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Abstract

The lead-free piezoelectric fresnoite A2M30s (A=Ba, Sr, K, Cs; M=Ti, V, Si, Ge) modulated
structure type has been investigated owing to its potential to exhibit excellent piezoelectric
response coefficients. The Ba,TiSi,0s, Sr,2TiSi»0g, and Ba,TiGe20s end members in addition to
members of the Bax,Sr2.2xTiSi20s, Baz,Sr2-2xTiGe20s, Ba2TiGe,Siz-2,0s, and BaSrTiGey,Siz-2,0s series
were synthesised via conventional solid state synthetic methods and characterised using a
combination of variable temperature electron diffraction, synchrotron X-ray powder diffraction,

high resolution neutron powder diffraction and high intensity neutron powder diffraction.

The Ba,TiSi,0s and Sr,TiSi20s modulated structures at ambient temperature were characterised
using neutron powder diffraction for the first time. However, the absence or weakness of satellite
reflections meant that only the average structures of many members of the BazSrz-2xTiGez,Siz.2,08
system could be characterised. Variable temperature synchrotron X-ray diffraction data showed
that the changes in the trends of the unit cell parameters a and ¢ for Ba;TiSi,0g provide a new
means of identifying the incommensurate to prototypic structural phase transition at 433 K even
when no satellite reflections are observed. Resonant ultrasound spectroscopy has shown
coupling between the elastic moduli and structural changes in fresnoite samples, demonstrating
that this technique is useful for the identification and investigation of the very subtle structural
changes involved in the incommensurate to prototypic phase transition in Ba,;TiSi;0g and the

‘lock-in’ transition from the incommensurate to commensurate phases for Ba;TiGe2Os.

Polycrystalline Sr,TiSi,Os samples were shown to undergo a first order phase transition from a
two phase mixture of incommensurately modulated tetragonal and orthorhombic phases to a
single incommensurately modulated orthorhombic phase that is complete by 567 K. The
proportion of the orthorhombic phase in polycrystalline Sr,TiSi»0s samples was shown to slowly

decrease (but was not completely removed) on cooling to 125 K. The Sr;TiSi;0s structure was



also shown to undergo an additional phase transition from the incommensurately modulated

orthorhombic phase to a tetragonal phase at 1323 K for the first time.

The inclusion of barium or germanium into the Sr;TiSi»Osg structure was shown to suppress the
formation of the orthorhombic phase at ambient temperature and elevated temperatures. The
maximum proportion of the orthorhombic phase formed on heating is reduced from almost
100 % in Sr;TiSi»0s to 30 % in Bag2Sr1sTiSi20s. The temperature at which the incommensurate
phase transforms into the prototypic phase in the Ba,:Sr.2TiSi»0s series linearly decreases from
approximately 943 K for the BaSrTiSiOs member to 433 K for the Ba,TiSiz0s end member.
Formation boundaries separating phases that do and do not form fresnoite structures occur
between 0.9 <x<1.0 and 0.6 <y <0.7 for the BazSr,,,TiGe;0s and BaSrTiGey,Siz-2y0s systems,
respectively. New phase diagrams for the BaxSr.:TiSi0s and Sr;TiGey,Siz.2,0s systems

summarise the phase transitions investigated.

The intrinsic piezoelectric coefficients were calculated to be approximately 5 pm V- and 27 pm V-!
for polycrystalline samples of Ba,TiSi»0s and Sr,TiSi»Og respectively and compared to common
piezoelectric materials. The absence of ferroelectricity in polycrystalline Ba,TiSi»0s and
Sr;TiSi;0s samples synthesised in this project is discussed and explained in terms of the

importance of the synthetic route.
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Chapter1 Introduction

Research into new and interesting technologies has lead to the development of many devices that
have seen rapid growth in a large number of different industries. The extensive use of mobile
phones and laptop computers is a good example of how recent technological discoveries are being
commercialised to improve convenience and productivity in the daily lives of most people in the
developed world. The rapid development of such technologies would not be possible without a
strong understanding of the structure and physical properties of the materials that are
responsible for their functionality. Many of the materials utilised in modern technologies exhibit
the unique ability to sense changes in their surrounding environment and respond with a useful
action. Materials that exhibit one or more properties that can be changed in a controlled fashion

by external stimuli can be defined under the term “smart materials”.1

Smart materials are utilised in many of the technologies that are now part of the everyday lives of
the majority of the developed world. They are widely applied across many industries for
numerous important applications (e.g. piezoelectrics, pyroelectrics, electrorestrictive and
magnetorestrictive materials, and shape memory alloys).! The concept of a smart material can be
understood by considering the Toyota electronic modulated suspension shock absorber
technology.2 Road vibrations in motor vehicles are minimised by the use of a stack of
piezoelectric ceramic materials that detect and respond to small vibrations in the road by
producing an out of phase vibration that is amplified by a hydraulic system. The hydraulic
response produces a force that suppresses the amplitude of the vibrations experienced by the

vehicle and its passengers.

The market for smart materials in the electronics industry is currently dominated by compounds
that have been shown to have negative effects on humans and the environment due to the

presence of lead in their structure. Human exposure to lead has been shown to cause headaches,



nausea and stomach pains, in addition to more serious health problems including kidney, nerve,

and brain damage after prolonged uncontrolled exposure.3

The large scale manufacture and irresponsible disposal of lead-based electronic components
contributes to the release of large quantities of toxic lead oxide into the environment, leading to
extensive pollution in many forms. The primary environmental risk is the leaching of lead into the
soil where it can easily enter the waterways and affect humans and animals through processes of
bioaccumulation. The Japanese government and the European Union have been the first bodies to
adopt the recently updated Restriction on the use of Hazardous Substances (RoHS) regulations
that control the production of electronic equipment that contains hazardous substances.*5
Adding to the push to minimise the use of lead in the electronics industry, China, the world’s
leading manufacturer of electronic components, has also recently adopted the new RoHS
regulations. The RoHS regulations currently contain specific exemptions including lead in ceramic
materials and solders for electronic infrastructure, however it is only a matter of time until these
exemptions are removed. Currently, no viable alternatives to many of the smart materials in these

categories have been developed.

The minimisation of the use of lead in electronic components has created a need to investigate
possible lead-free alternatives to replace the lead-based materials that currently dominate the
electronics market. However, no lead-free alternatives to many electronic materials have yet
been discovered that exhibit comparable physical properties to the current lead-based materials.
A comprehensive understanding of the underlying structural chemistry of electronic materials is
crucial for the development of novel, environmentally friendly smart materials with comparable

physical properties to the currently available lead-based compounds.



1.1 Smart Materials

The term smart materials can be used to classify a wide range of materials with different
properties and applications, depending on their specific structure-property relationships.
External stimuli that can be used to control the physical properties of smart materials include

mechanical stress, temperature, electric and magnetic fields, moisture and pH.

Different physical properties of smart materials are defined by their unique relationship between
different variables. Figure 1.1 illustrates the relationship between three common variables for
smart materials, where the arrows define the physical properties between each set of two

variables.

Electric Field

Temperature
T

Figure 1.1: A representation of the physical properties that relate electrical, mechanical,
and thermal changes to a system. Quantities at the vertices represent environmental
variables, and the connecting arrows define the property related to each set of two
variables.



1.2 The Structure of Smart Materials

Studies of the change in crystal structure versus composition, temperature, pressure, or electric
field are extremely important for the understanding of the physical properties of materials.
Atomic positions and electron density distribution determine the extent of the electrical
polarisation that is directly responsible for many of the properties that smart materials are used
for. Understanding the symmetry and how the polarisation changes as a function of different
environmental variables is critical for the development of some of the most important types of

smart materials to meet the needs for a growing number of important applications.6

1.2.1 Crystal Symmetry and Point Groups

There exists a strong relationship between physical properties and the crystal structure of a
material; particularly the symmetry of the crystal structure.” A comprehensive understanding of
the complex structure-property relationship is essential for the development of new materials

with special properties for specific applications.

