the 

long faces.  

 

7.2.2 Instrument and data reduction 

 

Neutron diffraction measurements were completed on the Nanoscale Ordered 

Materials Diffractometer (NOMAD) at the Spallation Neutron Source at Oak Ridge National 

Laboratory. The instrument is applied to high intensity diffraction or pair distribution 

function measurements on amorphous, nanostructured, and disordered crystalline materials. 

It features a large bandwidth of neutron energies, extensive detector coverage, and count 

rates exceeding comparable instruments by one to two orders of magnitude.107 A schematic 

of the instrument vessel and its detector banks is shown in Figure 7.1.  Currently, 50 out of 

99 packs with eight 3He linear position sensitive detectors are installed. This corresponds to 
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51200 pixels, grouped into six default “banks”, which are identified by their average 

scattering angles. The normalized and background-subtracted scattering intensities are shown 

separately for each of the six default banks in Figure 7.2. In a typical total scattering 

experiment, the corrected intensity from all the banks of detectors is merged to a single 

pattern prior to transformation into real space. It can be seen that contributions to the total 

pattern from each of the separate detector banks span different ranges in Q, with the lower 

angle (forward scattering banks) featuring lower Q and lower resolution and the higher angle 

(backscattering banks) featuring higher Q and higher resolution. In the case of an isotropic 

scatterer, the sample orientation relative to the incident neutron beam does not matter and the 

signal from all the detectors is combined without issue. In this work, however, it is 

specifically desired to investigate the sample texture induced by an electric field in 

ferroelectrics. To obtain anisotropic PDFs such that the scattering vectors are at a desired 

orientation to the sample orientation, one might first attempt to do so with the scattering 

information from a single default bank. However, given the different Q-ranges and -

resolutions from each standard bank, it is not possible to calculate a reliable G(r) from a 

single bank.  



145 

 

 

 

 

 
Figure 7.1. The 6 default banks in NOMAD in their actual physical locations and pixel 

positions. The average scattering angle for each bank is noted. The incident neutron beam is 

shown by the dark red arrow and the sample is at (0,0,0). 

 

 
Figure 7.2. I(Q) for the 6 default banks for NOMAD, demonstrating the various Q-ranges 

and Q-resolutions for each bank. 
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In order to access signal from some of the different banks at once, the best solution 

found as of yet is to orient the sample 45° away from the incident neutrons and towards the 

side of the instrument with more detector coverage, as shown by the black arrow in the center 

of in Figure 7.3. The detector pixels are then divided into 15° orientation bins, as shown by 

color in Figure 7.3 and labeled from 0-5. By dividing the pixels into orientation-based bins, 

total scattering data at different orientations to the electric field vector are no longer locked 

into the Q-range and -resolutions provided by the individual default banks. 

 
Figure 7.3. The detector pixels in NOMAD are divided up into orientation bins that are 

separated by 15°, as indicated by the different colors. Bin 0 (red) measured scattering parallel 

to the electric field vector (black arrow) and bin 5 (green) measures scattering perpendicular 

to the electric field vector. The incident neutron beam is shown by the dark red arrow and the 

sample is at (0,0,0). 
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7.3 Ex situ results and discussion 

Poled and unpoled samples of Na1/2Bi1/2TiO3 were mounted on the NOMAD sample 

changer and total scattering was measured for 2 h per sample. Here, results are shown for the 

poled sample oriented at 45°, as shown schematically in Figure 7.3. The unpoled sample was 

measured only in one orientation (it should not matter, as the unpoled sample is isotropic). 

The data from all the pixels was divided according to the orientation bins shown in Figure 

7.3, and the resulting S(Q) and G(r) are shown in Figures 7.4 and 7.5, respectively. Good 

agreement on the positions of the sharp diffraction peaks and the PDFs peaks is observed for 

the different orientation bins. However, there are discrepancies as well; differences in the 

background at low-Q in S(Q) are seen and in G(r) especially for r > 20 Å. 

 
Figure 7.4. S(Q) for the different orientation bins for a poled sample of NBT. 
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Figure 7.5. G(r) for the different orientation bins for a poled sample of NBT. 

 

Aside from the comparison between orientation bins, the comparison for poled and 

unpoled samples for a given orientation bin is also of great interest because it reveals the 

effect that the poling process has for a fixed orientation, Q-range, and Q-resolution. In 

contrast, when comparing different orientation bins, differences in the Q-ranges and Q-

resolutions and how that may affect the data must be considered. Figure 7.6 shows a select 

high-r range of G(r) for poled and unpoled NBT for the 6 different orientation bins. First, it 

can be noted that the strong peak sharpening caused by electric field observed in the X-ray 

PDFs of NBT is not observed here.104 However, it is observed that the PDF peaks do tend to 

shift to higher r parallel to the field and shift to lower r perpendicular to the field, as 

expected. This is seen clearly in the peaks at ~38.5 Å and ~34.2 Å. 
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Figure 7.6. G(r) for poled and unpoled NBT for the 6 different orientation bins. Bin 0 

measures scattering parallel to the electric field vector and Bin 5 measured scattering 

perpendicular. 

 

7.4 Conclusions 

Ex situ PDF studies on poled and unpoled samples of Na1/2Bi1/2TiO3  have been 

performed as part of an ongoing project to extend the methods from Chapter 6 to neutron 

total scattering. Instead of utilizing the six default banks to access total scattering data at 

different orientations to the electric field vector, a new data reduction technique is 

implemented which divides the pixels into 6 orientation bins based on the orientation of the 

electric field vector. This method is used in order to access the necessary Q-ranges and 

resolutions for converting the total scattering data into reliable PDFs, which cannot be 

obtained with data from a single default bank. The preliminary results shown here indicate 
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that the data reduction method of section 7.2 is promising. Some of the expected differences 

between the poled and unpoled samples, such as peaks shifting to higher r parallel to the 

electric field and to lower r perpendicular to the field, are observed. 
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CHAPTER 8 

MODELING ELECTRIC-FIELD-INDUCED STRUCTURAL EFFECTS 

 

8.1 Motivation 

The macroscale response of materials to applied stimuli are typically well 

characterized and understood. For example, a piezoelectric material’s response to applied 

stresses and electric fields is described with simple constitutive equations.4 However, atomic 

interactions which determine a material’s response to an applied stimuli are not at the 

macroscale; they are found at the local scale. That is, the way that atoms or ions undergo 

small positional changes relative to their neighbors on the scale of Ångstroms and 

nanometers governs the macroscopic functional properties. Additionally, the ways in which 

the displacements may be correlated at different length scales are of interest and importance. 

