ABSTRACT

USHER TEDI-MARIE. Local and Average Structures in Ferroelectrics under Perturbing
Fields (Under the directioonf Jacob L. Jones

Ferroelectric and dielectric ceramics are used in a multitude of applications including
sonar, micrepositioning,actuators, transducers, and capacitors. The most widely used
compositions are lead(Rbased, however there is an ongoing effort to reducelasaed
materials in consumer applications. Many kg compositions are under investigation;
some are already 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 structpreperty relationships, particularly duriimg
situ application of different stimuli (e.g. electric field and mechanical stress)

This work investigates two leddee material systems of interest;\YNaq/2Bi1/2TiO3
T (X)BaTiOs (NBT-xBT) and(1-x)BaTiOz T (X)Bi(Zn12Ti12)O3 (BT-XxBZT), as well as the
constituent compoundsa;/2Bi12TiO3 andBaTiOs. 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
duringin situapplication of different stimuli. The loAgnge, average structures are probed
using highresolution Xray diffraction (HRXRD) and neutron diffraction (ND) and local
scale structures are probed usingay or neutron total scattering, whiare converted to
pair distribution functions (PDFs).

First, twoin situND experiments which investigate structural changes to-XBBIl
in response to uniaxial stresses and electric fields are presented. In response to stresses,
different crystallograplai directions strain differently. The elastic anisotropy, (i.e., the

orientationdependence of elastic stiffness) for the studied compositions is characterized. A



general inverse relationship between elastic anisotropy and piezoelectric anisotropy is
demongrated 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 6s syymespondsgt. The
a lower field and undergoes a phase transition.

Next, the PDF method is described and then applied to a structural study<BZBT
in combination with HRXRD and ND studies. For BZT >9%, the structure is pseudocubic at
the longrange with shid-range tetragonal distortions. This structural lersgthle
dependence is characterized with a-bexfitting method and suggests that with sufficient
BZT content, local tetragonal distortions are disrupted at length scales > 40 A. By combining
long- ard shortrange studies, structural variations from the-sobto longrange are
characterized and enhance the understanding of this and similar material systems.

In the final chapters, the loecatale responses of ferroelectric and dielectric materials
to dectric fields are investigated by PDFs. The novel methodology of measuriag tétal
scattering duringn situ application of electric fields presented and results are shown for
piezoelectric (BT), relaxeferroelectric (NBT), and dielectric matesa|SrTiG and HfQ),
as well as for NBIxBT. Localscale cation reorientation in NBT is evidenced and
corresponds to an electfield-induced phase transition. The ability to quantify lesedle
atomic rearrangements during field application is unique situ PDF studies; it is not
possible througim situ diffraction methods like those presented earlier. This method is
extended tomeutronPDFs ancex situresults for NBT are shown. In order to interpret the

local scalechanges observed in thresitu PDF studies, the local structures of a series of



models with different real, physical effects (strains, polarization, changes in thermal motion,
etg are analyzed and characterized.

Finally, the samples used are characterized in terms of grain sizefappeand
piezoelectric and ferroelectric properties.

In summary, this research demonstrates the use of detail&ad sihdstructural
studies that contribute new knowledge to strucprmperty relationships for several
ferroelectric and dielectric matafisystems. Additionally, the novel techniquerositu
PDFs with electric fields is evidenced to provide unique information on atomic

rearrangements causedihysitu stimuli.
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CHAPTER 1
INTRODUCTION AND BACKGROUND
1.1Introduction
Ferroelectric and dielectric ceramics are used in a multitude of applications including
sonar, ultrasound, micipositioning, aatators, and transducecapacitors, and ferroelectric
memories Commercially leading compositions are mainly lead{P4ded; the solid
solution of PbZr@and PbTiQ, Pb{rTi1x)O3 (PZT), has found many usesdais currently
the mostpopularmateria) partly due the ease with which its properties can be modified
Single crystals of Pb(MgNb/3)Os-PbTiOz and Pb(Zm3Nby3)Osi PbTiOs are used in
aduator applications because of thekceptionally lage piezoelectric responsg.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 prétiiaisiversalleadPb)free
replacement to PZT has not yet been found, although there are varictreéead
compositionghatshow promise for replacing PZT in certain applicatidhslany are based
on the classical ferroelecti®gaTiOz (BT) while others are based oni¥Bi12TiO3 (NBT),
which exhibits relaxor ferroelectric features (see sectidhd and 11.2) 8 In particular,
KNbOs-based materials show promise for highguency transducers, such as those used in
skin-imaging applicationg Materials based on the solid solution between NBT and BT
(NBT-xBT) have high mechanical quality factors and bamsed in high vibration velocity
and high power applicatioisSuch materials are being commercially manufactured for

consumer applications such as ultrasonic motarsifrasonic cleanefs°



1.11BaTiOs

BaTiOs and its ferroelectric properties were discovered simultaneously in several
parts of the world between 1941 and 1948hen the dielectric constant was measured, it
was found to be 1100, significynhigher than the bestnown at the time, 100 for the rutile
phase offiO.. The understanding that piezoelectricity could be evoked from a ceramic was
realized around 194@nd was dependent on the discovery of the process of poling. Since
then, development has been rapid BadiOs-based ceramics remain popular and useful.

At synthesis temperatures (~1400°C) down to 13840z exists as the cubic
aristotype structure with 6o symmetry. Below this temperature, it transitions to a
tetragonal phase where tb@xis is slightly elongated, as described byRdmmmspace
group, and the lorgange polarization direction is along [001]. At QB&aTiOz transitions to
an orthohombic structure with space groAmn®, where the longange polarization
direction is along [011]. Finally a®0°C,BaTiOs takes on a rhombohedral structure with
space grou®3m and the longange polarization directiois along [111]*! There is,
however, controversy regarding the local displacemerBainOs across the different phase
transitiors. It has been found via-pay and neutron total scattering that th& Ti
displacements are always along the [111] direction, regardless of the temp&réture.
Instead, it is thought that for the different phade$" occupies different proportions of the
eight possible [111] displacement variants (towards each of the 8 faces of the TiO
octahedra). In the cubic phase, all eight saresoccupied; ithe tetragonal phase, four of

eight sites would be occupiedséaaging out to a {001} direction)n the orthorhombic



phase, two of the eight sites are populated (averaging out to a {101} directebm the
rhombohedral phase, only one of the eight sites would be occupied, corresponding to
observed long range [1]Lfiolarization direction.
Propertywise,BaTiOz ceramics attain a longitudinal piezoelectric coefficielgd, of
between 191 and 250 pC/N and relative permittivities of over 5000, both of which are
dependent on grain size'® At room temperature, the coercive field is around 0.3 kV/mm
and the remnant pol &The gpantaneous sirigls crystal polarizdtions & C/

is around 26 €C/ cm.

1.1.2 Nay2Bi12TiOs
Sodium bismuth titanat®au/2Bi12TiO3, or NBT, was originally discovered in 1960
by Smolenskiet al.and was observed to have a cubic perovskite struttidedernstudies
have shown the structure to be far more comgatain 2002, Jones and Thomas identified
the temperaturdependent phase$ Nay2Bi12TiOs to be ahigh temperature cubic phase
above 540°C, a tetragonal phase with space gedbmfrom 400500°C, and a
rhombohedral phase with space gré&8s from 255°Cto -268°C8 Later, from the same
group, using single crystals of-rhbhibdhedraGor f man
average structur e, 0 wh inc@cspategrpup’iThisssmuctird i ed as
was confirmed through higresolution Xray diffraction (HRXRD) measurements on
ceramics of NBT by Aksadt al?° In a later work, Akseét al.foundthat adding a small

cubic phase fraction improved the goodness of fit between the model and the HRXD



pattern?! Even more recently, the coexistence of b@ttandR3c ferroelectric phases in
pure, unpted NBT has been evidencéd.

Studies which utilize local structure probes such as PDFs and/or transmission electron
microsc@y (TEM) have evidenced additional structural complexities. Studies by both
Keebleet al.and Akselet al. have found that the Bicoordination environment differs from
the N& environment and that the 8 bonds exhibit a bimodal distributié®?*Through
careful analysis and modeling, Keebleal. showed that Bi is preferentially displaced from
the centroid of its oxygen polyhedral, and at room temperature, this displacement is centered
along the monocliniclpne near, but not exactly towards, the rhombohedral polarization
direction?* In a TEM study, Levin and Reaney proposed that NBT consists of nanodomains
of aac” tilting, where the in phase tilting") (i.e., a tetragonal structure) is coherent over
only afew unit cells® Prior studies also utilizing TEM also identified tetragonal platelets
within a rhombohedral matri$é:?’ Additionally, Levin and Reaney found that thé'Bind
Ti** cations exhibit polar displacemertsAccording to this model, domain averaging over
longer length scales would result in an averag® @ - tilt structure, which concurs with the
HRXRD studies mentioned above.

Despite the structural complexities, NBT is a component in many leafi@eb)
compositions of research interest and compositiomatigified NBT has shown promise for

certain applications, especially where higihain is desired?282°



1.2 Fundamentals

1.2.1 Piezoelectricity and Ferroelectricity

Piezoelectricity was first discovered in 1880 by J. and P. @urén they dund that
certaincrystals exhibit an electric charge when a mechanical stress is applied tbTthem.
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 piezoelectrisigtoimnic structure
mustbenot have a center of inversion.

Dielectric displaement,Di (Di = Q/ A, whereQ is charge and\ is ared, is related to
the stress appliedlx, by thepiezoelectric coefficiendix, and this is referred to as the direct
effect (Eqationl-1 ) . The conver se efkiseauded by ancapplied wh e n
electric fieldE; (Equationl-2). The piezoelectric coefficient is a third raekgor as it relates
a first rank tensor (dielectric displacemé&nbor electric fieldE) and a second rank tensor
(stresdlijk or strainCk). In full tensor notation, the relation is

o Q , (1-1)
for the direct effect and

- Q 0O (1-2)
for the converse effedtij is numerically equivalent for either case.

Typically, thefimatrix notatio is used, which reduces the number of independent
piezoelectric coefficients, which results in the two following relatigrsh

o Q, (1-3)



- Q0 (1-4)

wherei,j=1,2,3,4,5, or6.

The units ford; are either coulombs/Newton or meters/volt (typically reduced to
pC/N or pm/V) and are numerically equivalentpractice, one is usliginterested in the
piezoelectric response in the same direction as the applied stimulus, which is described for
both the direct and converse effectslas Also of interest is the piezoelectric response in the
transverse directionoted as 1)whichis theds: coefficient

Ferroelectrics are piezoelectrics that exhibit a spontaneous polarization at the unit cell
level even in the absence of an applied electric &alithis spontaneous polarization can be
reoriented by an applied electric fi¢ltHowever, due to the method by which polycrystalline
ferroelectrics are synthesized (often a4step solidstate process consisting of a calcination
(i.e., reaction) step following by a sintering (i.e., densification))stBp macroscale sample
lacks net polariz#on in the agprocessed stat&he individual grains have many different
orientations an@ach gain is typicdly divided into contiguous areas where the spontaneous
polarization isoriented in the same direction. The division into smaller areas with different
polarization directions occurs to compensate the charge lypilthese areas are referreed
asdomains and are separated by domain wdllsile each domaiexhibits 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 sganispolarization
can be reoriented with a sufficiently strong electric field, i.e., one of greater amplitude than

the coercive fieldi.. This reorientation of the spontaneously polarized domains into a net



macroscale polarization is called polthhe process by which the polarization direction of
each domain changes orientation is called domain switciidgmain reorientatio?f. The
coercive field E¢, can be determined by measuring polarization as a function of applied
electric field during a bipolar electric field cycle (e.gA05A 0A -5A 0 kV/mm), as

shown in Figure 1.1. This method also determines the remnant polariEatiche

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

present in PE loops is a key characteristic for ferromdsc
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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 progressio
of the loop.

The phenomenon of ferroelectricity was firss@bvered in Rochelle Salt in 1921 by
J. ValaseR! 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



materials. Ther ef or e, nottrefeeto anpinore(Fefidordentino el ect r i

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 Theyare atomic, ionic, dipolar, and space charge, in order of smallest to largest
lengthscale3?*3 The strengthof the different mechanisnase quantified by their dielectric
constant, whichs ameasure ohow much electric charge can be stored by a mater@l, if
used as a parallel plate capacifdnese four mechanisms can contribadiglitively to the
total dielectric constant. The ability to store charge is quantified by
O RO (1-5)
whereD andE arethe same dielectric displacement and electric field from Equatigrathd
Uis the electric permittivity® The dielectric constant or relative permittiviljis normalized
by the permittivity of free spacé= 8 . 8'5F/mAby1 0
R RY- (1-6)
The electronic mechanism arises from t
relative to the nucleus. This is the only possible polarization mechanism for covalent
materials such as diamoAtiThe contribution to the dielectric constant for this effect is

around 3 for ionic materials like Na6t KF 33



lonic polarization occurs when positive and negative ions displace sliglgpposite
directionswhen in the presence of an electric field and occurs in all ionic materials. The
magnitude of ionic polaation P canbe determined from

0 4 Q06 - - poO (1-7)

in which the total charge of the positive or negative iowg ike displacement o the
density of dipoles i, which is also Xunit cell volumé, the permittivity of free spacis 3,
the relative permittivity i), and the electric field i§. In this casely should be the portion
of the permittivity arising from the ionic polarization mechanigior. ionic materials such as
NaCl, the ionic polarization contribution to thesldictric constant increases it 1633

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 procegsevsocess
of domain reorientation discussed in 1.2.1, and will be quantified in Chaftke 3.
contribution of this mechanism to the dielectric constant is orders of magnitude larger and
results in dielectric constants of several 1000 for oxide fectls like PZT and BT:33

The space charge mechanism is also called interfacial or diffusional polarization and
occurs when mobile charges drift underitifuence of an electric field and are pinned at
interfaces or boundariegithin a material. This mechanism results in the highest measured
dielectric constants. For example, in dense ceramics of compoBitigsilao osTi103ix With a

small grainsizeof 70-300 nm a dielectric constant of ~1,000,000 has been achi¥ved.
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1.2.3 Scattering and diffraction ofpays 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 ccdedent
elastic scattering of radiation of appropriate energy from a collection of avetexials
scientistsare primarily interested in the pattern of constructive interference that occurs after
the radiation interacts with a material. THiffraction patern can reveal the structure of a
material. Materials science is primarily concerned with diffraction-ohys, neutrons, and
electrons, though this work only coversr&y and neutron diffraction.

X-rays are electromagnetic radiation. Like all electrgnadic 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, Xays have wvelengths between 0.01 and 1.0 When a
beam of coherent -Xays 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 ams results in diffraction.