Piezoelectricity, for example, is only possible in structures that do not contain a centre of
inversion in the symmetry of their unit cell (i.e. the unit cell must be noncentrosymmetric). The
inversion centre means that any preferential direction of charge distribution within the unit cell
(dipole moment) will be cancelled out by an equal and opposite distribution of charge elsewhere
in the unit cell. Hence, only structural arrangements that do not contain an inversion centre
(non-centrosymmetric structures) are capable of exhibiting a net dipole within their unit cell and

hence exhibit the potential to display piezoelectricity.

Figure 1.2 illustrates the hierarchy of point group symmetries according to their potential to

allow a material to display some common properties of smart materials. The symmetry about a



point in space can be completely described by 1 of 32 point groups, where each point group is
defined by a set of “self consistent” symmetry elements. In this context, “self consistent” refers to
the ability to return the starting point to its original position in a finite number of steps. Point
groups are formed from either individually occurring or combinations of inversion centres
(represented with an overbar), rotational axes (represented by a number that defines the

symmetry of the rotation) and/or mirror planes (represented by m).8

32 Symmetry Point
Groups

21
Noncentrosymmetric
432

20 Piezoelectric

222,4,422,42m, 32,
6,6m2, 622, 43m, 23

/ 10 Pyroelectric + \
Potentially Ferroelectric

1,2,3,4,6,m, mm2,
3m, 4mm, 6mm

Figure 1.2: The hierarchy of the 32 point group symmetries according to their potential to
display piezoelectricity, pyroelectricity, and ferroelectricity.

Only 21 of the 32 possible symmetry point groups are non-centrosymmetric. Of these 21
non-centrosymmetric point groups, 20 contain a combination of symmetry operators that permit
an electric dipole to be induced by compressional and torsional stresses, leading to
piezoelectricity. The one non-centrosymmetric point group that does not exhibit piezoelectricity
is the 432 group, which contains a combination of rotational symmetry operators that cancel any

dipole in the unit cell, despite the absence of an inversion centre.



10 of the 20 piezoelectrically active point groups are categorised as pyroelectric. Pyroelectric
point groups allow an intrinsic macroscopic polarisation in a material due to a permanent electric
dipole moment along a unique polar (symmetry) axis. This is only possible when every symmetry
operation leaves more than one common point unmoved, creating a unique direction that is not
repeated by other symmetry operations. Point groups cannot exhibit a unique direction if any
combination of the symmetry elements defines a fixed origin within the unit cell. For example, the
point of intersection of the three 2-fold axes in the 222 point group defines an origin, preventing

the definition of a unique direction in the structure, hence preventing pyroelectricity.

All compounds with a unique polar axis (i.e. compounds with pyroelectric point groups) also have
the ability to exhibit ferroelectricity. Ferroelectricity is defined as the phenomenon whereby the
direction of the spontaneous electric dipole moment can be reversed by the application of an
electric field. All ferroelectric materials exhibit pyroelectricity and piezoelectricity, but the
converse is not necessarily true. The observation of ferroelectricity in pyroelectric materials is
dependent on material- or sample-specific factors such as whether the field required to reverse
the dipole (coercive field, £E.) is greater than the electrical breakdown field (the field at which

the resistivity suddenly decreases) and the degree of domain wall mobility.

The ability to reverse the spontaneous dipole moment within ferroelectric materials has led to
their widespread application in the electronics industry. The typically high dielectric constants
and electrical hysteresis have made ferroelectric materials extremely desirable for application in
modern technologies owing to their potential to store large amounts of electrical energy and their
unique polarisation properties which creates the ability to reverse their dipole into one of two
possible polarisation states.-11 The different types of polarisation behaviour are discussed in the

following section.



1.2.2 Polarisation of Materials

1.2.2.1 Dielectric materials

Materials with poor conductivity typically exhibit a linear relationship between an applied electric
field and the induced polarisation. Materials such as diamond and water exhibit a linear dielectric
relationship (Figure 1.3A). The linear relationship between an applied electric field and induced
polarisation means that removal of the electric field will remove the polarisation from the
material. Hence, dielectric materials display no memory of previously applied electric fields.
Although dielectrics have been widely utilised in electronics (specifically as a means of increasing
the amount of energy that can be stored in capacitors), most applications of dielectric materials

involve a nonlinear relationship between the applied electric field and the induced polarisation.

1.2.2.2 Paraelectric materials

Paraelectric materials exhibit a nonlinear relationship between an applied electric field and
polarisation with the condition that the polarisation can be returned to zero by switching off the
applied field (Figure 1.3B). Examples of paraelectric materials include Al,O3; and Ti02.12 Neither
dielectric nor paraelectric materials contain any remanent polarisation after the electric field has

been switched off.

1.2.2.3 Hysteretic materials

Materials that exhibit a nonlinear relationship between induced polarisation and applied electric
field, and display a remanent polarisation after the applied field has been switched off are said to
display a special property called electrical hysteresis. Materials such as BaTiOz and PbTiO3 are
examples of hysteretic materials that have been used in a large range of lucrative applications in

the electronics industry.11.13



The general term hysteresis describes a phenomenon that involves a remanent effect being
present in a material after the original cause has been removed. Hysteresis is not only limited to
an electrical context, but can be applied to other physical properties, including elasticity and
magnetism. Figure 1.3C illustrates a typical hysteresis curve where an increase in applied electric
field nonlinearly increases the induced polarisation through the reorientation of the polarisation

vectors from random orientations into alignment at the saturation point.

jesl 2

Figure 1.3: The linear dielectric (A), nonlinear paraelectric (B), and nonlinear ferroelectric
(C) relationship between induced polarisation (denoted P) and applied electric field
(denoted E). For the ferroelectric case, the polarisation is induced nonlinearly up to the
saturation point when the electric field is applied. A remanent polarisation, P,, remains
when the applied electric field is removed. The polarisation can be returned to zero by
applying a reversed electric field of magnitude -E..

Applying a stronger field beyond the saturation point will linearly increase the net polarisation by
virtue of the intrinsic dielectric properties of the material. This increase in polarisation is
achieved by increasing the magnitude of each individual polarisation vector until the electrical
breakdown field is reached. Extrapolation of the linear dielectric component to zero field (Figure
1.3C) yields the magnitude of the spontaneous polarisation, Ps, which represents the polarisation
of the material with all of the spontaneous dipole moments aligned at zero applied field. A
memory-effect is observed in materials that display electric hysteresis because a remanent
polarisation, P,, exists after the applied field has been switched off. A coercive electric field, -E_, is

required to return the net polarisation of the material back to zero. The induced polarisation can

be cycled back and forth between positive and negative polarisation by changing the direction of



the applied electric field. This physical behaviour is caused by a reversal in the direction of the
ionic displacements within the unit cell, which reverses the direction of the dipole along the

unique polar axis, and hence changes the sign of the polarisation in the material.

The memory associated with the remanent polarisation has been shown to be an extremely useful
property for the development of many new technologies, particularly in the development of new

non-volatile memory devices for computational applications.11013,14

1.2.3 Thermally-induced phase transitions

The relationship between structure and temperature is of high importance when considering the
development and application of all materials. Changing the temperature of a material can induce
significant structural changes and hence alter the physical properties of the material
Considerable research interest has been directed towards the investigation of changes in the

crystal symmetry of materials across a wide range of possible operating temperatures.%10.15

A thorough understanding of the changes that occur in a structure through a phase transition
allows the identification and prediction of changes in physical properties for compounds of
congruent or similar structure types. Hence, developing a comprehensive understanding of the
structure and phase transitions of new and existing compounds is essential for the development

of new materials with specifically designed structures that exhibit optimised physical properties.