There are few experimental techniques which can probe structural changes, particularly at the 

local scale, while the material is subject to an external stimuli (e.g., mechanical stresses or 

electric fields). Diffraction, the crux of structural determination, can reveal how a lattice 

strains or how twin-related domains switch between orientations during in situ experiments, 

but cannot access changes in atomic positions. Recently, an technique was developed and 

demonstrated in which X-ray total scattering is measured during in situ application of electric 

fields to dielectric and piezoelectric materials (see Chapter 6).104 From the total X-ray 

scattering, pair distribution functions are calculated and reveal electric-field-induced changes 
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in the local structure. That work built on the prior studies on the effect of stress on bonding 

anisotropy in metallic glasses.163,164 

Additionally, Usher et al. introduced a new metric, R, which quantifies the difference 

between a baseline PDF and one or more other PDFs as a function of interatomic distance, r 

(also introduced in chapter 6).104 Using this metric, different characteristic behaviors for 

different material classes (paraelectric dielectrics, classical ferroelectrics, and relaxor 

ferroelectrics) are observed. In this chapter, the effects of modifying a structure with real, 

physical phenomena (including peak broadening and sharpening, three different forms of 

lattice strain, and ionic shifts) on the R-curves is investigated. Then, the response of 

dielectrics and piezoelectrics to electrics fields is investigated. The total response from these 

materials can be comprised of different atomic scale mechanisms including dielectric 

permittivity (dipolar, ionic, electronic), electromechanical phenomena (piezoelectric lattice 

strain, field-orientable polar nanoregions, motion of domain walls), and phase transitions. I 

simulate two major contributions to the observed response: dipolar polarization and 

piezoelectric lattice strain; the combination of these effects is compared to the experimental 

R-curves for BaTiO3 and found to reproduce most of the features in the R-curves. 

 

8.2 Methodology 

 

8.2.1 R-calculation 

For a sample of randomly oriented crystallites, the PDF, G(r), is related to the total-

scattering function, S(Q), as 
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𝐺(𝑟) = 4𝜋𝑟(𝜌(𝑟) − 𝜌0) =  
2

𝜋
∫ 𝑄[𝑆(𝑄) − 1)] sin(𝑄𝑟)𝑑𝑄

∞

0

 (8-1) 

where 𝜌(𝑟) is the atomic pair-density function, 𝜌0 is the number density of the material, and 

Q is the modulus of the scattering vector.12 The changes in the PDF as a function of r and an 

external stimulus can be quantified using the residual R defined as 

𝑅 =
∑|𝐺(𝑟)𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 − 𝐺(𝑟)𝑠𝑡𝑖𝑚𝑢𝑙𝑢𝑠|

∑|𝐺(𝑟)𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒|
 (8-2) 

where the sum is calculated over a given r-range.104 Since G(r) can have both positive and 

negative values, the absolute value is used such that the metric does not depend on the sign of 

G(r). The R-value is calculated using a boxcar approach with a sampling r-range of ±2.5 Å, 

designed to include multiple PDF peaks, and an increment of 0.5 Å. Both shifts in G(r) peak 

positions and changes in width contribute to increasing the R-values. Figure 8.1 shows this 

calculation schematically. 
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Figure 8.1. Schematic of R-curve calculation. (a) shows two representative PDFs in red and 

black with the difference between the two below in blue. The boxed areas G1, G2, and G3 are 

three example summations ranges. The boxed areas ΔG1, ΔG2, and ΔG3 are the summation of 

the difference pattern over the same range. (b) Demonstrates how ΔGi/Gi provides the R 

values as a function of r; each data point corresponds to a boxed summation range and is 

plotted at the center of the range.  

 

8.2.2 Simple models 

A set of models is generated in which one of seven different effects is applied one-at-

a-time to the starting structure, which is a BaTiO3 unit cell with space group 𝑃𝑚3̅𝑚, a lattice 

parameter of 4 Å, atomic positions of Ba (0,0,0), Ti (0.5,0.5,0.5) and O (0.5,0.5,0), and 

isotropic atomic displacement parameters of U=0.003 Å2. Using this structure, the X-ray 

PDF was calculated with the program PDFgui.175 (Details: delta2=2, scale=1, Qmax=30, 

range=1 to 55 Å, Qdamp=0.001 and Qbroad=0.) Compared to experimental PDFs, the 

calculated ones exhibit sharper peaks and lack the r-dependent peak broadening and 
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dampening effects that are encountered experimentally. The model is changed by distorting 

the starting unit cell model in a certain way, while all other parameters are held constant. 

Therefore, only the effect from a single manipulation will manifest in the R-curves. This 

BaTiO3 model was chosen because while it is simple, it still maintains similarities to the 

experimental PDFs of interest because it has analogous pair correlations and scattering 

factors, as opposed to choosing, for example, an FCC unit cell with metallic atoms. 

The seven different effects were applied to the starting structure are: thermal 

expansion, peak broadening, peak sharpening, piezoelectric lattice strain (d33= -2*d31), 

piezoelectric lattice strain (d33>0, d31=0), ionic polarization, and correlated atomic motion. 

For thermal expansion, the lattice parameters were increased by 0.05, 0.1, 0.15, and 

0.2% from the starting value of 4 Å. All interatomic spacings are increased by the same 

percentage, and therefore, this effect is much more evident with increasing r; the absolute 

change in interatomic spacing is larger for larger r. As shown in Figure 8.2(a), the changes 

are not visible in the low-r region, while in Figure 8.2(b), the PDF peaks gradually shift 

towards higher r. This behavior in manifested in the R-curves, shown in Figure 8.2(c), as a 

positive linear slope that increases for larger thermal expansions. Note that the difference 

between each R-curve appears to lessen with each increment.  

Systematic peak broadening and peak sharpening were both investigated. These 

effects correspond to increased or decreased thermal motion and/or disorder in a material, 

respectively. Peak broadening was achieved by multiplying the starting U value of 0.003 Å2 

by 1.2, 1.4, 1.6, and 1.8, shown in Figure 8.2(d-f). Peak sharpening was obtained by dividing 
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the starting U value of 0.003 Å2 by 1.2, 1.4, 1.6, and 1.8, shown in Figure. 8.2(g-i). For the R-

curves, both peak broadening and peak sharpening result in ‘flat’ R-curves, indicating that 

this effect is independent of r.  Peak sharpening results in slightly higher values of R than for 

peak broadening in the low- and high-r areas. 

The first strain model mimics the behavior of a piezoelectric material in which d31 is 

negative and half the magnitude of d33, as shown in Figure. 8.2(j-l). This effect is referred to 

as piezo (d33=-2* d31). While the c-axis expands by 0.05, 0.1, 0.15, and 0.2%  %, the a- and 

b-axes contract such that the unit cell volume remains constant. Similar to the thermal 

expansion model, changes are not noticeable to the naked eye in the low-r region. This is 

because this effect is also a constant percentage effect; the further apart the atoms are, the 

greater the absolute change in their interatomic distance. This effect results in peaks at high-r 

that appear to broaden, which is attributed to the increased spread in the distribution of atom-

atom distances at high-r. For example, at 8 Å, which is twice the lattice parameter (4 Å), a 

single peak would exist at that position in the unstrained model. Once the model strains, two 

peaks would now exist at that position, one at twice the length of the longer c-axis and 

another at twice the length of the shorter a- and b-axes. The R-curves increase with r, similar 

to the thermal expansion model, but the gap between each R-curve increases with greater 

strain percentages. 
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Figure 8.2. High- and low-r regions (first two columns) of the PDFs and the R curves (third 

column) for the model BaTiO3 structures with six different effects applied: thermal 

expansion (a-c), peak broadening (d-f), peak sharpening (g-i), piezo (d33= -2*d31) (j-l), piezo 