Neutrons of appropriate energy can also undergo diffraction when such a beam is
incident on a material (thanks to waparticle duality). Neutrons do not travel at the speed of
light; their energy is proportional to their veitycand can be adjusted by passing them
through moderators of different temperatures after their birth in a reactor or spallation source.
0Ther mal 6 passed througmmsodesators at approximately room temperature,

which gives them a wavelength afi@.2 nm (note that this falls directly in the middle of the
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range of wavelengths for-Kays)**Neut r ons scatter from an atom
electron cloud, which giveseutron diffraction unique properties compared toa(
diffraction3’
This brief introduction to diffraction begins with the scattering ef)s from a
single electron, then continues onto scattefiom a single atom, and finally scattering from
a unit cell of atoms, at which point we can plidck up with neutron scattering.
Scattering oX-rays from a single electraran be computed from the Thomson
equation, which calculates the intendigs afunction of the incident intensityand angl e U
which is the angle between the scatterexh)s and the direction in which the electron is
accelerated (parallel to the electric field component of tmayadiation*° K is a very
small constant ~1¢ m?.

o . . -
O "O,I—OE|I (1-8)

After considering the components along the perpendicular directions and combining

them, the total scattered intensity at a point away from the electfon is

v p Ac\ | ©- (1-9)
For relevant diffraction geometsg is very large compared to an atom, andkhé

term can be safely ignored. The and&pendent term is referred to as the polarization factor.
The intensity of coherently scattereerys from a single atom depends on which

element the atom is andsalon 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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Qi O TEHYCI nQ (1-10)

wheres= O E}_in A, dis the angleadis the wavelength of the-¥ays, andy andb are
elementspecific terms, of which there are three or four per elefdgure 12 shows
representative form factors for O and Zr. Note that in the forward scattering direction, i.e.,
d=0, the scattered intensitly,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 alsefly covered in 4.3.1. in the
context of the corrections applied terXy total scattering data detected using a 2D detector.)
Thereis no angledependent form factor for neutrons because neutrons scatter from
atomic nucleand not the electron cloud. &mucleus 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 1.3°
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sin(8)/
Figure 1.2. Atomic form factors as a function ©fE} _ 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 Fagtor

O Qi Q (1-11)

where for gomn, fi(s) is the scattering factor (which is a factorspthkl are the Miller
indices of thenkl plane undergoing diffraction, axgzare the fractional coordinates of the
atom within the unit celcattering the Xays3®

Similarly, for neutrons

o ®0 (1-12)
wherebn is the coherent scattering length for neutrons for each atoni®%ype.

What we actually measel with a detector though is just the intensity of the diffracted
X-rays or neutronsnx = |Fru [>. Because we can only measure the intensity, the phase
information, i.e., the relative phase difference from the diffractedyX is lost.

More simpleand undament al than the structural fa
describes conditions at which diffraction occurs. For a monochromatic beasragé X
incident on a crystalline material, therXay s fAr ef |l ect 6 off tayd ti ce g
mayinterfe e constructively or destructively at d
identifies conditions at which constructive interference occurs, and is written as,

¢ _ CQOEL (1-13)
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whereads the wavelength of the radiatiashis lattice spacing ahe planes undergoing

diffraction, andd is the half the scattering angle,d® It states that for a given lattice spacing
and waelength, there is an angle such that constructive interference occurs and a maxima in
intensity is observed. Derivations can be found in many Badksluding those introducing

materials science to undergraduate students for the firsttime.

1.2.3.1Rietveld refinement

Rietveld refirement 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 133¥88The method refines a
starting crystal structure by calculating the diffraction pattern from the given structure,
modifying it based instrumealtparameters, 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-adeasés
regression algorithmThe required starting information is the space group, atomic positions,
occupancies, and atomic displacement parameters, background subtraction, instrumental
information including the wavelength or tireé-flight (ToF) constants foff oF neutron data,
pe& 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 packagesimgladllProf,

MAUD, GSAS, and GSASI.**?Rjetveld refinemenis 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

1 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
materiak because diffraction of these types of materials do not resiiainp Bragg
diffraction peaks. Fortunately, theieean alternate approach, called total scattering, which
utilizes the information present in both the sharp Bragg peaks and the difftisarsga
which contains information about defects and disorder in a material. By applying a Fourier
transform to a total scattering pattermaar distribution function (PDR}an be calculated.
This method reveals the structure of a materiadatspace as opposed to reciprocal space,
as in diffraction. A PDF is the probability of the existence of atwom pairs as a function of
distance for all atoms in a sample, as shown in Figure 1.3. for representative
amorphous/liquid and crystalline materid®F studies have been found to be a useful tool
to characterize the structural complexity of functional materials, such as ferroelectric

perovskites? 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 mesge of the leadtee ferroelectric NBIxBT to
uniaxialstresesand electric fieldsrespectivelyusingin situ neutron diffraction. Chapter 4
provides background information on pair distribution functions. Chapter 5 includes both X
ray diffraction and autron pair distribution function studies performed at ambient
conditions. Chapter8 describes results frothe novel methodology of measuringrXy
total scattering duringn situapplication of electric field<Chapter 7 shows preliminagx
situresuls from neutron PDF experiments on podel unpoledNay/2Bi12TiO3 ceramics.
Chapter8 contains atomic models used to understand the eléieldedependent PDFs.
Chapter 9 describes the characterization of the samples including graiassgetermined

from scanning electron micrographs and ferroelectric and piezoelgaperties.
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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 theipability t
interconvert mechanical and electrical eneryyhile the electrical properties of ferroelectric
materials are most often studied, an understanding @ldlsdc properties and response to
applied mechanical loads is also of fundamental import&stic properties have been
identified as crucial for thperformance of actuatqgrasthey affect the magnitude of the
piezoelectric response, with elastic softness typically corresponding to a large piezoelectric
responsé®4’For instance, the large elastic compliantéhe rhombohedral phase of
PbZnsNb2z031 PbTiOs (PZNi PT) has been suggested as the mechanism for-ttedled
igi anto piezoelectri®®effect found in this n
Elastic (and other electromechanical) stamts of ferroelectric crystals can be
determined using the resonance technique, which measures impedance as a function of
frequency’®>! Additionally, elastic stiffnesssor compliances and piezoelectric coefits
of single crystals can be measured by the ultrasonic-palse technique, which utilizes the
fact that the speed at which an elastic wave moves through the material depends on the
materi al 6s & PRgure 2 Lpreseats macrasoopiscompliancedandata 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. Tablef#1 lists t

values used in Fige 21 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 (PRIZtx)Os or PZT)>3 Single-crystal elatic
constants for PZT are not yet reported. In ceramic form, a compositional phase boundary
exists neak=0.52 between a Tich tetragonal phase and aieh rhombohedral phase at

which many electromechanical properties are maxintizett has been observed that for

PZT ceramics, the elastic compliance also peaks at the compositional phase transition
between the tetragonal and rhombohedral pr@s#bien 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

temperaturalependent phase transitions in PZT ceramics ast{vell.
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Figure 2.1. The general trend between incréasezoelectric 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 ds3 (pC/N) | Compliance (18 N/m?) | Ref.
PMN 42PT [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 74| 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
Nay/2Bi1/2TiO3 230 73| 46
BS-64PT 440 34 61
BS-66PT (T) 200 22.32| 62
LiTaO3 8 436| 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 othbagdd ferroelectrics,
there is increasing interest in{flee ferroelectric materials due to legislation which seeks to
decrease the usage of Pb in consumer pro8&sseral recent compositions are based on
sodium bismuth titanate (MeBio.sTiO3, or NBT) and/or BaTi®(BT), both of which adopt
the ABQ; perovskite structure. Given the importance of elastic properties to thenpanice
of ferroelectrics, this work investigates the elastic response to uniaxial stresses of feur NBT
based compositions throughsitu neutron diffraction during the application of mechanical

loads to failure. The results are reconciled with the vapbases present in the NBBT
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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 NB4BT, NBT-6BT, NBT-7BT, and NBTF13BT were
seleced for this study based on their positions across the-MBTphase diagram. NBT
4BT lies between pure NaBi12TiOsz and the morphotropic phase boundary (MPB) region,
which has been identified located at ~7% BT or in the rant@26 BT 565’ Compositions
NBT-6BT and NBF7BT were selected because they are in the MPB region, andlRBT
because it lies on the tetragonal side of the MPB region. The solid solutionfi NdiOs-
xBaTiOz is discussed more fully irestion 5.2.1. The samples were synthesized from
stoichiometric ratios of reagent grade powders 0@ (99.5% purity), TiQ (99.6%
purity), Bi2Os (99.975% purity), and BaTi£X99.7% purity, all Alfa Aesar) through a solid
oxide processing route. Reactantvders were balhilled 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 AC, ground with a mortar
The powders were t@ned at 900C 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 between11I3W °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 machiningepsidsis to
prevent stress concentrations during compression. Typical sample dimensions were ~10 mm

X ~10 mm x ~20 mm.

2.2.2In situneutron diffraction

In situneutron diffraction patterns were measudedng static compressive loading,
using a 100,000! capacity hydraulic load frame, on the instrument VULCAN, a4ofe
flight (ToF) diffractometer at the Spallation Neutron Source, Oak Ridge National
Laboratory?® A schematic of the instrument is shown in Figure 2t samples were
clamped in place by the platel®&resses were increasad25 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 thisad oF diffractometer, eacHiffraction patterris 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 tHeF neutron diffraction instrument VULCAN.

2.2.3 Single peak fitting

Single peak fitting was performexh ®lected 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 @) and peak integratadtensities lhii).

Due to a small degree of splitting in certain twiated reflections (e.qg. tiepAp p
peak in rhombohedral perovskites), the constituent peak widths were constrained to be equal,
which allowed more reliable peak fitting as thelpgdensities increased or decreased with
applied load. To further improve the reliability for the fitting of the 200/002 reflection of
tetragonal NBT13BT, a third Gaussian peak was introduced to account for domain wall

scattering between the two difframt reflections®®
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Figure 2.3. Diffracted intensity and modeled Gaussian peaksefdrith, 200, and 220 peaks
of NBT-4BT, NBT-6BT, NBT-7BT, and NBF13BT.

Figure 2.3 shows the pseudocubic 111, 200, and 220 reflections BB TNBT-
6BT, NBT-7BT, and NBF13BT at the initial 3 MPa stress and at 200 MPa; 3 MPa was the

initial stress usetb 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. NBBT exhibits pseudohombohedral symmetry, with a

sdit p pAp P peak. NBF13BT shows tetragonal symmetry, with a split 200/002 peak. The
compositions near the MPB (NBABT and NBF7BT) do not show observable splitting.
However, the 200 peak in NB1BT broadens with increasing stress, possibly due to an

unresolved tetragonal distortion, or strain broadening.

2.2.4 Linear fitting of stresstrain curves in the elastic region
Using the parameters from the peak fitting process, lattice swairsietermined as
a function of applied stress. The lattice istr&hq for selected crystallographic planes with
normals parallel to the applied uniaxial stress were calculated using the fitted peak center

positions ¢h) with Equation 21.

; (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; NGBIT failed at a higher stress than the other
compositions.

In order to extract further information regarding the elastic properties, linear fits of
the stresstrain curves were performed on the elastic region of the curves. The slope of the
linear fit is theelastic 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 nbnear. 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 NMBBT, 75 MPa for NBT6BT and NBT-7BT,

and 150 MPa for NBTL3BT.
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Figure 2.4. Lattice strain for selected lattice planes for WXBT.

The elastic stiffnesBnu (i.e., elastic modulusyas determined using the slope of the

linear fits of thelhu vs. U curves as per equatior2?®
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0O N (2-2)

It has been noted previously that Equation 2.2 can be carried out as the full tensor
relationship, but in practice, reduction
appoximation for uniaxial loading® Similarly, lattice strains due to an electric field can be
used to determine the electfield strain coefficientd.”

To verify the trends obtained from the above method, an additional method of
calculatingEnx was utilized for NBT6BT. A second order polynomial fit was used to fit the
stress vs. strain data and the coefficient for the linear term wddasletermine the elastic
stiffness. The use of this method resulted in slightly different values but similar trends in

orientation fikl)-dependence.

2.3 Elastic Anisotropy

The values obtained fdth for the various sets of planes for each compaskice
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
stiffnessEnk for the given lattice planes and compositibhe angles are those between the
particular crystallographic direction measured and the vertical [001] direction of the crystal
(i.e., the tetragonad-axis is at zero degrees). For example, the (111) plane is located at
54.74° from [001] The analogous Bf a polar plot has been previously used to show

anisotropy of electridield strain coefficients in Ref§.1 and72.
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Figure 2.5. Elastic anisotropy of NBBT compressed onto tleea 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 Heifetsal.and Coheret al, the authors simulatetie

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

ratio*>"3These studies provided calculated single crystal elastic constants, which could be

compared to experimental vagigom other compositions. Thremensional elastic

anisotropies werplottedbased on the calculated single crystal elastic constants, which are

replotted here in Figure &b) and €).*° In the left hand column dfigure 26, the magnitude
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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 tetragohas Bdfter along
[001] and stiffer in the transverse plane, which contains [100] and [010], as shown in Figure
2.6(b).*® For rhombohedral PZT, it was foutmibe elastically stiff both along the
polarization direction, [111], and in the perpendicular directt®htowever the study by
Heifets and Cohedoes noprovide an atomistic origin for the different anisotropies for the
different crystal phases of 50/50 PZT.

In order tounderstandhe atomistic origins of elastic anisotroplyerelated work by
Davieset al, whichprovides an explanation for differeriepoelectric anisotropieas first
examined. It isummarized in section£21.”*In section 24.2., a relationship between

piezoelectric and elastic anisotropies is proposed and evidenced.

2.4.1 Rotators and extenders

In Daviset al, it is statedthat the piezoelectric shear coefficierts,andd.4, are
related to polarization ration ancelectrostriction, and can be quantified by the transverse
susceptiidn d.i*€Conversely, the linear piezoelectric coefficied, is related to
expansion of the polarization vector (as opposed to rotation of the polarization vector) and
the | ongi t udi fadHe rasowfsthe eopgitudifal ahditrangversegiezoelectric
coefficients are therefore related to the ratitheftwo electrostrictive coefficients. Daas
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 depes@n point group symmetry only, and because of the similar
structures of all these materiate3m oxygen octahedra), this is an intrinsic feature of such
materials’*

Daviset al.then introduced the conceptrotator andextendeiferroelectrics.
Rotators are crystals which hasg/dss greater than the critical value, resulting in the
greatest piezoelectric coefficients in ppolar directions, due to the large transverse
S U s c e p tiChystals withyoint groupsi8andmn®? were determined as rotators.
Extenders are crystals withs /dsz less than the critical value, and theshibit the greatest
piezoelectric coefficients along the polarization directfofihis behavior is due to the
relatively | ar ge |3:0Crygtald witldpoint grbupssmaseale pt i bi | ity
extenders except for two known exceptions: BaT€ar room temperature (it becomes an

extender at higher temperatures) anels8®eo 44NbzOg.”