At higher temperatures, compounds will typically exist in higher symmetry arrangements. For
example, ferroelectric materials will only exhibit a spontaneous net polarisation below the Curie
temperature, T¢, where a phase transition occurs from the low temperature ferroelectric phase
into the high temperature paraelectric phase. Piezoelectric, pyroelectric, and ferroelectric

materials must be operated at temperatures below Tc¢ to ensure that the structure is in a



noncentrosymmetric arrangement, such that the desired physical properties can be observed.
The T for a sample is highly dependent on its structure and composition, and must be carefully

considered in the design of new materials.

1.3 Physical Properties of Common Smart Materials

There are many different ways that smart materials can respond to changes to their external
environment. Piezoelectricity, pyroelectricity, ferroelectricity, and ferroelasticity are particularly
interesting phenomena that are examples of properties that can define a material as a smart

material. These properties are briefly discussed below.

1.3.1 Piezoelectricity

Piezoelectricity describes a unique relationship between electrical polarisation and mechanical
stress in a crystalline material. The direct piezoelectric effect describes the phenomenon of the
generation of an electric potential in response to an applied mechanical stress. The inverse
piezoelectric effect describes the instance where the application of an electrical potential induces
a mechanical strain into the material. Both effects are manifestations of the same fundamental

relationship between internal electrical polarisation and mechanical stress.

There are two broad classes of piezoelectric materials. Non-ferroelectric piezoelectrics contain
spontaneous dipoles that cannot be reoriented to align with each other on the application of an
electric field. As a consequence of this, non-ferroelectric piezoelectrics (e.g. quartz or tourmaline)
generally exhibit lower piezoelectric response coefficients than ferroelectric piezoelectrics
(e.g BaTi03).1617 Ferroelectric piezoelectrics contain spontaneous dipoles that can be reoriented
to align with each other in one of two or more possible directions. This can be achieved by the

application of an electric field across the sample. The ability to reverse the direction of the dipoles
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is the defining feature that makes a material ferroelectric. The presence of a remnant polarisation
due to the aligned spontaneous dipoles remaining aligned after the applied electric field has been
removed is the reason that ferroelectric piezoelectrics are capable of displaying electrical
hysteresis. Ferroelectric piezoelectrics can occur in the form of single crystals or polycrystalline
samples. Single crystal ferroelectrics usually contain a small number of ferroelectric domains
which can be aligned by an electric field via a process called poling.11819 However, most
ferroelectric piezoelectrics are polycrystalline materials that are comprised of many randomly
oriented crystallites that contain randomly oriented domains (and hence, randomly oriented
dipoles). Without external treatment, the random distribution of the dipoles produces a
significantly lower piezoelectric response across the whole material than when the dipoles are all
in alignment. Poling changes the material from containing an isotropic (or close to isotropic)
distribution of dipoles to possessing a strong net dipole in a direction relative to the applied field.
Poling cannot be performed on non-ferroelectric materials because they lack the ability to re-

orient their dipoles.

The process of poling is illustrated in Figure 1.4A-B, where a net polarisation is induced in a
material by the application of a strong electric field. Figures 1.4C-D represent generator actions,
where a ceramic material converts the mechanical energy of compression or tension into
electrical energy. Compression along the direction of the polarisation (or alternatively applying
tension perpendicular to the direction of polarisation) generates a voltage of the same polarity as
the poling voltage (Figure 1.4C). Alternatively, tension along the direction of polarization (or
compression perpendicular to the direction of polarization) generates a voltage with opposite
polarity to that of the poling voltage (Figure 1.4D). The relationship between the electrical
potential produced and the applied mechanical stress is linear up to the materials specific stress
limit. Poled piezoelectric ceramics such as BaTiOs, PbTiO3, or PbZro4sTio5203 are widely used in

fuel-igniting devices, force-sensing devices, and many other applications.20
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Figure 1.4: Generator and motor actions of a poled piezoelectric material. Adapted from
“Piezoelectric ceramics: principles and applications”.20

Figures 1.4E-F illustrate the motor action of the inverse piezoelectric effect. The application of a
potential difference across the poled piezoelectric ceramic produces a mechanical distortion
within the crystal structure. If a voltage of the same polarity as the poling voltage is applied to a
ceramic material in the direction of the poling voltage, the element will lengthen and its diameter
will become smaller (Figure 1.4E). If a voltage of polarity opposite to the poling voltage is applied,
the material will become shorter and broader (Figure 1.4F). If an alternating voltage is applied,
the element will lengthen and shorten cyclically (vibrate) at the frequency of the applied voltage.
This principle is applied to piezoelectric motors, sound or ultrasound generating devices, inkjet
printers, and many other products.2 Equation 1.1 describes the linear relationship between the
induced polarisation of a crystal, P, the piezoelectric coefficient d, and the mechanical stress o

experienced by the crystal.

Pij = dijo-ij Equation 1.1

The piezoelectric coefficient, d;; (CN-), represents the relationship between the induced
polarisation, P;;, and the mechanical stress (oj) in the crystal structure. The anisotropic
properties of ceramic samples means that the piezoelectric coefficient can be described in a
variety of ways. Because the piezoelectric coefficient is dependent on the direction of the applied
field and the piezoelectrically induced strain, two subscript numbers define these directions. The

first number, i, defines the direction of the applied field relative to the polarisation. The second
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number, j, defines the direction of the induced strain. The direction of positive polarisation is
conventionally defined as the 3-axis, which coincides with the z-axes of an orthogonal xyz system.
The directions of the 1- and 2-axes correspond to the x- and y-axes respectively, to form an
orthogonal set of axes. The 4-, 5-, and 6-directions correspond to shear about the 1-, 2-, and
3-axes, respectively (Figure 1.5). ds3 is the most commonly quoted piezoelectric coefficient,
describing the response when the electrodes are oriented perpendicular to the 3-axis and the

piezoelectrically induced strain is parallel to the 3-axis.
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Figure 1.5: A representation of the different directions that can be quoted with the
piezoelectric coefficient. The 3-axis is defined as the direction of positive polarisation. The
1- and 2-axes complete an orthogonal axis set relative to the 3-axis. The 4-, 5-, and 6-
directions correspond to shear movements around the 1-, 2-, and 3-axes, respectively.

The magnitude of the induced voltage, movement, or force produced in a piezoelectric material is
typically very small. A piezoelectric ceramic will usually only increase or decrease in thickness by
a fraction of a millimetre when acted on by an applied voltage. A process of amplification is

required to increase the piezoelectric response of a material by at least several orders of

magnitude to produce a response that is sufficient for commercial applications.
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1.3.2 Pyroelectricity

Although all pyroelectric materials exhibit piezoelectricity (c.f section 1.2.1), they are unique
because the magnitude of their spontaneous polarisation vector is temperature dependent.
Changes in temperature change the magnitude of the polarisation in the material through induced
structural distortions (e.g. changing the size of the unit cell relative to the polarisation vector).2!
This means that the magnitude of the electric potential across a pyroelectric material can be

controlled through processes of heating or cooling (Figure 1.6).
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Figure 1.6: An example of a pyroelectric sample with a spontaneous polarisation at
constant temperature with no current flow (A), and reduced polarisation due to current
flow through an external circuit when the temperature is increased (B).

Pyroelectric materials exhibit a linear relationship between the change in polarisation AP;; and
the change in temperature AT (Equation 1.2). The pyroelectric coefficient, p;, describes the ratio
of these quantities for a given material under constant stress and electric field (Equation 1.3).
Pyroelectricity is utilised for many applications, including but not limited to intrusion alarms,
thermal imaging, and geographical mapping.22
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AP;j = piAT Equation 1.2

(0P,
bi = (aT >E,0' Equation 1.3

1.3.3 Ferroelectricity

The phenomenon of ferroelectricity was discussed in section 1.2.2.3. The applications of
ferroelectric materials are widespread because of their ability to retain a remanent net
polarisation after the application of an electric field. The ability to reverse the direction of the
remanent polarisation vector is of crucial importance in technological applications because it
allows one of two distinguishable states to be defined for digital data storage and non-volatile

memory.11

1.3.4 Ferroelasticity

Ferroelasticity can be understood through direct analogy with ferroelectricity. = While
ferroelectricity describes the phenomenon involving the use an external electric field to align the
spontaneous dipoles in a material, producing hysteresis, ferroelasticity describes a similar

hysteretic relationship between applied stress and induced strain within the structure.