9 d33= -2*d31) (m-o), ionic polarization (p-r), and low-r correlations (s-u). The panels within 

each column have the same vertical scale. 
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The second strain model represents a piezoelectric material with a non-zero d33 

coefficient and d31=0, as shown in Figure 8.2(m-o). In this case, volume is not conserved and 

the c-axis expands while the a- and b- axes remain constant. The trend observed in the R-

curves is similar to both thermal expansion and piezo (d33= −2*d31), but gap between each R-

curve increases in approximately even steps. Most real materials will exhibit a response 

somewhere between piezo (d33= −2*d31 or 0.5*d33= −d31) and piezo (d33>0, d31=0). For 

example, for BaTiO3, 0.37*d33= −d31, and for Pb(Zr0.6Ti0.4)O3, 0.36*d33= −d31.
74 

In the ionic polarization model, the anions and cations are shifted antiparallel. The O2- 

ions are shifted along the negative c-direction by 0.005, 0.01, 0.015, and 0.02 in fractional 

coordinates, while the Ba2+ ion is shifted by the same amount in the opposite direction. The 

Ti4+ ion shifts in the same direction as the Ba2+ ion, but with twice the magnitude, because its 

charge is double that of Ba2+. This results in R-curves which are greatest in the low and 

medium-r ranges, and decrease at higher r. Converse to the strain effects, ionic polarization 

causes a constant shift of the atoms, regardless of how far apart they are. In fact, for longer 

interatomic distances, the ionic polarization effect diminishes.  

The final effect investigated is that of correlated atomic motion, which is accounted 

for in PDFgui by either the delta1 or delta2 parameters.175 This effect sharpens the PDF 

peaks at low-r as a result of correlated vibrations in a material, which counteract the 

broadening of the PDF peaks that would otherwise occur. This effect is incremented from 0 

to 0.8 as the delta1 parameter in PDFgui.175 The delta2 parameter shows a similar behavior 
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but smaller magnitude and decreases more rapidly with increasing r, which is why delta1 is 

chosen for this example. 

 

8.2.3 Refined model from experimental data 

This section demonstrates that a combination of piezoelectric lattice strain and ionic 

polarization effects applied to a refined unit cell of BaTiO3 can reproduce the main features 

present in the experimental R-curves for BaTiO3. 

The structural parameters of this BaTiO3 model (lattice parameters, atomic positions, 

and atomic displacement parameters) were refined using an experimental X-ray PDF within 

the program PDFgui;175 the starting model was that of the tetragonal structure of BaTiO3 at 

300 K in Ref 176. The refined and experimental PDFs are shown in Figure 8.3. In order to test 

the R-curves, the crystallographic structure of the model was altered using the constitutive 

equations of two real effects: piezoelectric lattice strain and ionic polarization, and used 

realistic property values. The property values were modified until the model R-curves 

reached the same maximum value as the experimental R-curves.  
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Figure 8.3. The experimental PDF of BaTiO3 (open circles), the calculated PDF from a 

refinement carried out in PDFgui (red line), and the difference between the two (lower blue 

line). 

 

For the piezoelectric lattice strain component, the strain along the c-axis was 

calculated by 𝜀 (
𝑚

𝑚
) = 𝑑33 (

𝑚

𝑉
) × 𝐸 (

𝑉

𝑚
), where ε is the strain, d33 is the longitudinal 

piezoelectric coefficient, and E is the electric field.4 The contraction along the a- and b-axes 

was calculated similarly, replacing d33 with d31. The values used are d33 = 500 pm/V and d31 

= -185.6. The ratio of d33 to d31 was set to that of single crystal BaTiO3.
74 The strains were 

calculated for electric fields from 0 to 3.0 kV/mm in 0.5 kV/mm steps. The effect of 

piezoelectric lattice strain on the unit cell is shown schematically in Figure 8.4. 

Ionic polarization is an effect which occurs in ionic materials subjected to an electric 

field and results in antiparallel shifts of the positive and negative ions. Ionic polarization can 

be calculated using the number of dipoles and their volume density, or by using the 

permittivity and electric field. These polarization calculations can be set equal to each other, 
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as 𝑃 = 𝑞 × 𝑑 × 𝑁 =  𝜀0(𝜀𝑟 − 1)𝐸, in which the total charge of the positive or negative ions 

is q, the displacement is d, the density of dipoles is N, which is also 1/(unit cell volume), the 

permittivity of free space is ε0, the relative permittivity is εr, and the electric field is E. εr is 

set to 2000, a reasonable number for BaTiO3 ceramics.4,33 Therefore, d can be determined, 

and is taken to be the displacement between the centers of positive and negative charge for 

the BaTiO3 tetragonal perovskite unit cell. It is assumed that this displacement is shared 

proportionally amongst the ions based on their charges and that the positive and negative ions 

shift in opposite directions; each of the three O2- ions takes on 1/6 of the displacement, the 

Ba2+ ion takes on 1/6, and the Ti4+ ion takes on 2/6. Note this effect only alters the fractional 

atomic positions and not the lattice parameters. The ionic polarizability shifts were calculated 

for electric fields from 0 to 3.0 kV/mm in 0.5 kV/mm steps. The effect of ionic polarization 

on the fractional atomic positions is shown schematically in Figure 8.4. 

 
Figure 8.4(a) The BaTiO3 unit cell is shown in the 0-field starting condition, when modified 

with piezoelectric lattice strain, when modified with ionic shifts, and when modified with 

both effects. (b) A schematic of the unit cell is shown, where arrows indicate the direction of 

lattice expansion or contraction (thin black arrows) and the direction of the atomic shifts 

(thick colored arrows). 
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The lattice strain from piezoelectricity and the ionic shifts due to ionic polarizability 

were combined, as shown on the right-hand side of Figure 8.4, and PDFs from the resulting 

unit cells were calculated. Equation 8-2 was applied to the PDFs, and the resulting R-curves 

are shown in the right-hand panel of Figure 8.5. The experimental R-curves are shown in the 

left-hand panel of Figure 8.5. They share several similar features. The overall shape of the 

curves is quite similar. The R-values are low at low r and increase in a linear manner toward 

higher r, albeit with a few small diversions from this behavior. The decrease in R between 35 

and 40 Å is an anomaly, but is also observed in the experimental data. Therefore, it is 

attributed to the interplay of features of the PDF and the arbitrary 5 Å summation window 

and 0.5 Å increment of R. There are several notable differences between the experimental 

and model R-curves. The experimental R-curves do not begin to increase until the coercive 

field (~ 1 kV/mm) is surpassed. The R-curves for the model, of course, increase 

monotonically with the electric field. The experimental R-curves are also larger for the very 

closest interatomic distances; perhaps this could be attributed to changes in the low-r 

correlations (like the delta1 parameter shown in Figure 8.2(s-u)).  
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Figure 8.5. Experimental and calculated R-curves for BaTiO3 for electric fields from 0 to 3 

kV/mm. Experimental data adapted from Ref 104. 