2.4.2 Relationship between elastic and piezoelectric anisotropy foreatatge
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 alathie elastic anisotropy for
perovskite crystaldt 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 tetragons¢plod 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 tteeme 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 wellf*">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 graal PbTiQ, the piezoelectric anisotropy,
shown in Figure 2.6(f), shows the same shape as that of tetragonal PZlaStiee
anisotropy, shown in Figure 2.6(a), exhibits a minimum stiffness along [001], just as that of
tetragonal PZT. Contrasting tor@gonal PZT, however, is the appearance-foid
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 d Figure 2.6(h)) and lowest along the [111] (the vertical directidihe 3fold
symmetryaroundthe [111] pseudocubic body diagonal is clearly visible. This corresponds to
thebehavior of rotators, which is characterized by greater piezoelectric responses atong non
polar directions than along the polar directi6ifhe elastic anisotpy, 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,-potar, directons. Likewise for LINb@, which

also has point groupnd the piezoelectric anisotropy, shown in Figure 2.6(i), adopts a similar
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shape to that of rhombohedral PZTThe 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? should also be
rotators’* 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 otherpotardirections. Figure 2.6(e)
shows the elastic anisotropy for orthorhombic KNbThe elastic stiffness is greatest along
[101] pseudocubic directions, as expected. The piezoelectric response is likewise lowest in
the polar [101] and greater in npolar diretions, 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 elastianisotropies of the NBXBT system, shown in Figure 2.4. NBT
13BT, which exhibitP4mmsymmetry’-"8is elastically softer along [001] and stiffer in the
transverse directions, similar to PbEi@nhd tetragonal PZTAs mentioned irsection2.2,
compositions NBT6BT and NBTF7BT, whichlie within the MPB regionare typically found
to have a pseudocubic structure as ceramics in tbgrasesized staté;’®though have also
been identified as nanodomainsRffomspace grouf using TEM or theR3m space groufs
via X-ray diffraction. The elastic anisotropy of these two compositions are such that they are

stiffest in the [111] directions, which corresponds to tmg8int group. It has also been
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reported that these compositions transition to apghase rhombohedral and tetragonal phase
mixture upon electrical poling (see Chaptef3yIn the case that uniaxial stress also causes
an induced phase transition to mixed phases, it appears that the rhrombohedral phase
dominates the elastic anisotropy. For NBBT, the elastic stiffness is greatest along the
[110] diredions. This might indicate that NB4BT exhibits orthorhombic symmetry,
however it has been reported that NBBT exhibits a monoclinicGc) or mixed phase
monoclinic and rhombohedral structu@c( R3c).2%8 The polarization direction for
monoclinic structures of this type lies within a {110} pl&fiend as a rotator, it is reasonable
that the greatest elastic stiffness is along a <110> direetsoshown in Figure 2.5

The MATLAB code for plotting the anisotropiesreported in Appendices B and C
and the single crystal elastic constants used are listed in Tabledquees 2.6(b,c) are
reprinted with permission from Ref5with the permission of AIP Publishing. Figures
2.6(g,h) are reprinted with permission from R&with the permission of AIP Publishing.
Figure 2.6(i) is reprinted witpermission from Re82 with permission from Elsevier. Figure
2.6(j) is reprinted with permission from R&B with the permission of AIP Publishing.
Figure 2.6(f) is reprinted with permission from R&t.with the permission of AIP

Publishing.
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Figure 2.6. Elastic (@) and piezoelectric-{j anisotropies for crystals of various
symmetries and compositions. In the case of themdndmn® crystals, the vertical diction
is the [001] direction, while for then3crystals the vertical direction is the [111] pdeaubic
direction. See Table 2f2r the reference data.
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Table 2.2. Elastic and piezoelectric coefficients used to plot Figurej2.5(a

S6=10.5

Elastic compliance Ref. Piezoelectric constants | Ref.
constants (1000 GPp
PbTiOs (4mn) | Su=7.1 84 da1 = -23.1 84
812 =-04 d32 =-23.1
S13=-6.3 ds3=79.1
833 =213 dzz =0
314= 15.4 d24= 56.1
S6=9.6 dis=56.1
S6=0;
PZT (4nm Si1=5.76 45 da1 = -58.9 74
S,=-0.28 d32: -58.9
313 =-4.98 d33 =162
&3: 19.93 d22: 0
S =40.65 d24 =169
S6=11.89 dis= 169
S6=0;
PZT (3M) Si1=6.75 45 a1 =-5.2 74
812: -3.67 d32: 5.2
313: -0.93 d33= 325
S2=9.4 d2=23.4
S5=0 d24=112
$3=6.13 dis=112
Si,=111.9
LiNbOs 3m) | Su=5.8 82 a1 = -1 82
So=-1 d32 =-1
813 =-15 d33 =6
Siu=-1 d2=21
S3=5 d24= 68
814 =17 d15 =68
S5=0
Se6=0
KNbO; (mnmR2) | Siu=5.4 84 ds1=-24.6 83
&2: 51 d32= 95
S3=7 ds3=21.6
Slz =-15 d22 =0
8132-1.2 d24= 241.5
&3: -2.2 d15= 205.1
S4=0;
Su=135
S:,5 =40

36
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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. By using singlepeak
fitting on multiple diffraction profiles and calculating the lattice strain, ss&as 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 pj¢ktenelastic 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 theesemmpositions 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 materialexsnders (point groupwn) or rotators
(point groups Brandmn®). 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 frotine 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-RET
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CHAPTER 3

IN SITU NEUTRON DIFFRACTION EXPERIMENTS II: ELECTRIC FIELDS

3.1 Motivation
Ferroelectric materials based oniMBi1/2TiO3 are the focus of much current

research; in particular, the solid solution between NBT and B(BOD) is widely studiedas
discussed in Chapter’2’"#8The current work investigates the responstof
prototypical compositions (NB#BT, NBT-6BT, NBT-9BT, andNBT-13BT) to electric
fields using in situ neutron diffraction. Diffraction patterns were recoddeithg 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 NBT4BT, NBT-6BT, and NBFI9BT and NBF13BT were synthesized
using a sat oxide processing route with from starting powders ofQ@, TiO., Bi-Os, and
BaTiOs, as described in section 2.2.1. The temperatures were changes as faN8#ed:
4BT, NBT-6BT, and NBF7BT were calcined &50°C for 4 h, while NBT9BT was
calcined at 95°C for 4 h and NB13BT was calcined at 1000°C for 4Aiter 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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3.2.2In situneutron diffraction
Thein situND experiments were carried out at the instrument WOMAThe OPAL
research reactat the Australian Nuclear Science and Technology Organisation (ANSTO).
This instrument features constant wavelength
positionsensitive detector with robust integration with software that controls the applied
voltage. Because of these features, tirasolved and stroboscopic measurements at
frequencies of up to 1 kHz are possibleut were not implementedukere. 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 faset epoxy and the wires are connected to the sample
electrodes with small amounts of silver paiftte samfes are free and not clampdden 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 thatitispaltak| t o t he scattering vector at 2
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« between the electric field vector and el
det er mi ne d2 do)i/TRe.11% refleddion is ~3.5° fro 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 pébto the field!*88
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k

scattered

kincident E-fielﬂ
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 digned with the scattering vectar, for the diffraction peaks of interest.

3.2.3 Peak fitting

In order to extract information of interest from the diffraction patterns, spepé&

fitting was undertaken using MATLAB. The peaks were fit with Gaussiafilgs as single
peaks or as doublets. Figure 3.2(a) show a repiasensingle peak fit for NB-IL3BT at
zerofield and highfield and Figure 3.2(b) shows a representative fit of a doublet for the
same composition. The outputs from the MATLAB peakrfgtinclude 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 charad in ferroelectrics previousty.
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3.3 Results

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

NBT-9BT, and NBT-13BT are shown as a function of electric field in Figures3.3.5,
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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
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respectively. The insets in in each figure show the 111 and 200 diffrpeiads. For NBT

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

The 14(311) superlattice peak associated dittd ¢ (or & ¢ & ) octahedral tilting is

clearly apparently near 72 d ,
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space group as opposed to R8m space group, which does not exhibit octahedral tiff#§.
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l ower 2d, i tivadeledrigfield-indgicedstrginoBoth these effects are quantified

in the following sections.
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Figure 3.3. Neutron diffraction patterns as a function of electric field for-MBT. The

patterns in the main panel are offset for visual clarity. The matler 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 peaksthe unpoled state, as shown in Figure Blo superlattice peaks are
observed. However, once a field is applied, both the 111 and 200 peaks split into two. This
indicates a mixture of rnombohedral and tetragonal phases, both of which then undergo

domainswitching. As the 111 peak splits, the %2(311) superlattice peak also appears, as was

observed at zero field for NB4BT, indicating the rhombohedral phase here exhibits
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octahedral tilting and can be described withRBe space group. There are no tetnagjo
superlattice peaks, so the tetragonal phase is lk&tyn TheR3c + PAmmmixture has

been previously reported to evolve in NBBT under electric field®
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Figure 3.4. Neutron diffraction patterns as a function of electric field for-8BT. The

patterns in the main panel are offset for visual clarity. The two smaller panels shbiil the
and 200 diffraction peaks. In this case, both the 111 and 200 peaks exhibits domain
switching, evidencing an electsield-induced phase transition to a tpbase mixture.

The diffraction patterns of NBBBT as a function of electric field are shown
Figure 3.5. This composition lies within the MPB region in the unpoled state but transitions
out of the MPB region with field applicatidh 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 swiistoccurringdue 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 &t FA&$ould be a
rhombohedral or pseudocubic phase, as it lines up withetiodield 200 peak of NBT6BT.

There are no superlattice peaks visible, indicating primaifgramphase.
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Figure 3.5. Neutron diffraction patterns as a function of electric field for-S8IBT. The
patterns in the main panel are offset for visual clafibe 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 NBL3BT, which lies on the tetragonal side of the MPB
region, ae shown as a function of electric field in Figure 3.6. In this composition we see

behavior opposite that of NB4ABT. For NBT-13BT, the 200 peak is split (with the 002 peak

at | ower 2d and the 200 peak at higher 2d)
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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 loogeus is para#l to the field. Conversely,

the 111 peak only exhibits positive electiield-induced lattice strain. No superlattice peaks
are observed in the diffraction pattern, indicating that the structure of 1I8BT can be

described with th@4mmspace group, agported previousl§’’®
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Figure 3.6. Neutron diffraction patterns as a function of electric field for-MBET. 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 ¥2(311) peaks were

calculated for each compibions as function of electric field using Equatihi, and are
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shown in Figure 3.7. The fitted p-spadnghyosi t i o
Q _¥ ¢OE+ . For NBT-4BT, is apparent that the response begins ~2.5 kV/mm. Most of

the lattice planes expand, except forph@. 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 switchinglt should be noted that the 110 lattice planes are <H&§rees from the
electric field, however, they still behave as expected if parallel to the field. FOIOBBT

lattice strain begins at ~0.5 kvV/mm, similarly to NBBT. For NBT13BT, lattice strain

begns ~2.5 kvV/mm and has similar behavior to NBBT.
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E-field (kV/mm)

Figure 3.7. Lattice strains as a function of electric field for NBIT, NBT-6BT, NBT-9BT,
and NBT-13BT. Each panel uses the same scale.
3.2.2 Domain switching
Domain switching occurs in ferroelecsi 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 exgmse of the other domaiffs>! Equations for quantifying the degree
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of domain switching in tetragonal (EquatioriBand rhombohedral (Equatior23
ferroelectrics have been previously reported and are used'efeamework for
guantifying domain switching in orthorhombic phases has recently been developed but was

not needed her®.

0
(=3 p
- 5 5 - (3-1)
= © &
0
(=3 P
- o o ¢ (3-2)
@ (=3

wherel n@is the integrated area of the peaks when there is no preferred orientation, i.e.,
when the sample is in the unpoled state,land the integrated area when there is preferred
orientation, i.e., when an electric field is appliéd.

The degree of domain switching as a function of electric field was quantified for
NBT-4BT, NBT-6BT, NBT-9BT, and NBF13BT, as showm 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 NBIBT is 2.5 kV/mm, for NBT6BT and NBT-9BT it

is 0.5kV/mm, and for NBF13BT it is 2.5 kV/mm.
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Figure 3.8. Degree of domain switching as a function of electric field for-BEIT, NBT-
6BT, NBT-9BT and NBF13BT. Each panel uses the same scale.
3.3 Discussion

The MPB composition (NBBBT) transformed to a twphase rhombohedral and
tetragonal structure with electric field application. The transformation from a pseudocubic
structure to a mixed pha&3c + PAmmstructure has been previously reportedrbgitu

transmission electron microscopy (TEM) studiel that study, Maet al.observe
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nanodanains ofP4bmstructure (which would appear pseudocubic in diffraction) transform
to ferroelectridR3c + PAmmdomains, along with an increase in the piezoelectric coefficient.
The same mixeghase structure has been reported via XRD and ND st{fdtds.thought
that the presence of axed-phase structure results in enhanced properties in the MPB
region’%3

Additionally, the degree of domain switching in each of the rhombohedral and
tetragonal phases in NBdBT was higher than that in the siagihase compositions (NBT
4BT, NBT-9BT, and NBF13BT). It has been previously hypothesized that mjxease
materials (e.g., cexisting rhombohedral and tetragonal phases) should allow for greater
degrees of domain wall motion than single phase matéfi@ilse present work demonstrates
experimental evidence of this concept. However, the use of Equatibbas® 32 in this
study resultsinoverth i gh val ues of d ddaeepseudscabictiThese st ar t i
equations rely on the assumption that the-fietd peaks have ideal multiplicity ratios; for
the rhombohedral case, a 1:3 ratio between the 11 gndeaks and for the tetragonal
case, a 1:2 ratio between the 002 and 200pdadspite this issue, thigork still
demonstrates a high degree of domain switching in a material that transforms tpreas&o
mixture upon electric field application.