Ferroelasticity in a material is caused by stress-induced movement of domain boundaries which
requires the crystal structure to distort to accommodate the induced stress. Specifically, a
material is classified as ferroelastic if it can be transformed reversibly between two or more
potential orientation states that differ in spontaneous strain. The transformation does not involve
diffusion through the material or the breaking of any primary chemical bonds. Rather, the
transformation involves small displacements of some atoms by less than ~0.1 A that changes the

symmetry or orientation of the crystal structure.23
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1.4 Examples of Common Piezoelectric Materials

1.4.1 The Early Days

Rochelle salt, KNaC4H404-4H,0, was one of the first materials that was shown to exhibit
piezoelectricity.1314 Although single crystals of Rochelle salt can be easily grown, they are water
soluble, and the piezoelectric response is very small relative to many other piezoelectric materials

such as quartz.z4

Quartz is a commonly used piezoelectric material that is a highly abundant and naturally
occurring mineral with the composition Si0,. Quartz was first commercialised in the form of a
quartz oscillator in 1921, and has since been applied to a wide range of simple piezoelectric
applications because of its ease of growth and extremely low cost relative to other piezoelectric

materials such as BaTi03.25

Quartz is only useful for relatively simple piezoelectric applications because it is a
non-ferroelectric material. This is significant because the range of potential applications of quartz
is limited by its relatively small piezoelectric response that cannot be improved by poling. This
important limitation has meant that ferroelectric piezoelectric materials have had to be developed

to meet the needs of more complex technologically based applications.
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1.4.2 Perovskite-type Compounds for Piezoelectric Applications

The perovskite structure of general formula ABXz can be described with a simple cubic unit cell
consisting of a large cation (4) on the corners, a smaller cation (B) in the body centre, and oxygen
or halide ions (X) in the centre of each unit cell face. The structure is a network of corner-linked
oxygen or halide octahedra, with the smaller cation existing at the centre of the octahedra. The

large cation is located in the dodecahedral positions at the corners of the unit cell (Figure 1.7).
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Figure 1.7: The general perovskite structure ABXz, consisting of a large cation (4) on the
corners, a smaller cation (B) on the body centre, and oxygen or halide ions (X) in the centre
of each unit cell face.

The first perovskite observed to exhibit ferroelectricity was BaTiOs, which contains a tetragonal
distortion from the cubic perovskite structure at room temperature. The tetragonal distortion is
responsible for the removal of the inversion centre and the origin of the ferroelectric properties.
It was found that the physical properties of BaTiOs could be improved at room temperature by
partially substituting some of the barium ions on the A-site with strontium ions.2627 [n recent
times, many members of mixed occupancy solid solutions have been investigated for their
improved physical properties relative to their end members. The PbZr1.,Tix03 (0 < x < 1) range of
compositions has received a significant amount of research interest and includes the most

successfully commercialised piezoelectric material to date.
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1.4.2.1 The lead zirconate titanate system, PbZr;xTix03 (0 s x < 1)

The PbZriTix03 (PZT), (0 < x < 1) system contains multiple phases, depending on the relative
amount of titanium and zirconium ions on the B-site of the perovskite structure (see Figure 1.8).
The exact composition of PbZr.,Ti O3 determines which space group symmetry will be adopted
by the structure.28 A morphotropic phase boundary is present in the PZT phase diagram at
approximately x = 0.52. A morphotropic phase boundary is defined as a temperature independent
compositional boundary that separates two different ferroelectric phases.2® Until the year 2000,
the morphotropic phase boundary in the PZT phase diagram was understood to divide a
ferroelectric rhombohedral (R3m) phase from a ferroelectric tetragonal (P4mm) phase.30
However, Singh et al.3! established that the previously understood rhombohedral phase could be
more correctly described using a pseudo-rhombohedral phase with monoclinic (Cm) symmetry.
There is still considerable debate regarding the specific space group or groups present at
compositions close to x=0.52 below 200 K. The phase diagram for the PbZri,TiO3 system

showing the regions of the various monoclinic and rhombohedral phases is provided in Figure
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Figure 1.8: Phase diagram for the PbZr,Ti0; (0< x < 1) system including the
morphotropic phase boundary between the ferroelectric monoclinic and ferroelectric
tetragonal phases. Adapted from Welberry et al.33 and Pandey et al.32
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PZT is most commonly synthesised with the composition PbZr4sTio5203 such that the structure is
poised near the morphotropic phase boundary between the monoclinic and tetragonal distortions
of the perovskite structure above ~200 K.32 Synthesising PZT with compositions close to the
morphotropic phase boundary is desirable because of the increased dielectric and piezoelectric
response coefficients observed.12429 The understanding of the reasoning behind the improved
physical properties near the morphotropic boundary in PZT has significantly improved in recent
years. When it was believed that a rhombohedral phase existed, the improved physical properties
near the morphotropic phase boundary were attributed to the increase from either six or eight to
a total of fourteen possible poling directions due to the coexistence of the tetragonal and
rhombohedral phases at the morphotropic phase boundary (six [100] directions from the
tetragonal phase and eight [111] directions from the rhombohedral phase) (see Figure 1.9A and
B).3435  However, Pandey et al. recently reported that the previously believed rhombohedral
region is actually a monoclinic Cm region.32 The improved physical properties can be better
explained with the presence of a monoclinic phase on one side of the morphotropic phase
boundary because the number of possible poling directions is dramatically increased due to the
polarisation vector in the monoclinic phase being free to orient in any direction in the (110)-plane
(Figure 1.9C).32 The polarisation vector can therefore easily align itself with the external electric
field, improving the electromechanical response. This explanation has also been supported by
first principles calculations on PZT which show that the freedom of the polarisation vector is
responsible for the maximised ferroelectric response.3637 In addition, the distortion in the
monoclinic phase is greater as the composition approaches the morphotropic phase boundary,
hence increasing the magnitude of the polarisation vector and the electromechanical response
relative to a less distorted monoclinic phase that has a composition further from the

morphotropic phase boundary.38
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Figure 1.9: The tetragonally (A), rhombohedrally (B), and monoclinically (C) distorted
perovskite structure of PbZr;.TixOs; below the ferroelectric to paraelectric transition
temperature. The arrows indicate the direction of the net dipole along the [001]- (left),
[111]- (middle) axes, and within the (110)-plane.

PZT is synthesised in polycrystalline form because it is impossible to reliably grow single crystals
with compositions close to the morphotropic phase boundary. The polycrystalline nature of PZT

samples means that the net piezoelectricity across a sample is not significant until the polarisation

vectors are aligned by poling with a strong electric field as described in section 1.3.1.