 

8.3 Conclusions 

Six models were created and analyzed to demonstrate the effect of simple electric-

field-induced phenomena on PDFs of perovskite BaTiO3. The R calculation introduced in 

Chapter 6 and in Ref 104 was also applied calculated PDFs and evidences that there are 

characteristic behaviors of R vs. r for different real, physical effects. Strain effects result in 

R-curves which increased linearly with r; effects that change the width of PDF peaks result in 

flat, r-independent R-curves; and ionic polarization and correlated atomic motion both have 

the largest effects at low-r. Finally, it was found that a model which combines both 

piezoelectric lattice strain and ionic polarization is able to reproduce a majority of the 

features present in the experimental R-curves for BaTiO3. 
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CHAPTER 9 

SAMPLE CHARACTERIZATION 

9.1. Motivation 

Detailed structural studies, such as those presented in the preceding chapters, reveal a 

high-level of detail regarding the atomic arrangements of the atoms/ions within the material. 

However, it is also important to ensure that the material performs and behaves as expected at 

the macroscale, otherwise, the diffraction-based studies may not be analyzing the 

composition or phase the researcher intends. In this chapter scanning electron microscopy 

(SEM) micrographs are presented for all the compositions used, as well as ferroelectric and 

piezoelectric property measurements. Overall, the materials have grain sizes in the range 1-5 

μm and their piezoelectric and ferroelectric properties are consistent with those reported in 

the literature. 

 

9.2. Grain size 

In order to develop the grain structure in the polished samples, they were thermally 

etched. The ASM recommends thermal etching be done ~150°C below the sintering 

temperature for functional oxides.177 The BT-xBZT samples were etched with a heat 

treatment of 1100°C for 30 min; the NBT and NBT-xBT samples were heat treated at 950°C 

for 30 minutes; the BaTiO3 sample was heat treated at 1250°C for 30 minutes; and the 

SrTiO3 sample was heat treated at 1150°C for 30 minutes, all with heating and cooling rates 

of 10°C/min. 
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The grain sizes were estimated using the linear intercept method.178 For each 

micrograph, 20 lines were placed horizontally and the number of grain boundary intercepts 

per line were counted. Each line was the same size as the scale bar in the micrograph. The 

grain diameter is estimated as the total line length divided by the total number of intercepts. 

It is noted that this method actually determines the grain boundary surface area in a unit 

volume.178 Table 9.1 summarizes the results, and the estimated grain diameter is also listed in 

each of the following sections. 

 

Table 9.1. Grain diameter for each composition based on the linear intercept method. 

Composition 

Approximate grain 

diameter (μm) 

Surface area (μm2) of 

grain boundaries per μm3 

NBT 0.98 2.05 

NBT-4BT 0.91 2.19 

NBT-6BT 0.89 2.25 

NBT-7BT 1.01 1.99 

NBT-9BT 1.33 1.5 

NBT-13BT 1.21 1.65 

SrTiO3 0.95 2.1 

BaTiO3 4.42 0.4525 

80BT-20BZT 1.95 1.025 

90BT-10BZT 2.12 0.945 

92BT-8BZT 2.07 0.965 

94BT-6BZT 1.96 1.02 
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9.2.1. Na1/2Bi1/2TiO3  

 This sample was synthesized by Dr. Elena Aksel and the processing conditions can be 

found in Ref. 166. The grain size is estimated to 0.98 μm. 

 
 

   
Figure 9.1. SEM  micrographs of Na1/2Bi1/2TiO3. Grain size measurements were performed 

on the large image. The others are presented to demonstrate consistency across the sample. 
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9.2.2. (0.96)Na1/2Bi1/2TiO3 – (0.04)BaTiO3  

This sample was synthesized by Tedi-Marie Usher and the processing conditions can 

be found in Chapter 3. The grain size is estimated to 0.91 μm. 

  
 

   
Figure 9.2 SEM  micrographs of NBT-4BT. Grain size measurements were performed on the 

large image. The others are presented to demonstrate consistency across the sample. 
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9.2.3. (0.94)Na1/2Bi1/2TiO3 – (0.06)BaTiO3  

This sample was synthesized by Tedi-Marie Usher and the processing conditions can 

be found in Chapter 3. The grain size is estimated to 0.89 μm. 

 
 

   
Figure 9.3 SEM  micrographs of NBT-6BT. Grain size measurements were performed on the 

large image. The others are presented to demonstrate consistency across the sample. 
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9.2.4. (0.93)Na1/2Bi1/2TiO3 – (0.07)BaTiO3  

This sample was synthesized by Tedi-Marie Usher and the processing conditions can 

be found in Chapter 3. The grain size is estimated to 1.01 μm. 

 
 

   
Figure 9.4 SEM  micrographs of NBT-7BT. Grain size measurements were performed on the 

large image. The others are presented to demonstrate consistency across the sample. 
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9.2.5. (0.91)Na1/2Bi1/2TiO3 – (0.09)BaTiO3  

This sample was synthesized by Tedi-Marie Usher and the processing conditions can 

be found in Chapter 3. The grain size is estimated to 1.33 μm. 

 
 

   
Figure 9.5 SEM  micrographs of NBT-9BT. Grain size measurements were performed on the 

large image. The others are presented to demonstrate consistency across the sample. 
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9.2.6. (0.87)Na1/2Bi1/2TiO3 – (0.13)BaTiO3  

This sample was synthesized by Tedi-Marie Usher and the processing conditions can 

be found in Chapter 3. The grain size is estimated to 1.21 μm. 

 
 

   
Figure 9.6 SEM  micrographs of NBT-13BT. Grain size measurements were performed on 

the large image. The others are presented to demonstrate consistency across the sample. 
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9.2.7. BaTiO3 

This sample was synthesized by Tedi-Marie Usher and the processing conditions can 

be found in Chapter 6. The grain size is estimated to 4.42 μm. 

 
Figure 9.7 SEM micrographs of BaTiO3. This image was used to determine the grain size. 
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Figure 9.8 SEM micrographs of BaTiO3 showing the tetragonal domain structure. The 

bottom image is a zoomed in region from the top image. 
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9.2.8. SrTiO3 

This sample was synthesized by Tedi-Marie Usher and the processing conditions can 

be found in Chapter 6. The grain size is estimated to 0.95 μm. 

 
 

   
Figure 9.9 SEM micrographs of SrTiO3. Grain size measurements were performed on the 

large image. The others are presented to demonstrate consistency across the sample. 
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9.2.9. 0.80BaTiO3 – 0.20Bi(Zn1/2Ti1/2)O3 

This sample was synthesized by Prof. David Cann’s group at Oregon State University 

and the processing conditions can be found in Chapter 5. The grain size is estimated to 1.95 

μm. Grain pullout is observed. 

 
 

   
Figure 9.10 SEM micrographs of 80BT-20BZT. Grain size measurements were performed on 

the large image. The others are presented to demonstrate consistency across the sample.  
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9.2.10. 0.90BaTiO3 – 0.10Bi(Zn1/2Ti1/2)O3 

This sample was synthesized by Prof. David Cann’s group at Oregon State University 

and the processing conditions can be found in Chapter 5. The grain size is estimated to 2.12  

μm. Grain pullout is observed. 

 
 

   
Figure 9.11 SEM micrographs of 90BT-10BZT. Grain size measurements were performed on 

the large image. The others are presented to demonstrate consistency across the sample. 
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9.2.11. 0.92BaTiO3 – 0.08Bi(Zn1/2Ti1/2)O3 

This sample was synthesized by Prof. David Cann’s group at Oregon State University 

and the processing conditions can be found in Chapter 5. The grain size is estimated to 2.07 

μm. Grain pullout can be observed. 