The compositions in the MPB region, NEEBT and NBFOBT, exhibited the lowest
coercve fields, which means that they can be poled at a lower field than the other
compositions. However, there is a tradeoff between coercive fielthandal stability as

evidenced in Ret. 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 regfioedd
as NBT6BT to NBT-11BT%) exhibit a higher piezoelectric coefficietts, but lose their
polarizaion at 106107°C.%* This ismuchlower than, for example, NBI3BT which
thermally depolesat 165C.%

Finally, it should be noted that in the singlease compositions, NBABT (R3c),
NBT-9BT (P4mm), and NBF13BT (P4mm), the peaks that decreases in intensity due to
domain switchinggd p for R3c and 200 foP4mm) 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 ofMEBITis
probed with constant wavelengthsituND. All compositions undergfattice strain and
domain switchingboth of which are quantified. NB8BT transforms from an initially
pseudocubic lattice to a mixgahase rhombohedral and tetragonal structure. Both
compositions in the MPB region, NBABT and NBTF9BT respond at loweidlds 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 angking 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. Howevres, i
wanted to learn the structure of a liquid or an amorphous material (e.gh&3€d glasses,
metallic glasses, and liquids such as water or mercury), almost no useful information at all
was accessible through Bragg diffraction. As early as 192&waapproach was used that
involved taking the Fourier transform of the total scattering data (includes both sharp
diffraction peaks and the diffuse backgrouffd)low, before explaining how this method
works, | think it is useful to spend a few pages explaining Foueaesforms 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 ad likely the most used ones in applied mathematics are the time and frequency

domains. As an exampl e, a | ayypueorsisglamotenikeg h t

S

a
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this: | aélaél aél aél aél aéo and the musician n
once per second?0 The | ayperson is explainin
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 inversaufter transform allow one to change
functions back and forth between time and frequemeyains. The Fourier transform
(Equation4-1) andthe inverse Fourier transformd&ation4-2) are formally written out as
below wherd is time F(t) is a function otime,fi s f r e q u é)safunctiomai d U (

frequency.

"00 E QQ QQ (4-1)

B "Q "00Q Q0o (4-2)

Together they ar &Realalléd tdadFasiQper Eai red
AT¢® "® K thee 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 Figurestlis shown in Appendix A.
Function1=AT & zcuzo
Function2=AT & zu ® 0

Function3=AT & z p 70
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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
27 ) .

function 1 in the time domain
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Figure 4.1. Three cosine functions with difference frequencies in time space.

The MATLAB fast Fourier Transform is then applied to functiors dver a range of

1024 data points (The algorithm is faster if the length is a power of 2). The resultsvane sh

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, bdirtbés smeared out because

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

opposed to a O06symbolicd computation where

single sharp peaks look a bit like diffteon peaks.)

t

h
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function 1 in the frequency domain

|
051 I
| \

0 I . . . . . .
] 20 40 60 80 100 120 140 160 180 200
function 2 in the frequency domain
T T T T T T T

0.5 ||

0 L T

] 20 40 60 80 100 120 140 160 180 200
function 3 in the frequency domain
T T T T T T T

0 2 40 0 8 10 10 1o 160 180 200
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 fansttogether and are plotted in Figure
4.3.

Function4=AT @ z¢cuvro AT ®zuvmro Al O zp miwn
Function5=AT @ z¢uro AT ®zuvmo AT Qzxuwo

AT © zp maw

Function6 =@z AT @ z¢c o pzAi ©@zumro pdzAl © zp maw

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 freqasmarresponding 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 wasgsformed 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 intevals 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, addb. 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.

function 4 in the time domain
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Figure 4.3. Functions 4 throughréthe 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 atetiagat

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 functiogPDF), which is a function foreal space. This transformation

occurs via an inverse sine Fourier transform which is often written as equation 3.

whereSQ) is the corrected and normalized scattering dataG{nd

pair

functions.
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The transform is more correctly written as below, because in reality, we do not have
access to infiite Q range; there are upper and lower bounds determined by the incident

radiation and the detector position and geometry.

0 2 0°YD p OETIQD (4-4)

The Fourier transform changes the data from reciprocal space to real space; with a
PDF, one analyzes peaks which represent real-atom dstancesln the early years of PDF
st udi e s, thérelwkr2 Aoccamputers to do the Fourier transform and it had to be done
by hand. A few important works on the structure of liquid mercury weperted but the
method was not widespre@tiThe developmentof computes i n t he 196006s r ei
method of PDF. Though first developed to study liquids and amorphous materials, PDFs
have found their modern place amongst the methods used to study c8rifales
nanocrystaline material$2°°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 crystafiraphic informatiori are significantly broadened
by the nanesized patrticles, the total scattering data converted into a PDF can still reveal the
crystallographic structur€®9Careful analysis and modelingrc additionally reveal the

nanocrystal shape and other molecules present on the stiff&ée.

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 featuressihiot hard to have a baseline understanding of even
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an unfamiliar material 6s structure by examin
positions give the interatomic spacings in a material, and shown by the purple tick marks in
Figure 4.5. After ~A, depending on the structure, the peaks begin to overlap and each one
is no longer from a single ateatom distancelhe peak height, noted in green, is

proportional to the multiplication of the scattering factors for the two elements (or isotopes,
in thecase of neutrons). Atomtom pairs with higher scattering factors generate larger peaks
than atoms with small scattering factorbe peak area, filled in blue in Figure 4.5 for one

peak, is proportional to the coordination number for that attom 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 broadsridution of interatomic distances for
atomatom pairs. This feature is apparent when the partial PDFs are calculated for a given
structure, as shown féine X-ray PDF ofBaTiOz in Figure 4.6. The B8a and Bari

contributions dominate the total PDF, vehithose from @D and TiO are minimal.



15 20 25 30 35 40 45 50
r(A)

60

Figure 4.5. Representati@r) of BaTiOz with several features highlighted: peak position
(purple tick marks); peak area (blue fill); peak height (green lines); and peak width (red

lines).
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Figure 4.6. Partial PFs forthe X-ray PDF ofBaTiOs.



61

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 witi Ref.

The pair distribution functiorg(r), is normalized such that it converges to 1 at
infinite r, and is zero at=0. Its closest relation iqr), the pair density function, and they are
related by’ i " Q1 . Mr) converges t@o (the average number density of the material )
at highr and to zero at =0, like g(r). Both of these functions emphasize {owrder’?

The reduced pair distribution functio@(r), is the function experimentally accessed
and is generally whas referred o w h e nis wiitieiftbis workG(r) is related to the

“wn

pair distribution functiomg(r) by "Oi ™" 1 Qi p . G(r) behaves ast jor at lowr
as shown in Figure 4.7 for BaTi@nd oscillates around O at highas shown in Figure 8.
This baselineof4 jori s t he Al dGxire., what miouldlook lke for no atom
atom m@irs) and explains why some of the value&f) are negative; it is because the pair
correl ation peaks #ioebaselmne, ahick is kgabva fortalbvpldes o f
of r.12

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

peaks inG(r) decay in intensity with increasimgThis data s measured at 4D-B at the

Advanced Photon Source at Argonne National Laboratory, which is arftegtsity, fast

measur ement , medi um resolution instrument.

material is comprised of nanoparticles, in which d¢hsadecay is due to the small size of the

individual crystals (i.e., if the nanoparticle is only 50 A in size, there will not be any atom

t

N



62

atom pairs for > 50 A). However, the data shown in Figdr8 was from a bulk
polycrystalline sample so the decaylige to the intermediate resolution of the instrument.
Without such a resolution function, the peak&(n) continue to oscillate around O to infinite

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

sEr T r 1T
10 | ;

= 5 ﬂ
6 K 4
0 |
| T
L -4np,r 1
oLl o T T T T S TR S SR i
2 4 6 8 10 12 14 16 18 20

r(A)

Figure 4.7. Experimenta{-ray G(r) for BaTiOz; with a representative baseline-df j or
shown in red.
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resolution function _
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Figure 4.8. Experimental-Xay PDF of BaTiQ showing the resolution envelope and that
G(r) oscillates around 0 at high

The final form of a distribution functiotinat reqired mentionings the radial

distribution functionR(r) or RDF.R(r) is related t@(r) andG(r) by
Yi ™1 " Qi ioi i (4-5)

It has been said this this version is the most intuitive to understand b&(gdse
gives tke number of atoms in an annulus of thicknasatdlistance from a given atom;
performing the integration over a choserange provides the coordination sHéll.
Additionally, peaks irR(r) have a Gaussian shape, which makes them ideal for peak fitting.
In fact, Usheet al. made use of this feature to peak fit and analyze the fi¥$t Beak in

Nau/2Bi12TiO3.1% One disadvantage &(r) is that it increases witm¢reasing, which is



64

inconvenient for graphing extendedanges (imagine wh&i(r) would look like if it was not

sitting on the-4 jor baseline).

4.2 Instruments

There are several instruments in the United States which are suitable for PDF
measurements. For-ys, these are synchrotrons radiation sources such as the Advanced
PhotonSource at Argonne National Laboratory or the National Synchrotron Light Source at
Brookhaven National Laboratory. Therdy PDFs presented in Chapter 6 were measured at
beamline 14ID-B at the Advanced Photon Souf@&For neutrons, only spallation sources
produce neutrons of sufficiently high energy to access theQigimge requed 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 haxstiyeseen significant
cuts, as of this writing. The neutron PDFs presented in Chapter 5 were measured at NPDF, a
neutrontime-of-flight total scattering powder diffractometer at the Lujan Neutron
Scattering:°® NPDF features four sets of banks, each at different scattering angle, and can
measue scattering to over 40 The neutron PDFs presented in chapter 7 were measured
at theToF total scattering diffractometer NOMAD at the Spallation Neutron Source, which

features excellent detector coverage (see Chapter 7) as well as isesitualels.
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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 ofr&y total scattering experiment before the Fourier
Transform is applied and the POs calculated. Section 4.3.1 outlines the corrections
necessary for Xay PDFs and 4.3.2 outlines those for neutron PDFs. The information in

Section 4.3 is overall taken from Ré&p.

4.3.1 Xray PDFs

There are many corrections and normalizations that must be performed in order to
transform the raw intensity counts from a 2Era¢ detectoto 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 Xays from a sample can besdebed 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 befand 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
meansiat 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, inalastoherent, 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 deadime, 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 explaineoréndetail below.

1)

2)

3)

The dark counts correction is done by taking a measurement withriagsXff 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 subtracteddazh light (Xrays 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.

The quantum efficiency correction takes into account the probability ofetieetor

detecting a particle that impinges upon it. The correction is done by dividing the
measur ed gewhiohristthe quantum @fficiency.

The dead time correction is required because there is a short amount of time for each
pixel after an Xray photon is detected in which the signal is sent and the circuit is reset.
During this time, if another Xay 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 tine. Dead time is typically a few percent, and in those cases, the standard dead

time correction can be used:

6 @ — (4-6)
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5)

6)
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whereN Gs the corrected counthl is the measured count’; is the countrate (counts

per s ec qisitedetecmmddad tine.

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,
whichmeasuresad s si mul taneously, this correcti
Absorgion corrections must be performed in order to account foays 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
incidentbeam profile should also be taken into account, but is instead typically

considered to be homogeneous. Presently, theyXnass absorption coefficients have

been tabulated and are available in software packages. This allows one to simply enter
the composion of the sample and contain@ 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.

Multiple scattering corrections must be donerdes to account for Xays 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 om 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.

or
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7) The polarization correction is a correction done to account fordiaeiation of the
incident Xray 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 scaftelane, the intensity will
fall to zero at 2d = 90A. Typically, the i
perpendicular to the scattering plane (0-999 instead of 1.0), so there will be an
angular dependent decrease in intensity. Synwof-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 correctionsinie taken into account before the 2D
image is integrated into a 1D diffraction pattern. The polarization correction for

synchrotron radiation is given by:

0 5 5
where 2d is the scattering angle and A is
"0 ]
5 P (4-8)
p Q

where f is the polarization rate of the incident radiation in the direction perpendicular to
the scattering plane (i.e., in the planet@ synchrotron). It should be noted that the
Lorentz polarization factor should not be

correction, which is not required for powder diffraction.
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Compton scattering is both incoherent and inelastic. The Compisa section per atom

is given by:
\ 'O u T o T
€ L o ww w'Q v (4-9)

where gis the concentration of element adﬂ:‘;)ois the BreitDirac recoil factor which

takes radiation pressue i nt o account, and U takes 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 amapirical equation and subtracted and it should also be corrected for
absorption in the same way as the experi me

Compton scattering is often used and is given by:

0Q
N o

YO P (4-10)

p

e £

whereY = cQ¥(a&?+Q?) and ad 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 energgys are used, increasashighQ,

and is proportionally larger for lighter elements, which can create a-4@nalse issue

at highQ. However, this is largely mitigated by the use of 2D detectors at synchrotrons
because of high counting statistics available at-dghs theentire Scherrer cone is
recorded.

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 Crilsgraphy Tables. Typically, freatom

scattering factors are used, despite the fact thatstaitd effects can modify the
scattering factors due to changes in electron distributionayX scatter off of electrons).
There have been attempts to calaukand use adjusted scattering factors, based on the
solid state chemistry of the constituent atoms. This, however, requires intensive

computing. The atomic form factor, using ff@®m scattering factors, is calculated as:
8Q0 O Q0 Q QQ (4-11)

wherec, is the concentration of atomic spec&eX) is the atomic scattering factor for
species, and’Qand"Q are the anomalous scattering corrections to the atomic form
factor (whid are usually not required unless the scatterisrgys are very close in

energy to one of the constituent-fagdrement 0s

Q0 O ® Q0 Q Q (4-12)

is propotional to the total sample cross scattering as a function of Q and is also required.
When the data are divided B2 0 Qdiffuse scattering at hig® is often more readily
apparent. (The scattering factor is also covered in 1.2.3.)

10) Additional corections 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 tludistortions 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 renapping the pixel positiorts obtain the undistorted grid.

d) During RAPDF measurements, the detectors can become saturated very quickly (~1 s)
before sufficient signalo-noise is achieved. Therefore, many exposures (frames) are
often summed together to create one 2D image wlashsignificantly 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 acceag@ie@®-s paci ng, Q, or
These parameters include thaa§ wavelength, sampl®-detector distance, detector
and pixel size, and beam center position. These parameters are determined or refined
(except the wavelength) from a 2D diffraction image fronaléocant such as silicon or
cerium dioxide, Ce®@ This is often performed in software such as Fit#3%°

e) Sometimes there are shadowsther 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 preventsdiffeagted Xray
beam from burning theenter 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 ferays traversing longer path lengths
through the phosphor near the edges of the detectisrrdsults in a slight tendency to

overcount detection events at high

4.3.2Neutron PDFs

In order to obtain an accurate neutron PDF, several measurdrasialss the sample
measurement whicamust be takenTheyare subtracted from the sample measanet 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 spéedicsample holder if there is
sufficient ieproducibility between the different holders.