Closer inspection of the PbZri,Tix03 phase diagram shows that the Curie temperature ranges
between approximately 500 - 750 K for (0 < x < 1). Piezoelectric materials must be operated at
temperatures below their Curie temperature to maintain their noncentrosymmetry and hence
maintain their physical properties. For this important reason, one must carefully consider the
value of the Curie temperature for materials that will be used for high temperature applications.
Through inspection of the dz3 piezoelectric response coefficients of some well known piezoelectric
materials and their maximum operating temperatures, it can be seen that materials capable of
operating at higher temperatures produce smaller piezoelectric responses (Figure 1.10).19 One of
the reasons that PZT has proven to attract significant commercial interest over other materials
such as PbNb,Os, PbTiO3, or GaPO. is that it displays higher piezoelectric response coefficients

while still capable of operation at moderate temperatures (up to approximately 650 K).%.10
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Figure 1.10: The relationship between piezoelectric response coefficient ds; and the
maximum operation temperature for some piezoelectric ceramics. AN: AIN, BT: BaTiOs,
BIT: BisTiz012, GP: GaPO4, KN: KNbOg, LF4: K0_44Nao_52Li0_04) (Nbo_sﬁTao_losbo_(m)Og, LN: LiNbOg,
PN: PbszOs, PT: PbTi03, PZNT: 0.92Pb(Zn1/3Nd1/3)03-0.08PbTi03, PZT: PbZro_szTio_4803, SO:
Si0.. Adapted from Zhang et al.10

Despite the numerous advantages of PZT, its chemical composition creates a crucial disadvantage
in the context of long-term commercial mass application. PZT contains 60 wt. % lead which has
been shown to have the potential to contribute to many serious health problems in humans and
animals.3 This primarily occurs through the wide scale pollution of our waterways due to the
release of toxic lead oxide during the manufacturing process.3940 The recent changes regarding
the use of lead in electronic materials have created significant research interest towards the
development of lead-free alternatives to PZT and similar compounds. It is intended that newly
developed, environmentally friendly materials will be used to phase out the wide scale

manufacture and application of the lead-based electronic materials that currently dominate the

electronics market.45
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1.4.2.2 Lead-free perovskite-type piezoelectric materials

Several perovskite-type materials are currently under investigation for their potential application
as lead-free ferroelectric materials. Materials such as BaTiOs, BigsNaosTiO3 and KNbO3; are known
to exhibit larger piezoelectric response coefficients in comparison to other lead-free piezoelectrics
(for example, BisTiz012, GaPO4, and LiNbO3)1, in addition to their suitability to high power
applications such as ultrasonic motors or medical ultrasonic transducers. However, these
perovskite-type materials exhibit lower piezoelectric responses than PZT, are difficult to pole,

and exhibit low densities.10

BaTiO3 is appropriate for application as a piezoelectric material in sonar devices because of its
high electromechanical coupling factor relative to other lead free piezoelectrics. The relatively
low temperature of the ferroelectric to paraelectric phase transition at 393 K has limited any

potential commercial application of BaTiOs3 for high temperature applications.104142

A similar perovskite, BiosKosTiO3 (BKT), has been shown to retain ferroelectricity up to ~650 K.
Hiruma et al.#3, Takenaka et al.#4, and Sasaki et al.*5 investigated the physical properties of the
x(BiosNaos5)TiO3-y(BiosKos5)TiO3-zBaTiOz (x + y +z =1,y : z=2: 1) (BNBK) system, and reported
that the Curie temperature and piezoelectric response coefficients can be tuned according to the

chemical composition.

Since studies of PZT, BKT, and BNBK (and more) have established that small changes in
composition can produce large changes in physical properties, many more systems based on the
perovskite structure type have been studied to identify new compositions with improved physical
response coefficients relative to their end members. Particular interest has been directed

towards compounds with compositions poised on or near a morphotropic phase boundary.*6.47
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Other recent research efforts have extended beyond materials that exhibit perovskite-type
structures. Recently, considerable interest has been directed towards the study of the structure
and physical properties of a family of compounds that are based on the structure of fresnoite, a
naturally occurring mineral of composition Ba,TiSi»0s.4857 Fresnoite has been shown to be a
ferroelectric material, exhibiting moderate dielectric, pyroelectric, and piezoelectric response
coefficients.51.5¢ These properties have led to significant research interest towards the fresnoite
family of compounds owing to their potential suitability as environmentally friendly alternatives

to some currently used lead-based electronic materials.58-60
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1.5 An Introduction to the Fresnoite Family of Compounds

The fresnoite structure type is defined by the general formula A;M30s (A =Ba, Sr, K, Cs;
M=Ti,V,Si, Ge), and is based on the naturally occurring mineral, fresnoite, of composition
Ba,TiSi20s. The mineral was first discovered in 1965 in sanbornite-bearing metamorphic rocks in
the eastern Fresno county of California.6? In 1967, Masse et al.62 established that the Ba;TiSi»0s
structure crystallises in either the P4/mbm, PAbm, or PA4b2 space groups using two-dimensional
Patterson and Fourier methods. Later in the same year, Moore and Louisnathan® used single
crystal X-ray diffraction to establish the space group as P4bm, identifying similarities and

differences to the structures of melilite, (Ca,Na),(Mg,AlSi);0-,¢* and akermanite Ca;MgSi»07.65

The fresnoite structure is best described as an interlinked array of corner sharing TiOs square
pyramids and SiO4 tetrahedra that form heterocyclic five-membered rings. The bases of the
interconnected polyhedra form flat sheets perpendicular to the [001]-direction (Figure 1.11A)
and the ring-like structure forms channels along the [001]-direction which contain ten-fold

co-ordinated barium ions (Figure 1.11B).

Figure 1.11: The crystal structure of fresnoite along the a-axis (A) and down the c-axis (B).
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The titanium ion in fresnoite is located in a highly compressed TiOs square pyramid due to one
short Ti-O bond (~1.7 A). Although it is unusual for titanium to exist in a square pyramidal
geometry, a small number of similar structures have been reported. Previous studies on the few
compounds with titanium in a square pyramidal geometry have shown that the bonding
environment of the titanium is rarely close to ideal (Table 1.1). This is determined using bond
valence calculations whereby the bond valence sum (BVS) of an atom in a crystalline structure can
be determined through the addition of the apparent valences (v;) contributed from each bond
(Equation 1.1 and Equation 1.2). The apparent valence contribution from each bond is calculated
through the comparison of the actual bond distances (R;) against atom-atom specific parameters
(Ry and b) that have been determined empirically from a large number of representative

structures according to Equation 1.1.66

Ro—R; Equation 1.1
v,=e b q

BVS = Z v; Equation 1.2

Table 1.1: Summary of the bond lengths and bond valence sums for various compounds
containing compressed TiOs square pyramids.

Axial Ti-O OtherTi-O TiBond

Compound bond bond Valence Reference
length lengths Sum
2x1.833(9)
In,TiOs 1.762(9) 1x2.064(9) 4.17 Gaewdang et al. ¢7
1x2.009(9)
Na,TiSiOs 1.695(5) 4x1.990(2) 3.87 Nyman et al. 68
. . 2x1.950(7) Woodrow et al.®?
(Ba,Sr,K)Na(Ti,Fe)-Ti[Si20-](0,0H,F)2 1.69(1) 2 x 1.957(7) 4.15
Na,TiGeOs 1.708(7) 4x1.993(2)  3.81 Yakug?)’owh et
1.88(1)
. 1.87(1) . o
Ba,TiGe,0s 1.73(2) 1.90(2) 4.14 Hoche et al.
1.86(1)
4x
Sr,TiSi20s 1.674(5) 1.9013(1) 4.30 Hoche et al.”2
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Blasse”3 first reported that Sr,TiSi2Os and Ba,TiGe;0g are isomorphous with Ba;TiSi»0s, both
crystallising in the tetragonal P4bm space group. In the same publication, Blasse also commented
on the synthesis of Sr;TiGe;0s and Ca;TiM.0s (M = Sior Ge), reporting complicated X-ray

diffraction patterns without further investigation for these compositions.

Ba;TiGe,0s was the first member of the fresnoite family to be investigated for its physical
properties, including dielectric and piezoelectric constants, electromechanical coupling factor and
the resonance frequency constant.’# Through structural analogy with Ba,TiGe,0s, Ba,TiSi,0s was
predicted to also be a piezoelectric material having a coupling factor larger than quartz.’s
Measurement of the elastic, piezoelectric, and dielectric constants of Ba,TiSi,Os confirmed this
hypothesis, creating interest in fresnoite for its large electromechanical coupling factor, small
resonant frequency temperature coefficient, and small dielectric constant.’¢6 These physical
properties, combined with the high mechanical stability established fresnoite as a potentially
superior material for use in piezoelectric applications such as generators and sensors in the
ultrasonic frequency ranges. The fresnoite Curie temperature is above its melting point at
approximately 1450 K, making it a potentially appropriate compound for use in high temperature

piezoelectric applications.