 
 

   
Figure 9.12 SEM micrographs of 92BT-8BZT. Grain size measurements were performed on 

the large image. The others are presented to demonstrate consistency across the sample.  
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9.2.12. 0.94BaTiO3 – 0.06Bi(Zn1/2Ti1/2)O3 

This sample was synthesized by Prof. David Cann’s group at Oregon State University 

and the processing conditions can be found in Chapter 5. The grain size is estimated to 1.96 

μm. Grain pullout can be observed. 

 
 

   
Figure 9.13 SEM micrographs of 94BT-6BZT. Grain size measurements were performed on 

the large image. The others are presented to demonstrate consistency across the sample. 
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9.3 Property measurements 

9.3.1 Piezoelectric and ferroelectric properties 

This section presents the piezoelectric and ferroelectric properties for the samples 

discussed in the previous chapters. Figure 9.14 shows the piezoelectric coefficients for the 

various materials as measured by a Berlincourt d33 meter. The d33 for NBT-xBT peaks at 7% 

BT. The d33 of the BT-xBZT compositions with >9% BZT drops to zero, which corresponds 

to the long-range pseudocubic structure discussed in Chapter 5 as well the fact that the 

ferroelectric-like characteristics of the material transition into relaxor-like characteristics 

with increasing BZT content.133 Figure 9.15 shows polarization vs. electric field (PE) loops 

for NBT-xBT samples. From these specific samples, NBT-6BT shows behavior that is more 

similar to NBT-4BT (lower remnant polarization and higher coercive fields). NBT-7BT and 

NBT-9BT show characteristics of materials in the MPB region: increased remnant 

polarization and lower coercive fields. Figure 9.16 shows published PE loops for the BT-

xBZT samples performed by Prof. Cann’s research group, who also synthesized the BT-xBT 

samples used in this work. 
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Figure 9.14. Longitudinal piezoelectric coefficient d33 for different compositions as measured 

with a Berlincourt d33 meter. 

 

 
Figure 9.15. Polarization vs. electric field loops for the studied NBT-xBT compositions. 
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Figure 9.16. Polarization vs. electric field loops for the studied BT-xBZT compositions. 

Reprinted with permission from Ref. 130. Similar PE loops have also been published in Ref. 

133. 

 

 

9.3.2 Density 

The densities of the NBT-xBT samples are all quite similar, but decrease with 

increasing BT content. This is also observed qualitatively in the SEM images as the 

appearance of more pores in the NBT-13BT sample. 

Table 9.2. Densities of the NBT-xBT samples. 

Sample Density (g/cm3) 

NBT-4BT 5.8972 

NBT-6BT 5.8956 

NBT-7BT 5.8838 

NBT-9BT 5.8515 

NBT-13BT 5.7246 

BaTiO3  5.898 
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CHAPTER 10 

CONCLUSIONS AND FUTURE WORK 

 

10.1. Conclusions 

In conclusion, this dissertation presents the results from detailed ambient condition 

and in situ studies of both the long-range and local-scale structures of several ferroelectric 

and dielectric material systems. The results contribute new knowledge to structure-property 

relationships for these materials and establishes the novel technique of measuring X-ray total 

scattering while applying electric fields to a polycrystalline sample for the first time. 

The long-range structures of Na1/2Bi1/2TiO3 – (x)BaTiO3 (NBT-xBT) are probed 

under mechanical stresses in Chapters 2. The elastic anisotropies for the four different 

compositions are determined and are shown to be dependent on the phase of each 

composition. It is also concluded that the piezoelectric and elastic anisotropies for a given 

phase are inversely related and the atomistic origins for piezoelectric anisotropy are 

correlated with those for the elastic anisotropy. 

Similarly, in Chapter 3 the long-range structures of NBT-xBT are probed as a 

function of electric fields. The tetragonal and rhombohedral single-phase materials undergo 

domain switching and lattice strain, while NBT-6BT, which lies in the MPB region, 

undergoes an electric-field-induced phase transition from a pseudocubic to rhombohedral + 

tetragonal phases.  
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The study presented in Chapter 5 evidences that local-scale distortions are present in 

all four of the studied compositions of BaTiO3 – (x)Bi(Zn1/2Ti1/2)O3, even for compositions 

with pseudocubic long-range structures. By combining long- and short-range studies, a 

length-scale-dependent structure it is evidenced and characterized. The results enhance the 

understanding of this and similar material systems, which are characterized by diffuse phase 

transitions and relaxor characteristics. 

In Chapter 6, the novel technique of measuring X-ray total scattering while applying 

electric fields to a polycrystalline sample is demonstrated for several representative 

compositions. This technique is evidenced to provide unique information on atomic 

rearrangements caused by in situ stimuli. The prime example here is that for polycrystalline 

Na1/2Bi1/2TiO3, the displacements of the Bi3+ cations preferentially reorient toward the 

electric field vector. The response of the local structure, as determined by changes in the pair 

distribution function (PDF), is characterized as a function of length scale by the R-

calculation. Relaxor-ferroelectric compositions exhibit a larger response at unit-cell scale 

while classical ferroelectric materials are dominated by piezoelectric lattice strain.  

Chapter 7 extended the method from Chapter 6 to neutron total scattering. The data 

reduction methods and preliminary ex situ results for Na1/2Bi1/2TiO3 are presented. 

Further analysis of the ways in which different physical effects modify the local 

structure (as described by a PDF) is presented in Chapter 8. The physical effects analyzed 

include thermal expansion, two variations of piezoelectric lattice strain, increases and 

decreases in atomic displacement parameters, ionic polarization, and correlated atomic 



184 

 

 

 

 

motion. Through this analysis, it can be concluded that the response of BaTiO3 and similar 

materials to electric fields is dominated by piezoelectric strain and ionic polarization while 

that of Na1/2Bi1/2TiO3 and similar relaxor-ferroelectric materials additionally exhibits 

increased ordering of atomic displacements. 

 

10.2. Future work 

The experimental method of in situ PDFs with electric fields and the resulting 

analysis techniques presented in Chapter 6 have opened many avenues of future research. 

Collaborations and experiments which were started or continued as a result of the research 

presented in this dissertation are listed below:  

• Collaboration with Prof. Andy Bell and his graduate student at the University of 

Leeds in the United Kingdom on in situ X-ray PDFs with electric fields on 

Na1/2Bi1/2TiO3 - K1/2Bi1/2TiO3. These materials are of interest because they exhibit an 

electric-field-induced phase transition that is electric-field ramp-rate dependent and 

the system behaves similarly to NBT-xBT.179 

• Collaboration with the group of Prof. Barbara Malič at the Jožef Stefan Institute in 

Slovenia on in situ X-ray PDF studies with electric fields on Pb(Mg1/3Nb2/3)O3-

PbTiO3. This data is being analyzed by one of Jones’ graduate students.  

• Collaboration with Prof. David Cann at Oregon State University on in situ PDF of 

BaTiO3-Bi(Zn1/2Ti1/2)O3 with electric fields and elevated temperatures. This data is 

being analyzed by one of Jones’ graduate students. 
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• In situ PDF with electric fields on Bi2Ti2O7 with Prof. Juan Nino from the University 

of Florida. 