A measurement of the empty instrument environment is required, which is also
subtracted. This would be the instrument andiargjtu setup such as a furnace, cryostat,
magnetic fields, etc., without the sampielace.

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 natergroh timeof-
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 neutrorre®sgpectrum.
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A crystalline standard is measured and used to calibrate thetiftight constants
for each detector or bank of detectors. Such a standard is often a material withkrsowall

structure like silicon, quartz, or diamond.

There are thremain corrections which are applied to the data.

The conversion from timef-flight to wavelength (or momentum transf&), is
performed because the incident neutrons are initially measured as a function of their arrival
time within each pulse of neutrofiem the spallation source. This conversion makes use of
the de Broglie relationship between a partic
equations 413, and 414, the final relationship,-45 is obtained. In equation¥B, v is the
neutron velocityL is the flight path from moderator to sample, &ads the flight path from
sample to detector, and U i s -l4,pistke travel ed b
momentumym, is the mass of the neutrd®y s P anc k 6 &is beowawewveztaln , and

Equation 415, adis the wavelength.

0 0 0

\ - 4-13

Y T (4-13)

n aov M (4-14)

_ c_ - c“ q,‘ (4-15)
= Q a v 0]

Similar to X-ray PDF experiments, a detector d¢iatke correction must be

performed. This coaction must be done to account for neutrons which arrive at a detector
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while it is still busy processgthe previous neutron detectiewent. This correain will
generally be taken care of by instrument staff and not users.

Finally, the Placzek correcticshould be applied, which corrects for inelastically
scattered neutrons that get incorporated into the spectrum as a func@ioA ofll
correction is impossible because the tidependen§Q) is not knownra priori. Instead, a
correction based on thew-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 C ONDITION STRUCTURAL STUDIES

5.1 Combined refinement of high resolutiorray diffraction and neutron diffraction of
(0.96)Na.sBiosTiOz1 (0.04)BaTiQ

The content of section 5.1 is reprinted from T. M. Usher, J. S. Forrester, C. R. dela
Cruz, and J. L.@hes, "Crystal structure of 0.96(0N\Bio.sTi03)-0.04(BaTiQ) from
combined refinement of-xkay and neutron diffraction patterngpplied Physics Letterd01,

152906 2012 with the permission of AIP Publishirfj

5.1.1 Background on {2)Nao sBiosTiO31 (X)BaTiOs

Nao.sBio.sTiO3 (NBT) bagd 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 T3%V/mm)°low
depolarization temperature (:890°C)!!1112and low piezoelectric constant (75 pC/N).
NBT adopts the perovskite (ABPDstructure, where both the A and B site may be substituted
by atoms of similar size and valence. The properties of NBT are modifignuisby
substitutional alloying and by creating solid solutions with other perovskites.

The phase diagram between NBT and BaTI) exhibits a morphotropic phase
boundary (MPB) near 6at% BT (NBGBT).%® The substitution of barium has beneficial

effects on the properties of NBT, such as increasing the piezoelectric cdhstant.
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Compositions on the NBfich side of the MPB (NBT to NB'6BT) have been previously
thought to adopt rnombohedi&Bc symmetry’®% however recent single crystal structure
analyses by Grfman and Thoma&and crystallographic refinements using high resolution
X-ray diffraction (XRD) by Aksel et at° have assigned the monoclinic space gréapo
unmodified NBT. Bothltese studies base this assignment on subtle yet distinguishable
reflections in the diffraction patterns of NBT that cannot be attributed t®@3hspace group.

Given the change in symmetry assignment of unmodified NBT, it follows that the
space group aggiment for the phase diagram region between NBT and-88ITrequires
reconsideration. Near the MPB, NBBT appears cubic in some diffraction pattéths'®
although the measured piezoelectric coefficients anbdesleloped polarizatieelectric
field hysteresi€*3indicate that MPB compositions do not have cubic symmetry at the local
level. Thus, compositions between NBT and N&BT have a complex structure that is not
wholly understood and has important significance to functional properties.

The aim of the present work is toegamine the crystal structure of NBIBT and,
by extension, the structures in the range from NBT to #6BT. High resolution XRD and
neutron difraction 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 aed refih

more accuracy than was previously available.
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5.1.2 Experimental

Samples were prepared using solid state synthesis. Stoichiometric quantities of
NaCOs (99.5%), TiQ (99.6%), ByO3 (99.975%), and BaTi§(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 gagis éhr
200 em sieve. The powder was annealed for
crushing.

High resolution synchrotron XRD patterns were recorded on the instrum&m &t
the Advanced Photon Source at Argonne National Laboratory using apgateki 20 mg of
powder in a quartz capillary for 1 h with an average wavelength of 0.413639 A and a step
size of 0.002A from 0.5A to 45.99A in 2d.
measured on the instrument HB2A at the High Flux Isotopetfeeat Oak Ridge National
Laboratory for approximately 1 h using 10 g of powder and a wavelength of 1.5378 A from
10A to 120. 35-dzedf®.052.d with a step

The diffraction patterns from both instruments were analyzed using full pattern fitting
tedhniques. The crystal structure of the samples was refined using the Rietveld refinement
program GSAS with the EXPGUI interfate?? 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 wieesl to accommodate the diffuse scattering.
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Parameters refined included the zero, p&ladpe parameters, scale, lattice parameters,
atomic positions, isotropic displacement parameters, and atomic occupancies. As three
atomic species share theske (Na, B, and Ba), occupancies were refined independently to
semtquantitatively 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 higresolution XRD pattern of NB®BT, multiple space
groups were considered includiRgc, P4bm P4mm Cc, andCm The tetragonal space
groupsP4bmandP4mmwere removed from consideration because thep2@® in the XRD
pattern of NBT4BT does not exhibit splitting, which would be a characteristic tetragonal
feature. The XRD pattern for NBABT exhibited a %2(311) superlattice reflection and the
neutron diffraction pattern exhibited ¥2(311) and 2(511) saipee reflections. Because
R3mandCmdo not allow for superlattice peaks from octahedral tilting, only the space
groupsR3c andCcremained for consideration.

The space grouB3c was initially investigated because it has been reported for
compositions btween NBT and NBBBT from both TEM and XRD studi€$."While the
R3c model provides a reasonably good quality of Rt € 4.93%), the calculated pattern
deviates from the observed pattern in several signifizagas, shown in Figure 5.1(a). The

two 1106type reflections in th&3c model do not account for the maximum intensity in the
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profile shape, indicated by the arrow. Similarly, the two-fyjie reflections in th&3c space
group are unable to model thetds nct shoul der on the | ower
Additionally, the fit for the ¥2(311) superlattice peak is unable to model the asymmetry
present because only a singl e R&ékphoegroup.on i
This model also overalculates the intensity of this superlattice peak.

The XRD pattern of NB#BT was also modeled with tii& space group, a
subgroup of th&3c space group, and the results of this fit are shown in Figure 5.1(b). This
model improved the fitR, = 4.29%) ad a significant improvement was found in the fit of
the %2(311) superlattice peak. The multiple contributing peaks presentGg fpace group
for this superlattice peak allowed the calculated pattern to model the asymmetry and intensity
of this peak. Hoever, some discrepancies observed irRBespace 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. Sel/ezinements of mixed phases were completed, with the
aim of providing a closer model to the experimental pattern than that provided by a single
(Co) phase. Combinations includifgc + PAmm R3c + P4bm, Cc + R3c, Cc+ R3m, andCc
+ PAmmwere trialed. Allof 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 nanzade, at length scales below the coherence length of X

rays or neutrons. This was considered because unmodified NBT has been reported to contain

2d
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nanoscale regions in the form of platelets of tetragd®@dr() symmetry within a
rhombohedralR3c) matrix.2%2’ These nanoscale regions are similar to the microstructural
features that have been identified as the source of relaxor behavior in ferroelectric relaxors,
polar naneregions (PNRs}!® Nanometer length scale features have also been revealed in
NBT-4BT through diffuse Xray scattering and were identified as tetragonal platelets
separating rhombohedral regidiéSimilarly, TEM studies have identified nanoscale

regions of rhombohedral and tetragonal symmetry in MBBT 18 Since the local

symmetry of these nanoregions cannot be detected through o¢ neutron diffractiorthey

may appear as a metrically cubic phase.

To model the contribution to the diffraction pattern from these nanoscale regions, a
two phase mixture of th€c phase and a cubic phase based on the aristotype perovskite
phase Pmom) was trialed. The re$ius 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’2mto.
clarify, the addition of a metrically cubphase is not intended to indicate that a long range
cubic phase exists in NB4BT. Likewise, the cubic phase is not expected to have the same
long rangeCc structure, even if measured with a higher resolution instrument. Rather, it is
used to model theontribution to the diffraction pattern from nanoregions such as platelets of

different phases or regions of instability similar to those reported in Redd27.
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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 (&3c space group, (KFcspace group, and (©c+ Pmom
space groups.
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The Cc+ Pmom model considerably improved the criteria of & & 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 pdakfiTof the 111 peak
was improved over the previous refinements. The %2(311) superlattice peak is fit equally well
with theCcandCc+ Pmom models. While the intensity of the ¥2(311) superlattice peak
decreases due to the increaBeabm phase fractionthe calculated intensity may compensate
by increasing the octahedral tilt angle, which would increase the superlattice intensity.

While the high resolution of the-Kay diffractometel® 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. Therefoe, a combined refinement using both theay 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
daasets.

The combined refinement utilized the two ph@set Pmom 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 oftteensa A
quantitative phase calculatifof the CcandPmom phases indicated that the proportion of

the sample modeled using thexom phase is 13wt%.
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Figure 5.2(a) XRD and (b) neutron patterns of NBBT with aCc + Pmom 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 therXy-only refinements cahe found in Table 5:8.4).
The data suggest that Baubstitutes for both Naand BF* on the Asite, a substitution
scheme that maintains the charge balance without defect compensation. In order to test the
validity of this substitution scheme, the apancies in th€c + Pmom X-ray refinement
were manually changed to have’Bpreferentially substitute for Nar Bi®*, which

increased th&, to 4.81% and 4.46%, respectively, from 3.93%. The occupancies of the
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cations of each phase were constraindeetequal due to the small phase fraction of the
cubic phase. Unconstrained refinements yielded similar results. A second feature of note is
the large Asite displacement parameters for both@tg0.0463 &) andPmom (0.0456 &)
phases. Large Aite dsplacement parameter values (~0.0%%ave also been reported in
the related ternary systemoBNao sTiOsi BaTiOsi Ko.sNao sNbOs.12! Typical values for
ferroelectric or relaxor materials with only oneshe cation (e.g., BaTi§) PbMg/sNb2/303
and PbZs55Tio.4603) range from ~0.001 to ~0.01 A22:1233 factor of fiveor more lower
than observed NB'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 caldalhfrom theCc phase of the combined
refinement to investigate the local bonding environments around the diffessta iinst?*
The ideal and calculated BVSs are summarized in Table 5.5. The BVS-@Bads is
twice that expected, ich indicates that the local structure surrounding tié iBas is
likely different than the average structure calculated through Rietveld refinement. The
existence of unique local bonding environments for easltéAcation is one possible
explanation ér the large Asite atomic displacement parameters in NET and related

materials.
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5.1.4 Conclusions

In summary, refinement of high resolutioarXy and neutron diffraction patterns of
NBT-4BT allowed for a new space group assignment and the detéoninélattice
parameters, atomic positions, and atomic displacement parameters. The new monoclinic
space group assignment for an NBBT composition in the phase field between NBT and
the MPB (NBTF6BT) challenges the accuracy and completeness of exgiege 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 feDBad B+O bonds indicate possible

disorder on a local scale that differs from the loagge, average structural description.
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Table 5.1. Parameters for tBect P Bm phases from the combined Rietveld refinement

a(h) b (A) c(A) b ( de gr profilefit
Cc (87wt%)
0,
9.56236(35 5.49184(8) 5.51893(9) 125.4144(11?4515 2/;’/
wp O. (
Pmom (13wt%) 20.8361

3.89770(4) 3.89770(4) 3.89770(4) 90
Site positions

X y z Occ. Uiso
(100 )
Cc (87wt%)
Na 0.480(3)
Bi 0 0.25 0 0.478(0) 4.626(33)
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)

Pmom (13wi%b)
Na 0.480(3)
Bi 0 0 0 0.478(0) 4.56(6)
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 tR8c phase based on therdy Rietveld refinement

a (i)} b (i) ¢ (i) bdegre profi
R3c R4. 93
Rypb . 67
5.4996 5.4996 13.523 120 @23 . 17
Site positions
X y z Occ. Ui so
(109
R3c
N a 0. 477
Bi 0 0 0.25)X 0.480 4.808
Ba 0.040
Ti 0 0 0.011« 1.003 1961
O 0.1350.343 0.081 1.011 1.92¢
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Table 5.3. Parameters for tGegphase based on therdy Rietveld refinement

a (i, b (i) ¢ (i) bdegre profi
Cc R4. 31
Ryvpb . 6 2
9.5529 5.4954 5.5190 125324° 2, 55
Site positions
X y z Occ. Ui so
(1093
Cc
N a 0.476
Bi 0 0.25 0 0.479 5.183
B a 0.040
Ti 0.2750(0.249 0.762 0.992 0.180
O 0.034 0.205 0.506 1.049 0. 86(
O 0.192 0.475 -0.029 1.080( 0.15(¢
OB 0.224 0.000 -0.022 1.032( 1.42¢




Table 5.4. Parameters for tBect P lBm phases based on therXy Rietveld refinement
a (i)} b (i) c¢ (i) bdegre profi
C o9 8 wB %)

9.5555 5.4942 5.5195 125, 34 %;923;
Prom(l .wit %) 21. 99
3.8991 3.8991 3.8991 90
Site positions
X y Z Occ. Ui so
(1093
Co9 8 wB %)
N a 0. 477
Bi 0 0.25 0 0.480 4.%@B1"
B a 0.040
Ti 0.265¢0.249 0.760 1.000 1.328
O 0.028 0.201 0. 498 1.012 0.40(
O 0.191 0.481 0.038 1.083( 0. 24
OB 0.226 0.000 -0.005 14@2(1 2.32(¢
Prom(l.wt %)
N a 0. 477
Bi 0 0 0 0.480 6. 31
Ba 0.040
Ti 0.5 0.5 0.5 1.000 1. 24
0 0.5 0.5 0 1.006( 2.2(.