Ferroelastic behaviour in Ba;TiGe;0s was first reported by Kimura et al.7? Optical, thermal, and
elastic studies indicated that a phase transition occurs near 1083 K. The observation of a large
resonance anomaly at 1083 K provided further evidence for a phase transition at this
temperature. Halliyal et al.58 published further details of the phase transitions observed in
Ba,TiGe;0s single crystals with respect to dielectric and pyroelectric properties. Anomalies were
found in the dielectric and frequency constants, as well as the pyroelectric and coupling
coefficients at 223 K on cooling and 273 K on heating, suggesting hysteresis in a structural

anomaly or phase transition. The possibility of a change in symmetry at this potential transition
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was discussed, but no definitive argument could be presented with the data available at the time

of the study. Further details of this transition are discussed further in section 1.7.

Anomalies were also observed in the pyroelectric coefficient for Ba;TiGe,0s near 408 K, however
this has been explained in terms of the change in competition between the primary and secondary
components of one of the terms that contributes to the pyroelectric response. Similar behaviour

has been observed in Li,SO4-H;0 and Ba(NOz)2-H20, among many other structures.”879

Various studies have also been conducted on the synthesis, structure, and properties of other
fresnoite family members with different substitutions and mixed occupancies (Ba;VSi:0g by
Feltz et al.80 and Hoche et al8!, K;V30s by Galy et al.82, Rb,V30s by Withers et al.83, (NH4)V30s by
Liuetal8t, and Cs;V30s by Andrukaitis et al85). However, the potential toxicity of these
compounds due to their vanadium content has led to considerably more research being

performed on other compositions within the fresnoite A2M30g system.

Barbar et al.86 recently published evidence that the fresnoite structure is capable of incorporating
up to 50 % calcium ions on the A-site. Although two additional reflections were found to
correspond to SiO; and BaTiOs3, the main Caz:Baz-2xTiSi20s (0 < x < 0.5) phases were shown to form
isostructurally with Ba,TiSi»0s. However, the atomic positions and displacement parameters
were not refined, and a modulated structure approach was not used because the quality of the

data was not sufficient to do so.

Hoche et al. postulated that the difference in ionic radii in the A2M30s structure was an important
factor for the formation of the fresnoite structure type.s® It was proposed that the ratio of mean
ionic radii of the ions on the A- and M-sites respectively should be greater than 3.35 for the
structure to adopt the P4bm setting of the fresnoite structure type (Equation 1.3). It was also

suggested that values between approximately 2.94 - 3.35 were too small to adopt the P4bm space
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group, providing an explanation why Ba,TiGe,0s adopts the Cmm2 space group instead of P4bm
(the P4bm and Cmm?2 phases are structurally related by a doubling of the parent unit cell through
a 45° rotation about the [001]-axis).32 Similar reasoning was provided to justify why no stable
phase was formed for Sr,TiGe,0s, supporting the observations by Blasse et al. where single phase

samples of Sr,TiGe20g and Ca;TiM»0s (M = Si or Ge) could not be synthesised.50.73

lonic Radii Ratio = ———— Equation 1.3

The formation of different phases within the Ba,,Sr2.2:TiGe2,Siz-2y0s (0 <x<1; 0 <y < 1) system
makes this family of compounds structurally interesting to investigate. Table 1.2 summarises
which compositions within the BazSrz.2:TiGezySiz-2y0s system have been predicted to form phases
with either P4bm (green) or Cmm2 (orange) symmetry, or not form fresnoite phases at all (red),

using Equation 1.3 as postulated by Hoche et al.50

Table 1.2: A summary of ratios of mean ionic radii for compositions in the
BazSr2.2:TiGezySiz2y0s (0 <x<1;0<y<1) system calculated using Equation 1.3. These
numbers are based on the predictions by Hoche et al. for which space group will be
adopted by each composition. Green and orange boxes indicate compositions that are
predicted to form with the P4bm, Cmm2, space groups, respectively, while red boxes
indicate phases that are predicted not to form fresnoite phases. The ionic radii used in the
determination of these values were Ba = 156 pm; Sr = 140 pm; Si = 40 pm; Ge = 53 pm from
Shannon.s”

xin BaZXsrz_ZXTiGEZySiz_zyOg

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
3.50 3.90
0 (STS) 3.54 3.58 3.62 3.66 3.70 3.74 3.78 3.82 3.86 (BTS)

0.1 | 3.39 3.43 3.47 3.51 3.54 3.58 3.62 3.66 3.70 3.74 3.78
0.2 | 3.29 3.32 3.36 3.40 3.44 3.47 3.51 3.55 3.59 3.62 3.66
0.3 | 3.19 3.23 3.26 3.30 3.3 3.37 341 3.44 3.48 3.52 3.55
0.4 | 3.10 3.13 3.17 3.20 3.24 3.27 331 3.35 3.38 3.42 3.45
0.5 | 3.01 3.05 3.08 3.11 3.15 3.18 3.22 3.25 328 3.32 3.35
0.6 | 2.93 2.96 3.00 3.03 3.06 3.10 3.13 3.16 3.20 3.23 3.26
0.7 | 2.85 2.88 2.92 2.95 2.98 3.01 3.05 3.08 3.11 3.14 3.18
0.8 | 2.78 2.81 2.84 2.87 2.90 2.94 2.97 3.00 3.03 3.06 3.10

09 | 271 2.74 2.77 2.80 2.83 2.86 2.89 2.92 2.96 2.99 3.02

2.64 2.94
1 (STG) 2.67 2.70 2.73 2.76 2.79 2.82 2.85 2.88 2.91 (BTG)

y in Baszrz_ZXTiGezySiz_zyOg
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Equation 1.3 was postulated as an empirical tool to justify the formation of different fresnoite
phases (or non-fresnoite phases) for different compositions. However, no comprehensive
experimental evidence has been produced that confirms or contradicts whether the ratio of ionic
radii can be used to predict which space groups will be adopted by fresnoite phases for each
composition in the BazSrz.2TiGez,Siz.2/0s system; particularly near the boundaries separating

phases with different symmetry.

Schmid et al.6% synthesised a series of compounds between the Ba,TiSiz0s and Ba,;TiGe;0s end
members, reporting the dielectric constants, optical birefringence, and pyroelectric coefficients
across the entire series. The phase transition observed at 1103 K (1083 K for Kimura et al.”?) for
0 % silicon content (Ba;TiGe;0s) was found to reduce to 400 K at 40 % silicon substitution
(Ba;TiGe12Sios0sg). No transitions were observed in samples containing greater than 40 % silicon
content, suggesting that a phase boundary exists at approximately Ba,TiGe12Si050s (y = 0.6)
between the Cmm2 Ba;TiGe;0s and P4bm Ba;TiSi;Os end members.6® This work was later
supported by a structural study across the Ba,TiGe,Siz2,0s (0 <y < 1) system by lijima et al.88
where it was confirmed that the incorporation of silicon into the Ba,;TiGe;0s structure reduces the

phase transition temperature from the orthorhombic to the tetragonal phase.