• Both in situ PDF studies with electric fields and ambient condition neutron PDF 

studies on BaTiO3-Bi(Zn2/3Nb1/3)O3 (BT-xBZN) and PbTiO3-BZN with Prof. Zuo-

Guang Ye’s group at Simon Fraser University, Canada. Prof. Ye’s group will 

synthesize the samples and Jones’ group will perform the experiments. 

• In situ PDF with electric fields on BaTiO3-BiScO3 with Dr. Igor Levin (NIST).180 
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Appendix A. MATLAB code for Fourier Transforms 

This code is based upon example code for Fast Fourier Transforms found in the 

MATLAB online documentation.181  

A.1 Code for the simple cosine functions (functions 1-3). 

% code by Tedi-Marie Usher for her dissertation to show examples of 

Fourier transforms to help explain pair distribution functions. 

  
Fs = 1000;                    % Sampling frequency 
T = 1/Fs;                     % Sampling period 
L = 1024;                     % Length of signal 
t = (0:L-1)*T;                % Time vector 
x1 = cos(2*pi*25*t);          % First row wave 
x2 = cos(2*pi*50*t);         % Second row wave 
x3 = cos(2*pi*100*t);         % Third row wave 

  
X = [x1; x2; x3]; 

  
for i = 1:3 
    subplot(3,1,i) 
    figure(1) 
    plot(t(1:300),X(i,1:300)) 
    title(['function ',num2str(i),' in the time domain']) 
end 

  
n = 2^nextpow2(L); %pads input with zeros to improve algorithm 
dim = 2; %dimension to operate along, 2 means rows 
Y = fft(X,n,dim); 

  
P2 = abs(Y/n); 
P1 = P2(:,1:n/2+1); 
P1(:,2:end-1) = 2*P1(:,2:end-1); 

  
for i=1:3 
    subplot(3,1,i) 
    figure(2) 
    plot(0:(Fs/n):(Fs/2-Fs/n),P1(i,1:n/2)) 
    axis([0 200 0 1]) 
    title(['function ',num2str(i),' in the frequency domain']) 
end 
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A.2 Code for the more complex cosine functions (functions 4-6) 

% code by Tedi-Marie Usher for her dissertation to show examples of 

Fourier transforms to help explain pair distribution functions. 

  
Fs = 1000;                    % Sampling frequency 
T = 1/Fs;                     % Sampling period 
L = 1024;                     % Length of signal 
t = (0:L-1)*T;                % Time vector 

  
x1 = cos(2*pi*25*t)+cos(2*pi*50*t)+cos(2*pi*100*t); % three from simple 

example 
x2 = cos(2*pi*25*t)+cos(2*pi*50*t)+cos(2*pi*75*t)+cos(2*pi*100*t);         

% Second row wave 
x3 = 0.5*cos(2*pi*25*t)+cos(2*pi*50*t)+1.5*cos(2*pi*100*t);         % 

Third row wave 

  
X = [x1; x2; x3]; 

  
for i = 1:3 
    subplot(3,1,i) 
    figure(3) 
    plot(t(1:300),X(i,1:300)) 
    title(['function ',num2str(i)+3,' in the time domain']) 
end 

  
n = 2^nextpow2(L); %pads input with zeros to improve algorithm 
dim = 2; %dimension to operate along, 2 means rows 
Y = fft(X,n,dim); 

  
P2 = abs(Y/n); 
P1 = P2(:,1:n/2+1); 
P1(:,2:end-1) = 2*P1(:,2:end-1); 

  
for i=1:3 
    subplot(3,1,i) 
    figure(4) 
    plot(0:(Fs/n):(Fs/2-Fs/n),P1(i,1:n/2)) 
     axis([0 200 0 1.3]) 
    title(['function ',num2str(i)+3,' in the frequency domain']) 
end 
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Appendix B. MATLAB code for plotting elastic anisotropies 

% Code originally by Jacob L. Jones and edited by Tedi-Marie Usher. 

% Enter appropriate single crystal elastic constants for the  

% symmetry and material for which you want to calculate the piezoelectric  

% anisotropy 

 

% Example: Orthorhombic KNbO3 based on Matthew Davis Thesis EPFL 2006 
S11 = (5.4/1000); 
S22 = (5.1/1000); 
S33 = (7/1000); 
S12 = (-1.5/1000); 
S13 = (-1.2/1000); 
S23 = (-2.2/1000); 
S14 = 0; 
S44 = (13.5/1000); 
S55 = (40/1000); 
S66 = (10.5/1000); 

  

  
start = 0; 
step = 5*(pi/180); 
finish = 2*pi; 
%have to use radians instead of degrees. deg2rad command is now part of 

the 
%mapping toolbox, which NCSU does not provide. 
rangeA = start:step:finish; 
rangeB = start:step:finish; 

  
[Axy,Bxy] = meshgrid(rangeA, rangeB); 

  
m=1; 
for A = 1:length(rangeA) % alpha 
    for B = 1:length(rangeB) % beta 
        h = cos(rangeB(B))*sin(rangeA(A)); 
        k = sin(rangeB(B))*sin(rangeA(A)); 
        l = cos(rangeA(A)); 

                 
% Use commenting to activate one of the below Ehkl equations at a time. 

         
        For cubic systems: 
        Ehkl(B,A) = 1/(S11-2*(S11-S12-S44/2)*(h^2*k^2+k^2*l^2+h^2*l^2));   

         
        For trigonal (rhombohedral) systems: 
        Ehkl(B,A) = 1/((S11*(1-l^2)^2)+(S33*(l^4))+(2*S13+S44)*((l^2)-

(l^4))+((2*S14)*k*l*(3*h^2-k^2))+2*S25*h*l*(3*(k^2)*(h^2))); 

          
        For tetragonal systems: 



203 

 

 

 

 

        Ehkl(B,A) = 

1/((S11*(h^4+k^4))+(S33*l^4)+((2*S12+S66)*(h^2*k^2))+(2*S13+S44)*(l^2-

l^4))+((2*h*k*(h^2-k^2)*S16)); 

         
        For orthorhombic systems: 
        Ehkl(B,A) = 

1/((S11*(h^4))+(2*S12*h^2*k^2)+(2*S13*h^2*l^2)+(S22*k^4)+(2*S23*k^2*l^2)+(

S33*l^4)+(S44*k^2*l^2)+(S55*h^2*l^2)+(S66*h^2*k^2)); 

  
        For triclinic systems 
        Ehkl(B,A) = 

1/(S11*h^4+2*S12*h^2*k^2+2*S13*h^2*l^2+2*S15*h^3*l+S22*k^4+2*S23*k^2*l^2+2

*S25*h*k^2*l+S33*l^4+2*S35*h*l^3+S44*k^2*l^2+S46*h*k^2*l+S55*h^2*l^2+S66*h

^2*k^2+2*S14*h^2*k*l+2*S16*h^3*k+2*S24*k^3*l+2*S26*h*k^3+2*S34*k*l^3+2*S36

*h*k*l^2+2*S45*h*k*l^2+2*S56*h^2*k*l); 