Table5.5. Bond valence sum calculations for each bond type i@ lpeh a s e
Bond type  N&O (vu) Bi-O (vu) BaO (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 Xay diffraction and neutron total scattering study ek(@aTiOs |

(¥)Bi(Zno.5Tio.5)O3

5.2.1 Background on {2)BaTiOz 1 (X)Bi(Zno.5Tio.5)O3

The properties of inorganic dielectric materials strongly depend on their crystal
structure. A new class of dielectric materials that exhibit high dielectric permittavity (
1000), which persists to high electric fields (E > 100 kV/cm), is of interest. The compositions
are based on perovskite solid solutions of BalBiMeOs (whereMe = ZnosTios, Sc,
Mgo.sTios, for example) that exhibit high relative permittivity areghgible saturation.
While the formation of the compound Bi(ZgTi0.5)O3 (BZT) is not stable at atmospheric
pressure, its synthesis has been demonstrated under high pt€sSuchomekt al.
synthesizedZT at 900°C and 6 GPa as a pagure perovskite with the space group
P4mm??° The structure was characterized by an enormous polarization of 1503 &2/dra
correspondingly large tetragore ratio of 1.211 at room temperature. Fpsinciples
calculations by H. \&nget al. have shown that the large tetragonal distortionatfidenter
ion displacements astable in pure BZT as a direct consequence of the strong covalent
nature of the Z+O and B+O bonds, despite the tolerance factor of BZT being <1 (generally,
atolerance factor of <1 indicates that a rhombohedral or orthorhombic structure is the most
stable)!?612’Similar results were obtained using fiinciples calculations in the analogue
compoundBi(MgosTio5)0s.128

While BZT has only been synthesized at high pressure, it can be alloyed with stable

perovskites at ambient pressure to form solid solutions sudii-a3PbTiOz-xBi(ZNo.5Tio.5)O0s3
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(PT-xBZT) 12 and(1-x)BaTiOs-xBi(ZnosTio.5)Os (BT-xBZT).13% 31 Although both PT and
BT exist as tetragoh&erroelectrics at room temperaturketbehavior oBT-xBZT solid
solutions is markedly different from that BT-xBZT. In PT-xBZT, the addition of BZT
results in a significant increase in Curie temperatugg {p to 700°C with a corresponding
increasén tetragonality*?® In contrast, the addition of BZT to BT causes an initial decrease
in Tc and then a slight increase, and increased amounts of BZ@errdpseudocubic
structure, similar to that reported for other solid solutions such,gsat:NbOs-BZT.132In
bothBT-xBZT and PFxBZT, the addition of BZT causes a change in the ferroelectric
transition at E from a sharp weltlefined firstorder phase transition to a diffuse phase
transiton,129:130

This section focuses @IT-xBZT compositions with 0x<0.2. Compositions with
x<0.09, exhibit a hysteretic ndimear ferroelectric response which is indicative of long range
dipolar order, similar tohte endmember BaTi@.**However, as the BZT fraction is
increased, the dielectric response becomes diffuse and the material exhilaissliaepr
non-hysteretic polarization response witexceeding 1006* The underlying mechanism
for these anomious dielectric properties is not known. The high permittivity and intrinsic
frequency dependence observed imBET is characteristic of relaxor ferroelectrics, in
which high permittivity is attributed to nardomain structures (e.g., polar nanoregiofi$e
lack of hysteresis and the negligible saturation observed iRBET suggests that lorg
range domain interactions are not the primary origin of this behavior. Alternatively, Ogihara

et al. have proposed a weak&pupled relaxor mechanism to desctibe observed dielectric
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phenomenon in the similar material 81Sc0:.1** In agreement, an analysis of the
dielectric data by Triamnadt al.revealed thathe spectra followed the VogElulcher law,

as is typical with relaxor§® However, the activation energy was 0.16 eV, nearly one order
of magnitude larger than for the archetypical retaRb(Mg/sNbz3)Os (PMN).2 Since

relaxor properties are tied to structural features, a more clear descripti@naddmic

structure is necessary to further interpret the properties o8& .

5.2.2 Experimental
Bulk polycrystalline samples ¢1-x)BaTiOz-xBi(Zno.sTi0.5)03 (BT-XBZT) ceramics,
where x®. @6 20, were prepar ed systhesisgechmiqueloynvent i
Prof David Canndés group at Oregon Sto®@t e Uni v
(099. 9% puAlidtryi,c hSi,g nZan-@ldrich]) 3i0.% 09 Si §fa Si g ma
Aldrich), and BaC@( 09 9 . 5 %Aldri&) weene hatched for théesired stoichiometric
composition and mixed in ethanol. The solution was vibratory milled using-gtaimlized
zirconia media for 6 h. After drying at 80, the powder mixtures were calcined in closed
crucibles at 950°C for 4 h followed by additionallmg 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°@irto 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 0.80E2DBZT, 0.90BT0.10BZT,
0.92BT-0.08BZT, and 0.94BD.06BZT. These compositions span the pseudodobic
tetragonal phase transition, which lies above room temperature for 6@®2BBZT and
0.94BT-0.06BZT and below room temperature for 0.86B20BZT and 0.90BD.10BZT.

This phaséransition has been shown to occur in the vicinity of room temperature between
0.91BT-0.09BZT and 0.92B™.08BZT, from previous laboratory XRE?

HRXRD patterns were measured on beamlindgMLat the Advanced Photon
Source at Argonne National Laboratd?yCrushed powders of each composition were
loaded into Kapton capillaries and spun to achieve improved powder averaging statistics.
XRD patterns were oorded at room temperature with a wavelength of 0.413132 A, using
standard data collection protocol (30 keV, mdkiector range covering approximately 0.5
to52°in2 d) .

Samples for the PDF measurements originated from the same batch of powders as
thoseused in the HRXRD experiments. Approximat2lg 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 Luja
Neutron Scattering Center at Los Alamos National Laboraf8iysing the program
PDFgetN, the data were corrected for instrument background, incident neutron spectrum,
absorption and multiple scattering, were normalized, and the experirG¢ntatere

extracted*® Based on the inspection of noise levels in the data, the total scattering data was
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cut off at aQmax= 34 A. Due to the high resolution at highof NPDF, PDFs have clearly
defined atorratom distances (pair correlations) to a higlange (approximatel§00 A).

Using the Rietveld refinement program GSAS with the EXPGUI interface, combined
refinements utilizing both the HRXRD and ND patterns were perfofit&dror the neutron
componentpnly thedatafrom the highest resolution banfbank 4)was usedNote that the
background increases wifhdue to instrumental backgrouriRietveldrefinement utilizes a
leastsquares 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, atrdpgodisplacement 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 uk# 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 expeéphases 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 longefined. The final refined parameter was the atomic site
occupancies. Both the-gite and Bsite in this perovskite structure (ABfare fractionally
occupied by two different atomic species, where one is a much smaller proportion than the

other. Therefag, 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 corrggpaletireases).
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
parameter, (%), Rwp ( %) , 2farmeath refinementra listed in Table .

Leastsquares refinements to the experimental PDF data were carried out using
PDFgui'®’ The atomic structures were refined using starting crystal structure data from
laboratory XRD pattern analys&€8 The lattice parameters, atomic positions, anisotropic
displacement parameters, anparametefor correlated atomic motiowere allowed to vary.

The positions and atomic displacement parameters of the two cations at each-adnteBA

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 atitlesl valuesThe

goodness of fit parametBy, (%) for each refinement is listed in Tablé.5.

5.2.3 Combined high resolution-béy and neutron diffraction refinements
The diffraction results for 0.80BU.20BZT and 0.90B-D.10BZT are described and
disaussed first, followed by the results for 0.92BI08BZT and 0.94B10.06BZT. This
order is also used in the presentation and discussion of the neutron PDF results.
Selected regions of the HRXRD patterns are shown in theatogipand insets in

Figures5.3,55, 5.7, and 5.9There are some trends apparent in the data: the compositions



95

with greater BZT content, namely 0.808T20BZT and 0.90B0.10BZT, do not have
observable peak splitting in any of the reflections. This suggests that these composreons ha
cubic symmetry, in agreement with Triamretkal*3 The major reflections of 0.80BT
0.20BZT are at a lowe&t dhan 0.90BT0.10BZT, indicating larger lattice parameters in this
composition. The selected diffraction peaks of 0.92BI8BZT and 0.94B10.06BZT are

split (except the 111, which remains a single peak as expected for tetragonal symmetries),
with the profikes exhibiting at least three separate reflections. A previous labesatiey

XRD study of 0.90B¥0.10BZT to 0.95B70.05BZT also showsQ0) reflections splitting

into two reflectiong3 While this peak splitting is consistent with a lowering of the

symmetry from cubic, the structure cannot be single phase tetragdnaty, because only

two individual peaks would curibute to the{00) reflections.

Based on the inspection of the pesgilitting, an initial space group assignment of
Pmomwas selected for 0.80BU.20BZT. The best fit results from the crystallographic
refinement of the HRXREnly pattern of 0.80B0.20BZT in thePmom space group is
shown inFigure5.3(a). While this space group is commonly observed in cubic perovskites
such as SrTig) the refinement did not account well for the anisotropic broadening in several
of the reflections resulting in a egively highR, value of 10.18%. A poor fit with the cubic
Pmom space group concurs with the high permittivity and other property measurements
which suggest the structure has lowwgmmetry features. Of lower symmetry phases with
which to consider modeig the structuré?4mmis logical given the compositional proximity

of 0.80BT-0.20BZT to theP4mmphase in BaTi@ The rhombohedral space graspm was
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also attempted, but did not adequately model the data. Other common perovskite space
groups,R3c (rhombdedral) orP4bm (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
microstructwal contributions to broadening. The measured and calculated diffraction patterns
using theP4Ammspace group for 0.80BU.20BZT are presented kigure5.3(b) for the X

ray only refinementR, value decreases to 5.98%) andrigure5.4 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 thetahatio is 1.000141(5),
indicating that the lattice parameters have a subtle buhagligible tetragonal distortion.
However, it is also noted that the atomic site positions are displaced from those of the
aristotype cubic perovskite structufngom). The Bsite 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
tetragonatype distortion bthe TiOs is seen across all four compositions. The cubic

perovskite aristotype space groRpom disallows such atomic displacements because of its
symmetry elements; therefore a lower symmetry hettotypeRdithmsymmetry is required

in order to more ecurately model the HRXRD patterns. The implications of this result are

discussed further below.
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Figure5.3. Experimentalr( e d) difracsion pattern and refined (continuous line) model of

0.80BT-0.20BZT using (aPmom space group, and (PAmmspae group. The difference
pattern and hkl markers are shown below. The insets show magnified views of selected

characteristic reflections.
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Figure5.4. Combined Xay (top panel) and neutron (bottom panel) Rietveld refinement of
of 0.80BT-0.20BZT usingtePAmms pace gr oup. Data (red xo6s) a
line) model are shown, along with the difference patternhkhcharkers below. The insets
show magnified views of selected characteristic reflections.
An HRXRD-only refinement of 0.90B-D.10BZT was similarly attempted in the
Pmom space group, but was also found to inadequately model the HRXRD p&ern (
10.95%), as shown iRigure5.5(a). A refinement using timmspace group yielded a
more reliable solutionR, = 7.14%), the results of wth are shown in Figure 5.5(b). The
combined refinement was therefore performed withPdrmmspace group, and is shown in
Figure 5.6. The&/aratio is1.000064(4)slightly lower than that found in 0.80BJ.20BZT.

The refined Ti/Zn atomic displacements amailar to those for 0.80B-0.20BZT and are

tabulated in Table 5.6.
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Figure5.5. Experimentalr( e d) difracsion pattern and refined (continuous line) model of

0.90BT-0.10BZT using (aPmom space group, and (PAmmspace group. The difference
pattegn andhkl markers are shown below. The insets show magnified views of selected

characteristic reflections.
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Figure5.6. Combined Xay (top panel) and neutron (bottom panel) Rietveld refinement of
of 0.90BT-0.10BZT using thé4mmspace group. Data (redé s ) and refi ned
line) model are shown, along with the difference patternhkhcharkers below. The insets
show magnified views of selected characteristic reflections.

For the compositions on the BT side of the phase boundary, initiahassigs of a
two-phase mixture of space groupgmmandPmom were chosen for 0.92BU.08BZT
based on inspections of the peak splittimg shown in Figure 5.7 for the HRXRiDly
refinement and Figure 5.8 for the combined refinemEnéP4mmspace group odels the
outermost reflections in the 100 and 110 profiles of 0.92BBBZT inFigure5.7 and 5.8;
this is a distinctly different structure from that modeled in the 0.80B0BZT and 0.90BT
0.10BZT datasets, as it shows a more typical tetragonal isphttith ac/a ratio of

1.0066790(5). Th@mom phase represents a secondary, coexisting polymorph which is used

to model the reflections which lie between the peaks of the more distorted phaselitd}jhe (
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and (ko) reflections. It is hypothesized thatsPmom phase represents the same phase from
the 0.80BF0.20BZT and 0.90B™.10BZT compositions that were modeled ugtdgm
Due to the overlap of the reflections of these two phases, it was not possible to refine both
phases using two distinPdmmspace groups with different lattice parameters. Therefore a
P4mmand aPmom phase were used. The refined phase fractions are 62.59(2)) wt% of the
PAmmphase, and 37.41(4) wt% of tRenom phase. Refined patterns are showFigure
5.8and refined valueare given in Table 5.6.

The combined Rietveld refinement of 0.94BID6BZT used a similar model
combination of th&4mmandPmom space groups, as shownFigure5.9 for the HRXRD-
only refinement and Figure 5.16r the combined refinemerRRefined vales are given in
Table 5.6 Refinement of the phase fractions give 70.00(2) wt% oPdremphase and
29.99(6) wt% of thé®mom phase. Theubicphase fractiondecrease8% from 0.92BF
0.08BZT to 0.94B70.06BZT, despite initial observation suggesting thatphase
proportions present in the HRXRD pattern of 0.94BU6BZT are quite different than those
of 0.92BT-0.08BZT (see Figures 510). The decrease in the height of Braom peaks with
decreasing BZT content is due primarily to the increasfagatio of theP4mmphase. As
thec/aratio increases, there is lower intensity betweerPdremreflections, which reduces
the apparent intensity of tliimom peakslt is expected tharém 0.92BTF0.08BZT to
0.94BT-0.06BZT, the amount d?4mmphase incre&s and®mom phase decreases, since the

composition is closer to pure BaT3O
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0.92BT-0.08BZT using a twigphase mixture dP4mmandPmom space groupshe

difference pattern anldkl markers are shown below. The insets show magnified views of

selected characteristic reflections.
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Figure5.8. Combined Xay (top panel) and neutron (bottom panel) Rietveld refinement of
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and refined (continuous line) model are shown, along with the difference pattdrkl and

markers below. The insets show magnified views of selected characteristic reflections.
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0.94BT-0.06BZT using a twgphase mixture dP4mmandPmom space groupshe

difference pattern anldkl markers are shown below. The insets show magnified views of

selected characteristic refkons.
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It is noted that the HRXR@nly refinements 00.80BT-0.20BZT and 0.90BT
0.10BZT resulted in larger atomic displacements and an unusual arrangéhent
positions in which the @atoms (thosalong thec-axis) were displaced in the same direction
as the Ti* cation while theequatorial O1 atomwere displaced in the antiparallel direction.
This is known as the ABRY hmodieAkx eo fmoalte@®m ap ¢ i
additional degree of fgeeddmtihe .Stavewit ahaldlr o
with the inclusion of the ND data, the atomic displacements take on a different arrangement
in whichthe O1 and O2 atosrshift in the same direction and the Ti atom shifts in the
opposite direction. ThisistieS| at er modeo and is known to pr
BaTi0s.138149The Axe modeositions result in a very poor fif 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, 0.80BIBZT and
0.90BT-0.10BZT were prewusly 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 adequely modeled using the4mmspace grougn the 0.92BT0.08BZT and
0.94BT-0.06BZT HRXRD and ND patterns, a typhase mixture using tfedmmandPmom

space groupwere the most suitable models.
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Table 5.6 Structural parameters from the Rietveld refinetsmeh the HRXRD patterns and
the neutron PDFs {30A).