Detection of both AC and DC dielectric hysteresis5! confirmed predictions based on atomic
coordinates8? that Ba,TiSi,Os is a ferroelectric piezoelectric material. A small calorimetric
anomaly at 433 K was described as not being attributed to a structural phase transition because
no atom position changes by more than 0.02 A between 297 K and 573 K as initially reported by
Markgraf et al. in 1985.56 However, optical studies of Ba,TiSi»Os provided additional evidence of

a phase transition at 433 K.4

The failure to account for the anomalies observed in Ba;TiSi;Og at 433 K and Ba;TiGe;0g at 223 K

and 273 K (on cooling and heating, respectively) suggested that much of the behaviour of the
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fresnoite structure is not well understood. In 1990, Markgraf et al.53 observed additional
reflections in transmission electron micrographs of Ba,TiSi»0s that did not correspond to the
P4bm structure. Furthermore, these reflections were found to disappear at 433 K, establishing
that the structural changes related to these additional reflections must be strongly correlated to

the physical property anomalies at the same temperature.

The observation of additional reflections in diffraction patterns from pure phases can sometimes
be attributed to the presence of a periodic distortion within the structure, called a modulation.
Modulated structures have been characterised for a large number of different phases, including
many naturally occurring minerals, such as melilite?0 and akermanite.? It is essential to
understand the precise modulated structure of a phase to be able to completely and accurately
account for its structural chemistry and physical properties. The following section provides an
introduction to the crystallography of modulated phases such that a more comprehensive
understanding of the modulated structures of fresnoite compounds can be established in

section 1.7.
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1.6 Crystallography of Modulated Phases

The unit cell of a crystalline structure is defined such that it contains the smallest volume with
maximum symmetry. It is common practice to investigate crystal structures by analysing the
position and intensity of diffracted X-rays, neutrons, or electrons to establish the periodicity and
symmetry of the structure. Crystal structures with only conventional long range order produce
diffraction patterns that contain Bragg reflections of position G that can be indexed using a linear
combination of three basis vectors a*, b¥*, and c* and three indices h, k, and /, as shown in Equation
1.4.92

G = ha" + kb* + Ic” Equation 1.4

The crystal structure of conventional periodic crystals can be completely characterised by
specifying the unit cell dimensions, symmetry, and positions of the atoms in the unit cell. The
symmetry of periodic crystals is given by space groups that are based on combinations of different
symmetry elements. A schematic of a hypothetical conventional periodic structure with one-
dimensional translational symmetry is provided in Figure 1.12A. This example structure contains
a unit cell consisting of only two atoms, repeated nine times in the y-direction. Figure 1.12B
represents a hypothetical diffraction pattern from the above-mentioned structure that can be

completely indexed by the three integer basis vectors described in Equation 1.4.
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Figure 1.12: An illustration of a conventional crystal structure with a basic three-
dimensional repeating unit cell (A) and a hypothetical diffraction pattern from the above
structure that has been indexed with three indices (B).

It is convenient to extend the concept of indexing the diffraction pattern from a conventional
crystal structure using Equation 1.4 to include structures that contain long range periodic
distortions, called modulated structures. The long range periodic distortion removes
three-dimensional translational symmetry from the basic crystal structure, which implies that the
conventional approach is insufficient for modulated phases.9 The formal theory of the symmetry
of aperiodic crystals was introduced by Janner and Janssen.?4#95 Concurrently, De Wolff%.97
proposed that periodicity can be maintained in aperiodic crystals by considering higher
dimensional space. This was done by considering the Bragg reflections as projections of the nodes
of a reciprocal lattice in (3+D)-dimensional space, otherwise called superspace, where the
additional dimensions are related to internal degrees of freedom associated with the distortions

relative to the basic crystal structure.?s

Although aperiodic structures lack three-dimensional translational symmetry, the periodicity of
the distortions from the basic structure can be described by atomic modulation functions.
Through the use of modulation functions and superspace symmetry, the number of independent
parameters can be reduced by reducing the number of independent variables.®® The use of

modulation functions allows the perfect long-range order of the phase to be described without
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three-dimensional translational symmetry.93 Modulation functions can be used to describe any
refinable parameter, including variations in composition??, spin10, charge01, and most commonly,

atomic position (displacive modulations).98102-104

The long range order of the periodic distortions produces additional sharp, Bragg (satellite)
reflections that are regularly distributed around the reflections corresponding to the average
structure (main reflections). Because the distortions from the basic structure do not necessarily
need to be small, it is possible (but rare) for satellite reflections to occur with greater intensity
than the main reflections. Hence, main reflections and satellites cannot be differentiated based

solely on their intensity.

The reflections in a diffraction pattern from a modulated structure can be described by the vector
H by using up to d additional integer indices (mi mpy ..., mg) in combination with up to d
modulation vectors, or g-vectors, q; (j = 1,2, ...,d) according to Equation 1.5.105106 Reflections
with m = 0 and m # 0 are reflections that correspond to the average structure and modulated
structures, respectively. The intensity of satellite reflections vanishes rapidly for increasing

values of m.106

H = ha" + kb* + lc" + myqq + myqy + -+ myuqq Equation 1.5

The magnitude of the g-vector(s) represents the ratio between the periodicity of the conventional
basic structure and the distorted structure in reciprocal space (Equation 1.6). The direction of the

q-vector(s) propagates in the same direction as the modulation function(s) in real space.

period of long range distortion Equation 1.6

period of basic structure
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Figure 1.13A illustrates an example of a displacively modulated structure where the yellow atom
is periodically displaced from the centre of the unit cell of the basic structure from Figure 1.12A.
A hypothetical diffraction pattern for the structure in Figure 1.13A is illustrated in Figure 1.13B.
The modulation vector for this hypothetical example using Equation 1.6 would be q ~ 0.219b*.
The black line represents the atomic modulation function that describes the periodic atomic
displacements along the direction of the modulation. Although the atomic displacements in this
example are in the * x direction, the g-vector propagates in the y-direction (the b* direction in
reciprocal space), demonstrating that the g-vector is not necessarily constrained to propagate in

the same direction as the displacement.
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Figure 1.13: An illustration of a crystal system that contains a long range periodic
distortion in the y-direction (A). A hypothetical diffraction pattern from the above
structure containing main reflections (orange) and satellite reflection (blue) that have
been indexed using four indices (B).

Because it can be a challenging exercise to model a modulated structure in the first instance, it is a
common approach to start the modelling process by ignoring the modulation. It is possible to
model only the average structure because once the satellite reflections are omitted, the structure
obtained is based on the average distortion of the modulation. Hence, modulated structures are
typically first modelled using an “average” structure which describes the structure containing the

average distortion from the basic unit cell. The modulated structure can then be determined as a

result of structural refinement with respect to the average structure.?.%8
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In special cases where the periodicity of the distortions of the modulated structure is
commensurate with the periodicity of the basic structure, a three-dimensional space group can be
used to describe the whole modulated structure. For these special cases, the structure is said to
form a superstructure of the basic structure. Such structures can be defined by using a larger
super-cell, whose length is defined by the number of basic unit cells that are required for the
modulation function to complete one period. However, the use of a modulation function to
describe the periodicity of the distortions from the basic structure instead of defining every
characteristic of every atom in a large superstructure is more desirable because of the

significantly reduced number of refinable parameters.

In many cases, including the example provided in Figure 1.13, the period of the modulation wave
does not exactly correlate to an integer multiple of the period of the basic structure. The
incommensurate relationship between the basic structure and the modulation wave means that
qg-vector will often contain at least one irrational component (Equation 1.6). However, the
equivalent satellite reflections from corresponding main reflections must also overlap and be
correlated with each other for the structure to be correctly classified as incommensurately
modulated. This second condition must be met because some structures will contain g-vectors
that are dependent on other variables such as composition or temperature, which means that the
g-vector can be arbitrarily close to rational values, or pass through rational and irrational values,

while still exhibiting incommensurate behaviour.