              
        % specifying the direction in XYZ coordinates 
        N = [h k l]; 
        n = N / sqrt(N(1)^2+N(2)^2+N(3)^2); % making a unit vector 
        % multiplying the unit vector by the radius (Ehkl') 
        nd(m,:) = n(:)*Ehkl(B,A); 
        C1(m)=Ehkl(B,A); 
        m=m+1; 
    end 
end 

  
figure(6) 
mesh(xe,ye,ze,C2,'edgecolor','interp') 
% Swapping x and y allows the orientation to match up with the 
% pieizoelectric case.  
% mesh(ye,xe,ze,C2,'edgecolor','interp') 
X=250;  
axis([-X X -X X -X X]) 
% colormap(doublejet) 
colormap(jet) 
colorbar 
view([1 0.5 0.5]) 
axis square 
% axis off 
hold on; 
plot3(1.5*maxZ*[-1 1],[0 0],[0 0],'k-','LineWidth',1.5); 
plot3([0 0],1.5*maxZ*[-1 1],[0 0],'k-','LineWidth',1.5); 
plot3([0 0],[0 0],1.5*maxZ*[-1 1],'k-','LineWidth',1.5); 
% plot3(1*maxZ*[0 1],1*maxZ*[0 1],1*maxZ*[0 1],'b-','LineWidth',1.5); 
hold off; 
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Appendix C. MATLAB code for plotting piezoelectric anisotropies 

% Code originally by Jacob L. Jones and edited by Tedi-Marie Usher. 

% Enter appropriate single crystal piezoelectric constants for the  

% symmetry and material for which you want to calculate the piezoelectric  

% anisotropy 

 

% Example: Orthorhombic KNbO3 piezoelectric values from Liang et al. J. 

Appl. Phys. 
% 108, 094111 _2010_ 
d31 = -24.6; 
d32 = 9.5; 
d33 = 21.6; 
d22 = 0; 
d24 = 241.5; 
d15 = 205.1; 

  

  
start = 0; 
step = 5*(pi/180); 
finish = 2*pi; 
%have to use radians instead of degrees. deg2rad command is now part of 

the 
%mapping toolbox, which NCSU does not provide. 
rangeA = start:step:finish; 
rangeB = start:step:finish; 

  
[Axy,Bxy] = meshgrid(rangeA, rangeB); 

  
m=1; 
for A = 1:length(rangeA) % alpha 
    for B = 1:length(rangeB) % beta 
        h = cos(rangeB(B))*sin(rangeA(A)); 
        k = sin(rangeB(B))*sin(rangeA(A)); 
        l = cos(rangeA(A)); 

           
        %Use commenting to activate one of the below d33 equations at the 
        %time. 
        d33* or effective piezoelectric coefficient for P4mm (4mm) 
        deff(B,A) = (cos(rangeA(A))*(sin(rangeA(A)))^2)*d31 + 

(cos(rangeA(A))*(sin(rangeA(A)))^2)*d15 + (cos(rangeA(A)))^3*d33; 

         
        d33* or effective piezoelectric coefficient for R3m (3m) 
        deff(B,A) = cos(rangeA(A))*power(sin(rangeA(A)),2)*(d15 + d31) + 

power(cos(rangeA(A)),3)*d33 + 

(power(sin(rangeA(A)),3)*cos(rangeB(B))*((3*(sin(rangeB(B)))^2)-

(cos(rangeB(B)))^2))*d22; 

          
        d33* or effective piezoelectric coefficient for Orthorhombic (mm2) 
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        deff(B,A) = 

cos(rangeA(A))*power(sin(rangeA(A)),2)*power(sin(rangeB(B)),2)*(d15+d31) + 

(cos(rangeA(A))*power(sin(rangeA(A)),2)*power(cos(rangeB(B)),2))*(d24+d32) 

+ power(cos(rangeA(A)),3)*d33; 

         
        % specifying the direction in XYZ coordinates 
        N = [h k l]; 
        n = N / sqrt(N(1)^2+N(2)^2+N(3)^2); % making a unit vector 
        % n = N / sqrt(h^2+k^2+l^2);          % making a unit vector 
        % multiplying the unit vector by the radius (deff) 

         
        % abs value required in order to plot bottom half of figure, 
        % otherwise the multiplication of negative d33* and negative unit 

  % vector causes the bottom half of the figure to plot on top of        

  % the postive half. 
        nd(m,:) = n(:)*abs(deff(B,A)); 
        P1(m)=deff(B,A); 
        m=m+1; 

         

    
    end 
end 

  

  

  
n=sqrt(length(nd)); 
% p is for piezo 
xp=reshape(nd(:,1),n,n); 
yp=reshape(nd(:,2),n,n); 
zp=reshape(nd(:,3),n,n); 
P2=abs(reshape(P1',n,n)); 
% surf(x,y,z,C2,'EdgeColor',0*[1 1 1],'FaceAlpha',1,'LineWidth',0.25) 
%surf(x,y,z,C2,'EdgeColor','none','FaceAlpha',0.5) 
maxZ=max(max(P1));  
figure(1) 
mesh(xp,yp,zp,P2,'edgecolor','interp') 
X=110;  
axis([-X X -X X -X X]) 
% colormap(doublejet) 
colormap(jet) 
colorbar 
view([1 0.5 0.5]) 
axis square 
% axis off 
hold on; 
plot3(1.5*maxZ*[-1 1],[0 0],[0 0],'k-','LineWidth',1.5); 
plot3([0 0],1.5*maxZ*[-1 1],[0 0],'k-','LineWidth',1.5); 
plot3([0 0],[0 0],1.5*maxZ*[-1 1],'k-','LineWidth',1.5); 
% plot3(1*maxZ*[0 1],1*maxZ*[0 1],1*maxZ*[0 1],'b--','LineWidth',1.5); 
hold off; 
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Appendix D. Tilting of the sample for the in situ electric-field PDF experiments 

The content of this appendix is reprinted from the supplementary information of T.-

M. Usher, I. Levin, J. E. Daniels and J. L. Jones, “Electric-field-induced local and mesoscale 

structural changes in polycrystalline dielectrics and ferroelectric,” Scientific Reports, 5, 

14678 (2015).104 

The 2D detector image is reduced by integrating a 20° sector through the azimuthal 

dimension in the vertical or horizontal direction of the image. As illustrated in Fig. 1, the 

sample was oriented such that the electric field direction is tilted towards the incident beam. 

This tilting is necessary to minimize the angular discrepancy between the electric field and 

scattering vectors measured in the integrated sector; by tilting at an angle of 12-15° 

(dependent upon wavelength), the angles between the scattering vectors and electric field in 

the vertical sector are less than 10° from the electric field direction. It is important to ensure 

this angular limit of 10° because it has been shown that the average behaviours of all 

crystallites oriented to within 10° of the electric field direction are similar to each other in 

polycrystalline ferroelectrics1. The angle between the electric field (E) and the scattering 

vector (Q), labelled η in Figure 6., was calculated for each pixel on the detector. The 

distribution of η is shown in Figure A1(a) for an un-tilted sample. A large portion of the 

vertical sector of the detector has η values between 10° and 20°. However, when the sample 

is tilted, the distribution of η within the vertical sector now has a maximum value of 10°, as 

shown in Figure A1(b). Figure A2 shows a representative distribution of Q on the detector at 

11-ID-B. 
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a 

 
b 

 
Figure A1. The distribution of angles between Q and E. This distribution of angles is 

between the scattering vector (Q) and the electric field (E) in the plane of the detector for a 

sample that is (a) un-tilted and (b) tilted. 