0.80BT-0.20BZT P4mm)

Combined HRXRD and neutron refinement

| PDF refinement

c/a= 1.000114(5)
a (A c (A R, (%) = 5.88 a (A c (A c/a= 1.00663(1)

4.012483(5) 4.012942(19)| Rwp (%) = 7.37 4.00226(2) |4.02881(5)| Rw (%) = 10.18

2= 9.736
Atomic |x |y |z Occ. Uiso Atomic |x |y z Ideal
position position Occ.
Ba 0 |0 |0 0.854(2),2.581(13) | Ba 0 |0 0 0.8
Bi 0O (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
01 0.5|0 1]0.4768(9) |1 0.39(5) |O1 0.5 1|0 0.5012(3) 1
02 0.5 |0.5 |-0.0190(14) |1 0.37(10) |02 0.5 (0.5 0.0092(2) 1
0.90BT-0.10BZT (P4mm)
Combined HRXRD and neutron refinement PDF refinement

c/a= 1.000064(4)

a (R c(A) R, (%) = 6.98 a (R) c(A) cla= 1.00757(1)

4.010198(4)| 4.010455(17) Rwp (%) = 8.68 4.00075(2) [4.03106(3) | Rw (%) = 11.23

2= 13.32
Atomic |x |y |z Occ. Uiso Atomic X y z Ideal
position position Occ.
Ba 0O |0 |0 0.936(2) |1.472(12)|Ba 0 0 0 0.9
Bi 0O |0 |0 0.064(2) |1.472(12)|Bi 0 0 0 0.1
Ti 05 |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
01 0.5 |0 1]0.4787(11)|1 0.232(25)| 01 0.5 0 0.4976(3) |1
02 0.5 |0.5 |-0.0202(14) 1 0.429(64)| 02 0.5 0.5 -0.0064(3) |1
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0.92BT-0.08BZT

Combined HRXRD and neutron refinemeRtinm)

PDF refinementP4mmn)

c/a= 1.006690(5)
a (A c(A) R, (%) = 4.88 a (A c(A) c/a=|1.00905(1)

4.001964(9)4.028736(19) Rup (%) = 6.12 3.99779(1) |4.03396(3) | Rw (%) =|11.19

G’= 6.839
Atomic |x |y |z Occ. Uiso Atomic X y z Ideal
position position Occ.
Ba 0O |0 |0 0.936(4) |0.855(10)|Ba 0 0 0 0.92
Bi 0O |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
01 0.5 |0 1]0.4755(7) |1 0.191(14)| 01 0.5 0 0.5000(2) |1
02 0.5 |0.5 |-0.0269(8) |1 0.605(39)| 02 0.5 0.5 -0.0147(1) |1
Combinel HRXRD and neutron refinement
(Pm3m, 37.41(4) wt%)
a (A) 4.009997(4)
Ba 0O |0 |0 0.917(6) [2.111(20)
Bi 0O |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 05 05 |0 1 0.532(21)
0.94BT-0.06BZT usingP4mm+ Pm3m
Combined HRXRD and neutron refinemeR&ihm) PDF refinementR4mm)

cla= 1.008111(4)

a (A c (A R, (%) = 5.49 a (A c (A c/a= 1.00896(2)

3.999799(7) 4.032242(15) Rwp (%) = 6.53 3.99797(3) |4.03379(6)| Rw (%) = 5.74

&= 9.180
Atomic [x |y |z Occ. Uiso Atomic X y Z Ideal
position position Occ.
Ba 0O |0 |0 0.961(2) |0.469(10)|Ba 0 0 0 0.94
Bi 0O |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 05 1|05 0.5188(1) |0.97
Zn 0.5 |0.5 |0.5082(8) |0.063(2) |0.080(16)|Zn 05 1|05 0.5188(1) |0.03
01 0.5 |0 1]0.4787(7) |1 0.313(18)| 01 05 |0 0.4941(2) |1
02 0.5 |0.5 |-0.0272(5) |1 0.351(35)| 02 05 |05 -0.0186(1) |1

Combined HRXRD and neutron refinement
(Pm3m, 29.99(6) wt%)

a (A) 4010261(11)

Ba 0 o [0 0.940(5) [3.21(4)
Bi 0 o [0 0.060(5) |3.21(4)
Ti 0.5 0.5 05 0.951(7) |1.71(6)
Zn 0.5 0.5 05 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)IBaTiOz T (X)Bi(Zno.5Ti0.5)O3

The Rietveld analysisf the HRXRD patterns provides a detailed view of thedong
range average structure of BBBZT. However, in some materials, the local structure can
deviate significantly from the longange average structure. Pair distribution functions
(PDFs) are calculat from the sine Fourier transform of the total scattering data and yield
the probability of atoratom pairs as a function of distancé? PDFs are sensitive to loeal
scale correlations of atomic displacements which are not discernable inrahgegstructure
determined from diffraction. For example, PDF analyses of the relaxor fetraelec
Nao sBiosTiO3 have shown that the local bonding environment &f Bidifferent than that of
Na'; in particular, B¥* is offset towards one side of its-1@d O* bonding environment,
which results in a bimodal distribution of-Bi bond lengthd*1#!This structural feature is
not observable via lorgange structural analyses such as Rietveld refinement. In another
example, local structure analyses of (Ba,Ca)Fi@ve observed a similar offset of theCa
ion, which is the origin of the sustained dnd polarization of (Ba,Ca)Tivith increasing
C&* content, in contrast to the behavior of (Ba,Sriit3PDFs are used here to probe local
structural deviations in BXBZT. The PDFs of all compositions were modeled using an
range of 350 A. In generalthec/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 asanilar.

The PDF of 0.80B90.20BZT was modeled using the space glopm. In

agreement with the Rietveld refinement, the cltmom model did not adequately account
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for the measured datR{ = 15.22%), as shown faigure5.11(a). A refinement using the
P4mmspace group yielded a lower criteria of (= 10.18%), which ishown inFigure
5.11(b). The refined parameters areluded in Table 5.6or comparison with théong-range
structure.

The PDF of 0.90B70.10BZT was also modeled using the space gRyapm which
provided a poorer fit than for 0.80BI.20BZT Rw = 19.553%). A refinement using the
P4mmspace group yielded a lower criteria of (= 11.23%), and is shown Figure
5.11(c). The refined parameters of mmrefinement are included in Table 5.6

The PDFs of 0.92BD.08BZT and 0.94B1.06BZT were best odeled through the
use of a singl®4mmphase, as shown Figure5.11(d) and (e), respectively. A combination
of thePAmmandPmom phases was also attempted, based on the phases identified from the
Rietveld refinements, but it was found that addiri®Ryram phase only provided a minor
improvement to the refinements. The outputs from the PDF analyses of 600283ZT and
0.94BT-0.06BZT are included in Table 5f@r comparison with the Rietveld results. The
tetragonal phases of the PDF refinements shbigleerc/a ratio as compared to the
tetragonal phases of the Rietveld refinements.cléeatios for theP4mmstructures refined
from the HRXRD and PDF data for 0.92BT08BZT are 1.006679(6) and 1.00905(1),

respectively, and for 0.94B0.06BZT they are .D07975(6) and 1.00896(2), respectively.
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Figure5.11. The PDF refinement in the rang8QA.A of 0.80BF0.20BZT using (a) The
Pmom space groudw = 15.22%, and (b) The4mmspace groupRy = 10.18%, (c) 0.90BT
0.10BZT using th&4mmspace groufRw = 10.95%, (d) 0.92B90.08BZT using thé?4mm
space groupRwy = 11.19%, (e) 0.94BD.06BZT using th&4mmspace grougRw = 5.74%.
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The PDFs are shown togetherFigure5.12. Note that peaks involving Ti, such as
the THO peak at ~2 A are negative becausthefnegative scattering factor for Ti. This first
peak appears as a douilell, which is typical for BaTi@and indicates the local
displacements of Ti are along [111], creating 3 short and 3 lo@ydistances?3 For
0.80BT-0.20BZT, this peak appears higher because of the increased Zn content; the positive
Zn-0 peak offsets the negative-Oi peak. In the low region, it can be see that the peaks are
found at the same positions, indicating thatltioal strudure 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. Bgh-r, it is observed that the trend in peak heights
actually reverses. At the longer length scales, the tetragonal compositions-0.93BZ T
and 0.94BT0.06BZT exhibit increased splitting and lowered heights, while the pseudocubic
compositions 0.80BD.20BZT and 0.90B™0.10BZT exhibit increased height. A similar
reversal of PDF peak heights at loand highr has been observed in LiN#@s a function of
temperaturé*?In LiNiO2, the reversal happens due to the formation of nanodomains at low
temperaturé*3144A similar phenomenon is thought to be occurring here across the different
compositions, where 0.92B0.08BZT and 0.94BT0.06BZT exhibitessdisorder at lowr
but longrange order is slightly suppressed by thenfation of ferroelectric domains. For
0.80BT-0.20BZT and 0.90BD.10BZT, the pseudocubic phase does not form domains and

therefore the PDF peak heights maintain at Inigh
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Figure 5.12. Neutron PDFs of the four BBZT compositions. (a) At low, the lovwer-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 combieéceR refinements. (b) At
higherr, the trend of peak heights reverses due to therange tetragonal structures of the
lower-BZT content compositions, which results in broader atédom distributions.

5.2.5. Boxcar fitting analysis
Based orthe fact that thelong-range structures determined from diffraction and the
local structures determined from the PDFs are differentxBAT appears to exhibit a
length-scale dependent structure. In order to characterize this length scale dependence
further, a lox-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 functiom of Nep sBiosTiO3.2% In the boxcar



112

fitting method r-ranges of 10 A @0, 515, 1620, 152 5, é8D 8) were sequentially
refined. This Bows for the characterization of gradual structural changes fronr lovhigh
r. Ther-ranges selected were larger than a single unit cell (~4 A) and overlap.

Figure 5.13 shows the variation of the lattice parameters as a functidor @ach
compositon from 5 to 75 A. For 0.80B0.20BZT and 0.90B™.10BZT, it is observed that
at lowr (1-10 A), the lattice parameters are tetragooi £ 1.0138(6) and 1.0093(7),
respectively). However asincreases (>40 A), the lattice parameters of 0.80DBZT
converge towards those of a cubic structure. The lattice parameters modeled at the longest
length scale accessible by the PDFsAYBorrelate with the pseudocubic lattice parameters
determined througthe combinedRietveld refinement (i.e., the lorrgnge structure). The
lattice parameters for 0.90BI.10BZT trend towards cubic (i.e/a approaches 1) with
increasing, but at 754, there remains a mismatch between the pseudocubic lattice
parametersletermined through the combined Rietveld refinenaaxithe tetragonal lattice
parameters obtained throutite PDFgui refinementlt 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 @&pand the lag-range average structure).

For 0.92BTF0.08BZT and 0.94B™.06BZT, the lattice parameters at lowave
higherc/a ratios than the longange average structure but converge to values approximately
the same as those determined from the combined Rietfeléments at high. 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 indepatly observed in the PDF analyses.
This is because the lofrgnge 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 dedases
longer atormatom distances, suggests that for the Bi€h compositions, the local unit cell
di stortions MfAaver age-rame lattice parameters as\atatonge t o t h e
distances are calculated across increasing numbers of unit cellzafwle, the lattice
parameters of 0.80BW.20BZT for the 60 A interval, which are close to cubic, are refined
based on atoratom pairs where the atoms are ~15 unit cells apart. Conversely, the lattice
parameters for the 10 A interval, which have a higferatio, are refined based on atom
atom pairs where the atoms are only ~2.5 unit cells apart. This analysis indicates that there
are localscale regions of tetragonal distortions which vary in orientation or are separated by
cubic regions. At the lonrgange scale, a pseudocubic lattice is observed, while the

nanometesscale reveals the tetragonal distortions and atomic displacements.
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Figure5.13 The boxcar analysis of the PDFs resulted in the lattice parameters shown as red
and black symbols.He bluelines 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 Caclusions

In this study of{1-x)BaTiOs-xBi(Zno.sTio.5)Osz, the longrange structures of four
compositionsX = 0.06, 0.08, 0.10, 0.20) are determined to be either g@oh&se mixture of a
tetragonal phase and a cubic phase (BZT < 0.09) or as a pseuddmagsonpth
ferroelectriclike 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(ZnosTi0.5)O3 that the longrange order is disrupted, resultimga pseudocubic loagange
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 prevent longange ferroelectric ordéf®. On the
tetragonal side of the phase diagram (BZT < 0.09) the material appearsrioxoefaegions
of long-range ferroelectric order, similar to Baki@nd regions where there is sufficient
disorder to disrupt the loAgnge ferroelectric symmetry. Despite the increased disorder, the
enhanced atomic displacements and strong tetrag@taittins present in pure BZT are still
observable at the local scale (i.e., for atatmm distances less than 40 A) through the box
car fitting analysis. This suggests that whilé'Bind Zr#* contribute to local lattice
distortions (up to 10 unit cellshey also induce sufficient disorder to disrupt the {oamgge
ferroelectric symmetry present in unmodified Ba3.iO

The nanoscale regions of polarization present ikBZT provide a mechanism to
describe the anomalous dielectric properties exhibitetidopigher 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 utiigiboth HRXRD, ND, and neutron PDFs,
this work identified locakcale structural features which update existing strugixoperty

relationships for BIXBZT and other related compounds.
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CHAPTER 6

IN SITU X-RAY PAIR DISTRIBUTION FUNCTIONS

6.1 Introductiol

The content of this chaptezxcept sections 6.3.2 and 6.3s3reprinted fronT.-M.
Usher, I. Levin, J. E. Daniels and J. L. Joridectricfield-induced local and mesoscale
structural changes in polycrystain di el ect r i c¢ sSciatifidRegors,r oel ect r i
14678 (2015

Functional properties of dielectrics andréelectrics depend on electfield-induced
changes in sudngstrom atomic displacements and their correlations over length scales
ranging from sulmanometre to micrometre. Examples of macroscopic phenomena that are
impacted by these atomic scale mechians include dielectric permittivity (dipolar, ionic,
electronic), electromechanical properties (piezoelectric lattice strainofiddtable polar
nanoregions, motion of domain walls), and phase transitions. Different mechanisms, if
assumed to operatedependently, 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 chstnistuyre
propety relations, requires situdiffraction 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 previotfSlgnd used to determine fieldduced changes of
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bond lengths in several piezoelectrics, includinGaPQ*’, LINbOs**8 and LiSQ-H.0.
However, for many useful systems, large single crystals are unavailable and applications rely
on more esily 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 averaginstaif cry
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 relativehe detection arc, each Bragg reflection is
associated with a subset of crystallites having distinctly different orientations relative to the
field vector. Using sample rotatiori&and/or area detectof$diffraction information can be
extracted that represents a fixed scattering vector angle to the applied field vector. Other
experiments have employed different teges to analyse fieldependent diffraction
data?21%°1%2 However, none of these datasets are amenable to conventional Rietveld
refinements.

Significant information has been extracted by analysing the behafisingle
diffraction reflections or profiles in powder patterns. In particular, domain rearrangement and
lattice strain in largelomain electroceramic materials have been analysed under various field
conditions'®%4put such analyses give no insight into atomic displacements. Diffraction and
imaging techniques available in a transmission electron microscope (TEM) enable single
crystal studies of fiekihduced phase transitions, lattice distortions, and domain

rearrangement in polycrystalline materj&i§® however, obtaining quantitative information
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on atomic displacements from TEM data is difficult. Additionally, microscopy results can be
influenced by the thfioil 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 examplegipribtotypical ferroelectric BaTi)
local displacements of Ti ions are directed approximately abhtpseudecubic
directions in the tetragonal and orthorhombic polymorphs, whereas average Ti displacements
in these structures, as seen by Bragg difivac occur along [001] and [110] directions,
respectively*>*3Similar differences between the local and average atomic displacements are
observed in other dielectrics, such as KNBOAgNbO; *° and BpTi207.1°¢ Moreover,
typical systems of practical interest are sobthigons, for which differences between the
local and average structures are unavoidable, as exemplified by recent detailed studies of
atomic displacements in several comptexde dielectrics and ferroelectri¢&'42157161

Measurements of atomic palistribution function (PDF) using neutronfady total
scattering, which includes both diffraction peaks and the diffuse background caused by
atomic displacements and their correlations, have emerged during tiedade. These
methods allow for simultaneous probing of local ¢salmometre) and nanoscale structures in
addition to the long range symmetry of the polycrystalline materials. Previously, PDFs
determined from higlenergy Xray total scattering have beeppéied to study the behaviour
of bond distances in metallic glasses under uniaxial stte¥éHere, 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:3BaTiO
NaBi.Ti03, and SrTiQ. As discussed above, Ba&i3 a classical ferroelectric featuring
partial disorder of local Ti displacements that differ from those in the avstagture.
Na/Bi-;TiO3, also a ferroelectric, is a base component in severatsallidion systems

which show promise as ledee piezoelectrics. This compound features a largely disordered
distribution of Na and Bi on the culoetahedral sites and combmseveral modes of
octahedral tilting with ferroelectric cation displacements resulting in a complex hierarchical
structure?®1®°In contrast to the first two compounds, SrTi®an incipient ferroelectric,

which at room temperature retains a paraelectric cubic atomic arrangement.

6.2 Experimental methods

BaTiOs, Na:BiwTiOs, and SrTi@ were prepared using solglate synthesi®aTiOz
was synthesized by first battilling a stoichiometric ratio of BaC§{{Alfa Aesar, 99.8%)
and TiQ (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. S\W#3 synthesized by batilling
commercial SrTi@powder (SigmaAldrich, 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. Heatinghparates 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 cuttifige synthesis method fdla./2Bi12TiOz can be
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found in Ref.166. X-ray total scattering was measured using beamlinkd1& of the
Advanced Photon Source at Argonne National LaborafSjhe data were collected before
and during the application of static electric fields to initially unpoled samples. The design of
the electric field loading st is he same as described in RE67. A schematic of the
expeimental setup is shown in Figurel6The samples, with silver electrodes on opposing
faces, were immersed in the d-#A0qllhectric i nsul
identification of any commeral product trade name does not imply endorsement or
recommendation by the National Institute of Standards and Technology).

Diffraction data were collected using the incidenta¥ wavelength of 0.1430 A
(86.70 keV) for the BaTi@and SrTiQ samples and.@114 A (58.66 keV) for the
Na/Bi-»TiO3 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 flafpanel amorphousilicon detectdt®® while ramping electric field amplitude
in increments of 0.25 kV/mm. The samplesiaiented so that the electric field vector was
tilted towards the incident beam by-18 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.Exposurdimes varied from 5 min to 10 min at each field value, depending on

the scattering power of the sample and the background levels.
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10° || E
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10°LE

Figure6.1. Schematic of the measurement setup used to collecttie Kffraction (XRD)

data under electric field. Thample is rotated toward the incident beam in order to minimize
t he angl ehe decthcdi¢ldy and the scattering vectq; for theQ|[E sector of the
detector. The angular sectors of £10° used to extract the XRD traces parallel and
perpendiculato the field are indicated using white lindfie sample stage is shown in the
inset.

The data were reduced using the program Ef2H° Onedimensional 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 horizontaledtions, respectively (for details seéppendix D and
E). The intensity data were corrected for polarization, and then normalized and converted to

S(Q) andG(r) using PDFgetX3%8 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, relasesroelectric, andlielectric materials

The experimental setup used to colleetay total scattering data during application
of electric field is shown in Figee 61 and described in the methods section. For all three
samples, electrifield-induced changes were obseneinl the Xray scattering parallel,
S(Q), and perpendicula& (Q), to the field; the largest difference was observed for
NaBiTiOa3.

For a sample of randomly oriented crystallites, the RE{F), is related to the total
scattering functiongQ), as

S ¥ ¥

o ot™iti 0Y0O p OEIiIQOU (6-1)

where” 1 is the atomic paidensity function] is the number density of the material, and
Qs the modulus of the scattering vectdThe response of a crystal to an electric field is
anisotropic and, therefore, spherical averagweythe scattering waor Q, which is used to
derive Emiation6-1, becomes inadequate. Weak deviations from the spherical symmetry can
be accounted for by expanding th&@pand PDF into spherical harmoni®%* Our use of
this metlod (seeAppendixF) allowed us to corlade that the approximation ofjHation6-1
works well for the presently considered systentg d@irectional PDFs discussed in the
remainder of the text @re calculated using Equatiofil6

TheGy(r) for all threecompounds (N&Bi+.TiO3, BaTiOs, and SrTiQ) at O ad 4.25

kV/mm are shown in Figure B. The effect of electric field on interatomic distances can be
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seen in the difference trac&3(r) (Figure 6.28), (c), (€)), obtained by subtracting the zero
field Gy(r) from theGy(r) under field. For BaTig) the peakto-peak amplitude iG(r)
increases gradually asncreases and its magnitude saturatesa80 A. For NaBi:;TiOs,
the pealto-peak amplitude is significantly larger than that for Basla@d variedess withr.
TheGy(r) amplitude for SrTi@remains small across the entireange.

The changes in the PDF as a functiom ahdE can be quantified using the residual
R defined as

! B "Oi "Oi
Y — (6-2)
B "Oi

where the sum is calculated over a giveange. Sincé&(r) can have both positive and
negative values, the absolute value is used such that the noesioot depend on the sign of
G(r). TheR-value is calculated using a boxcar approach with a sampliagge of +2.5 A,
which includes multiple PDF peaks, and an increment of 0.5 A. Both shg)ipeak
positions and changes in width contribute to@asing thdR-values. The resulting-values

for BaTiOs, Na:BiwTiOs, and SrTiQ were calculated for each electric field amplitude and
are presented in Rige6.2(b), (d), and(f), respectively.

For BaTiQ, Rincreases approximately linearly with(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 v&ueaxthed at high
is a0.31. Model |l i ng ndcanlbeiattributedto giekolectrid ldttices | i n e
strain. The local distances (<10 A) vary little with field, suggesting that no significant

changes in local structure occur beyond the piezoelectiadiyced straining of the material.
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(Note: The Xray data ee dominated by the distances that involve Ba atoms and are largely
insensitive to changes, if any, in the locald distances.)

For Na,Bi»TiOs,Rr emai ns cl ose to zero up to E&as3 k
increases and saturatmaxamumBadabu&eVommaor edc
BaTiGs, the local structure in Ndi+.TiOs responds strongly to an applied electric field with
significant changes seen at all distancesuf€i§.2(d)). The threshold field of 3.5 kV/mm is
similar to that observed yaoet al.at which major longange structural changes occur and
the dsz increases? An abrupt change d®-value at thisi€ld (in contrast to the gradual strain
response of BaTig) suggests the occurrence of a phase transition and/or domain
reorientations, as will be discussed below. The-aeawR-values observed for MBiTiO3
below 3.5 kV/mm can be attributed to the latlstrain response prior to the threshold field.

For SrTiQ, theR-values are highest at leky lower in the mier range, and then
increase again at high as shown in Figuré.2(f). The highR-values at low reflect changes
in local displacements. This attributed to ionic polarization, which shifts positive and
negative ions in opposite directions within the unit cell. The observed increl@salnes at
hightr is explained by the combination of decrea&g@) amplitude and consistent
amplitudeof Gi(r). Overall, SrTiQ yieldsR-values that increase with electric field to a
maxi mum value of only &0.04, which is | ower

Na.BixTiOs( @a0. 94) ¢@@®.BdY)i O
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Figure 6.2 Electricfield-dependent PDFs drresiduaR. G(r) for a) BaTiQ, c)
Na/Bi.»TiO3,and e) SrTi@and ther-dependence of the residi({equation (2)) for b)
BaTiOs, d) Na:BiwTiO3, and f) SrTiQ. Note thaR for BaTiOz increases approximately
linearly with bothr and electric field whildR for Na.Bi:~TiO3z exhibits a distinct jump at 3.25
kV/mm, reaching a much larger maximum value.
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6.3.2Nay/2Bi1/2TiO3-xBaTiOs system

Electricfield dependent PDFs were also measured for the-KBITsystem. The
electric-field-dependenG(r) andR curvesare shown for NB¥BT, NBT-6BT, NBT-7BT,
NBT-9BT and NBF13BT in Figures 6.&.7, respectively.

NBT-4BT, which lies between puida/2Bi12TiOs and the MPB regioti and has
been shown to have the same lvagge structure dsay2Bi12TiO3,8° responds similarly to
Nau/2Bi12TiO3z at the local scale. THe-curves have a similar shape and there is also an
abrupt jump between 3.25 and 3.5 kV/mimikar to the abrupt change observed in NBT.
This supports the idea that NBIBT also undergoes a monoclisiterhombohedral electric
field-induced phase transition, as was suggested bgth®®

NBT-6BT exhibits the largest response of theTNEBT materials (though still
smaller than that of pure NBT), and is shown in Figure 6.4. As observedRcthees, the
material responds gradually, beginning ~1 kV/mm and continuing until sample failure at 4
kV/mm. The gradual response observed hereas with then situneutron diffraction
results shown in Chapter 3 in which NBBBT transformed from a pseudocubic to mixed
phase tetragonal and rhombohedral structure with increasing electric fields.

The response to electric fields of NB'BT is simila to that of NBF6BT, but
smaller is magnitude, based on Beurves. The response is also gradual, but saturates at
~3.25 kV/mm, whereas the response of NEHT does not saturate.

The response of NBBBT is shown in Figure 6.7 and based onRheurves,is

smaller in magnitude than the compositions with less BT. The response is also more linear as
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a function ofr, similar to pure BT, and does not exhibit the Joshanges observed in the
compositions with < 8% BT.

For the NBT13BT composition, which isudside 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 NB-BBT there is a strong response at the local scale
to electric fields across the entirgange. The peaks i@(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 amaii3, 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 relaxXerroelectric characterists observed in NBT
and behave more like pure BT, which supports the assignmemdofimphase to those

compositiong®
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Figure 6.4 Electricfield-dependenG(r) (top panel) and (bottom paneljor NBT-6BT.
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Figure 6.6 Electricfield-dependeng(r) (top panel) andR (bottom paneljor NBT-9BT.
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Figure 6.7 Electricfield-dependenG(r) (top panel) and (bottom paneljor NBT-13BT.

6.3.3 HIQ

Hafnium oxide, HfQ, is a highk gate dielectric used in silicon transittfand has
also been reported to exhibit ferroelectric properties in thin film form, but not in bulk
form 19171 The dectric-field-dependenG(r) andR curves are shown for bulk ceramic HfO
in Figure 6.8. The response is smaller than the perovskite materials in sections 6.3.1 and
6.3.2 but clearly has fieldependent behaviour which is strongest attow response like
this, which is greatest at lewand smaller at high is consistent wi the response of a
dielectric material which primarily experiences ionic polarization, as demonstrated in

Chapter 8.
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Figure 6.8 Electricfield-dependenG(r) (top panel) andR (bottom paneljor HfO.

6.4 Discussion

In the following, we focus on #heffects of electric field on the structure of
Na/Bi+»TiO3, which shows fieldnduced changes of interatomic distances over the entire
range. Comparison of the isotropic componentS(@) (i.e., zereorder harmonics$*(Q),
determined using the spheiiitermonics method outlined Ayppendix B, which represent
averages over all orientations@frelative toE, reveals that application &>3.5 kV/mm
causes: 1) an abrupt increase in the integrated intensities of diffraction peaks (peak widths
remain relively unchanged), 2) more isotropic peak broadening with the peak shape
changing from mixed Gausskuwrentzian to predominantly Gaussian, and 3)dow
backgrounds, as shown in Fig@®. The peak positions, however, change little, indicating
that the uit-cell volume is conserved within the resolution of the present measurements. X

ray scattering from N&Bi-,TiOz is largely determined by Bi atoms. Therefore, enhanced

























































































































































































































