 

 
Figure A2. A representation distribution of Q on the 2D detector for beamline 11-ID-B at the 

Advanced Photon Source at Argonne National Laboratory for X-rays of energy 58 keV. 

Appendix E. MATLAB code for calculating the distribution of angles between Q and E. 
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% Code by Tedi-Marie Usher with guidance from John E. Daniels (UNSW) 
% written in 2012  

  
clear all; 

  
y = .30;   % distance from sample to detector in m 
i = [ 0 1 0 ]; %direction of the beam is y 
angle = 12;  % angle you want to rotate the sample(electric field vector)  
            % away from the detector in degrees 
E1 = [ 0 -tand(angle) 1 ]; 
E = E1/(norm(E1)); 
lamda = 0.1430e-10; % wavelength in m (86.7 keV 11-ID-B) 
% lamda = 0.2114e-10; %wavelength in m (58.66 keV 11-ID-B) 
pixel = 200e-6;     % detector pixel size in m 

  
x1 = (-1024:1024); %puts zero at the center of the array horizontally 
z2 = (-1024:1024)'; %puts zero at the center of the array vertically 
z1 = flipud(z2); 
x = pixel*x1; 
z = pixel*z1; 

  
a = ones(2049,2049); %# of pixels in detector 
eta = ones(2049,2049);  
eta2 = ones(2049,2049);  
% d = ones(2001,2001,3);  

  

  
for u = (1:2049); 
    for v = (1:2049); 

     
        a(u,v)= sqrt((z(u))^2 + (x(v))^2);  %distance to arbitrary pixel 

         
        f = [ x(v) y z(u) ]; %final scattered beam 

         
        q = f/(norm(f)) - i; %unit vector in scattering vector direction 

         
        eta(u,v) = acosd((dot(E,q))/(norm(E)*norm(q))); 

                 
        if eta(u,v) > 89.99; 
           eta2(u,v) = -eta(u,v) + 180; 
        elseif eta(u,v) < 89.99; 
            eta2(u,v) = eta(u,v); 
        end   

         
    end 
end 

  
theta = (atand(a./y))/2;         
Q1 = (4*pi*sind(theta))./lamda; 
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if 1==1 
    % Shows the distribution of Q and E in 10 degree steps where positive  
    % and negative are different 
    figure(1)  
    contourf(flipud(eta),34,'linecolor','none') 
    caxis([0 170]) 
    colorbar 
    colormap(jet(17)) 

     
    % Shows the distribution of Q and E in 5 degree steps where positive 
    % and negative are the same 
    figure(2) 
    contourf(flipud(eta2),17,'linecolor','none') 
    caxis([0 90]) 
    colorbar 
    colormap(jet(18)) 

  
    % Shows the distribution of Q values on the detector. 
    figure(3) 
    contourf(flipud(Q1),10) 
    caxis([1e11 4e11]) 
    colorbar 

       
end 
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Appendix F. Spherical harmonics calculations for directional PDFs 

This content is reprinted from the supplementary information of T.-M. Usher, I. 

Levin, J. E. Daniels and J. L. Jones, “Electric-field-induced local and mesoscale structural 

changes in polycrystalline dielectrics and ferroelectric,” Scientific Reports, 5, 14678 

(2015).104 

 For a sample of randomly oriented crystallites, the PDF, G(r), is related to the total-

scattering function, S(Q), as 

𝐺(𝑟) = 4𝜋𝑟(𝜌(𝑟) − 𝜌0) =  
2

𝜋
∫ 𝑄[𝑆(𝑄) − 1)] sin(𝑄𝑟)𝑑𝑄

∞

0

 (A1) 

where 𝜌(𝑟) is the atomic pair-density function, 𝜌0 is the number density of the material, and 

Q is the modulus of the scattering vector2. The response of a crystal to an electric field is 

anisotropic and, therefore, as discussed in the paper, spherical averaging over the scattering 

vector Q, which is used to derive Eq. A1, becomes inadequate.  Weak deviations from the 

spherical symmetry can be accounted for by expanding the PDF and S(Q) into spherical 

harmonics3-5  

𝜌(𝑟) = ∑ 𝜌𝑙
𝑚(𝑟)𝑌𝑙

𝑚(�⃗⃗� 𝑄⁄ )

𝑙,𝑚

 

(A2) 

𝑆(�⃗⃗�) = ∑ 𝑆𝑙
𝑚(𝑄)𝑌𝑙

𝑚(�⃗⃗� 𝑄⁄ )

𝑙,𝑚

 

Where Y is a spherical harmonic, l=0, 1, 2,…, m=-l…l, r and Q are moduli of distance and 

scattering vectors, respectively.  The components of anisotropic PDF and S(Q) are related as 
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𝜌𝑙
𝑚(𝑟) =

𝑖𝑙

2𝜋2
∫ 𝑆𝑙

𝑚(𝑄)𝐽𝑙 (𝑄𝑟)𝑄2𝑑𝑄 (A3) 

where Jl(Qr) is a spherical Bessel function.   

For a sample that is isotropic in the plane normal to the field (i.e. m=0) and neglecting the 

terms with l>2, the isotropic and anisotropic components of S(Q) can be obtained from 

directional S(Q) by solving the two equations5: 

𝑆(𝑄, 𝜑 = 0°) = √
1

4𝜋
𝑆0

0 + √
5

4𝜋
𝑆2

0 (A4) 

𝑆(𝑄, 𝜑 = 90°) = √
1

4𝜋
𝑆0

0 −
1

2
√

5

4𝜋
𝑆2

0 (A5) 

where 𝜑 is the angle between vectors Q and E, and 𝑆0
0 and 𝑆2

0 are the isotropic and 

anisotropic components of S(Q), respectively.  The corresponding components of 𝜌(𝑟) can 

be obtained from Equation A3 and then used to calculate directional PDFs.  For Na½Bi½TiO3, 

the directional PDFs, ρ||(r) and ρ(r), determined using the spherical-harmonics approach, 

proved to be close to G||(Q) and G(Q), calculated from the corresponding directional S(Q) 

via Eq. A1, as shown in Fig. A1. The same behaviour was assumed for BaTiO3 and SrTiO3, 

which exhibited considerably smaller differences between the S||(Q) and S(Q) than 

Na½Bi½TiO3.   
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Figure A3. Comparison of PDFs generated using different methods. The G(r) generated via 

the sine Fourier transform and the ρ(r) via the spherical harmonics approaches for 

Na½Bi½TiO3 at 4 kV/mm, for scattering both parallel and perpendicular to the electric field. 
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Appendix G. Reprint permissions 

For Figure 2.6(b,c): 
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For Figure 2.6(f) 
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For Figure 2.6(g,h) 
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For Figure 2.6(i) 
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For Figure 2.6(j) 
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For the content in Section 5.1. 
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The content in Chapter 6 does not require a permission because it was published open access. 

 

For Figure 9.16. 
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