The symmetry group of incommensurately modulated structures cannot be three-dimensional
because the unit cell has an infinite volume. The (3+D)-dimensional space group can be
determined once the (3+D)-dimensional Bravais lattice has been established.® Just as is the case
for conventional three-dimensional structures, superspace centring also gives rise to centring

conditions which must be considered. Once a*, b*, and c* have been established, the g-vector can
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be defined according to Equation 1.7 where the components «, 3, and Y are given with respect to

the three basis vectorsa=q.a, f=q.b,and Y = q. c respectively.

q = aa* + Bb* + Yc* Equation 1.7

The definition of o, B, and Y allow the direction of the modulation to be specified in the
(3+D)-dimensional space group. The special extinction conditions pertaining to non-primitive
translations in superspace are denoted by additional letters after the directions of the g-vector in
the three-dimensional Bravais lattice have been defined. ‘s’ and ‘g’ represent additional extinction

conditions arising from glide planes and screw axes in superspace, respectively.

A complete (3+D)-dimensional space group representation consists of three sections. The first
section represents the Bravais lattice of the basic structure where standard three-dimensional
extinction conditions apply. The second section represents the direction(s) in which the
modulation occurs relative to the basic Bravais lattice defined in the first section. Finally, the last
section uses letters such as ‘s’ and ‘g’ to define any extinction conditions that may occur due to
additional superspace symmetry elements. These letters indicate the type and direction of the
superspace symmetry elements and corresponding extinctions that will be observed. For
example, the space group P4bm(a, o, ¥2)(-a, &, ¥2)0gg describes a primitive three-dimensional
space group (within the 4mm point group) which contains equal g-vectors g1 = (a* + b*) +0.5¢*
and g2 = (-a* + b*) + 0.5c¢*. This space group can be condensed to P4bm(qa, a, ¥2)0gg seeing as the
first and second g-vectors are both related through the tetragonal symmetry. In some cases,
non-standard superspace centring is necessary to correctly describe the space group. For
example, for many compounds in this thesis, the X4bm(a, a, 0)0gg space group is used where X

denotes the superspace centring {0,0,%2,%,%} with q; = (a* + b*) and qz = (-a* + b*).
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Although the Fresnoite structure type described above contains two symmetry related
modulation vectors, structures with one or two independent modulation wave vectors are
common (four-, and five-dimensional structures, respectively), however, modulated structures
that contain three independent modulation wave vectors are also possible (six-dimensional

structures).107-111

The long range perturbation in modulated structures means that the magnitude of the
displacement from the basic structure varies according to the position along the period of the
modulation wave. Hence, many of the structural parameters such as atomic position and bond
valence sum vary along the modulation direction. The continual change in these parameters is
efficiently summarised through the use of atomic modulation functions (AMF’s) where the
parameter of interest is plotted against an internal phase parameter, .97 The internal phase
parameter defines all possible positions along the modulation wave according to Equation 1.8
where the internal phase parameter t is equal to the dot product of the modulation vector (q) and
the translational vector specifying the position relative to the basic structure (T).1*2 The internal
phase parameter is calculated modulo an integer such that it always takes values between 0 and 1,
removing repetition due to the inherent periodicity. The letters u and v are also used in an
analogous way to t to describe positions along additional modulation directions in five- and

six-dimensional structures.

t=q.T (modulo an integer) Equation 1.8

For the special case of commensurately modulated structures, the atomic modulation function is
only sampled at a finite number of values due to the repeatability of the modulation with respect
to the basic unit cell.113 However, for the more general case of incommensurately modulated
structures, the atomic modulation function adopts the form of a continuous line of an infinite

number of values between Oand 1. The concept of the internal phase parameter can be
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understood by considering the eleven basic unit cells of a hypothetical incommensurately
modulated crystal structure in Figure 1.14 where the displacement of the yellow atom varies
incommensurately with the basic structure. The displacement at each position is represented in a
hypothetical atomic modulation function where red lines originate from atoms corresponding to
the first period of the modulation, and green lines originate from the first two atoms that have
been drawn from the second period of the modulation. It can be seen that the points
corresponding to the second period of the modulation lie in between the points corresponding to
the first period of the modulation. As the modulation repeats itself over and over again, an infinite
number of points are added in the spaces between the points of the atomic modulation function
from the previous period(s) of the modulation to create a continuous line, indicative of the infinite

number of values adopted by incommensurate structures.

Displacement

Internal Phase Parameter
t

Figure 1.14: Eleven basic unit cells of a hypothetical incommensurately modulated crystal
structure. Lines drawn from the atoms corresponding to the first period of the modulation
(red) and the first two atoms of the second period of modulation (green) show that the line
will become continuous as the modulation repeats infinitely; also demonstrating that
adjacent (infinitely small) points on the atomic modulation function do not correspond to
adjacent basic unit cells.

The fresnoite structure type is one of many structure types that can be described using a
modulated structure approach. The presence and behaviour of displacive modulations in the
fresnoite structure have created significant research interest owing to evidence that a strong

relationship exists between thermally-induced changes in the modulation and improved physical

properties.
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1.7 Applying a Modulated Structure Approach to the Fresnoite Family

of Compounds

Ba;TiGe,0s was the first member of the fresnoite family of compounds shown to exhibit a
modulated structure. Although lijima et al.57 were the first to suggest that long period ordering
occurred in the Ba;TiGe;0s structure, Markgraf et al.55 published evidence of the modulated
structure in 1989, reporting that X-ray precession photographs of Ba,TiGe;Os single crystals
showed an incommensurate modulation along the a* and b* directions. In agreement with
[lijima et al., it was reported that strain-induced positional disorder of the pyrogermanate groups
is responsible for the ferroelastic properties and also accounts for the existence of a modulated
structure.>557 The previously reported Ba;TiGe;0s phase transitions at 223 K on cooling and
273 K on heating were confirmed to coincide with the modulation ‘locking in’ at a value of

q = 1/3a*, while the modulation along b* remains incommensurate.>>

Markgraf et al.53 also published the first evidence of a modulated structure for Ba,TiSi»0s. It was
reported that the satellite reflections could be indexed with q =0.4a* + 0.5c* (although the
accuracy of these measurements was noted as not being high). The satellite reflections were
found to disappear at 433 K, establishing that the property anomalies reported by Chang et al.114
and Markgrafetal56 on heating Ba,TiSi,Os above 433 K are due to the removal of the

incommensurate modulation.

Structural modulations have been shown to occur along the [100]- and [010]-directions in
Ba;TiSi»0s, and the [110]-direction for Ba;TiGe;0s. The Ba,TiSi»0s modulation is attributed to the
presence of the large barium ions causing distortions in the basal Siz07 and TiOs linkages. Unlike
Ba;TiGe;0s, the strain in Ba,TiSi»0s is insufficient to induce ferroelastic behaviour, but significant

enough to introduce the need for a structural modulation.53
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Assuming that the induced strain does not displace the centre of mass of any polyhedra,
Hoche et al.5° proposed that the cause of the modulation is a force that shifts the bridging oxygen
ion between the two adjacent SiO. tetrahedra along the [001]-direction (as observed in
Ba,;TiGe;0s by lijima et al57). The upwards shift of the bridging oxygen ion introduces a
frustration within the structure because the remaining oxygen on the (110)-plane of the SiO4
tetrahedra must sometimes rotate upwards, and sometimes rotate downwards to prevent the
centre of mass of the tetrahedra moving. The variation in the direction and magnitude of the
movement of the oxygen ions forming the SiO4 tetrahedra has hence been proposed as the driving

force for the incommensurate modulation.

Markgraf et al.5* also reported the synthesis of polycrystalline samples in the Ba;TiGeSiz-2,0s
(0 =y <1) system. Transmission electron microscopy revealed that even compositions within the
orthorhombic phase (up to approximately Ba,TiGeo¢Si1.10s) still exhibited satellite reflections
along the [100]- and [010]-directions, indicating that some of the structure was adopting the
Ba,TiSi»0s tetragonal structure type. It was established that the evolution of Ba,TiSi»0g satellite
reflections against the Ba;TiGe20s satellite reflections is not as clearly defined as suggested in the

proposed phase diagram by Schmid et al.6%

In recent times, the difficulties associated with synthesising homogeneous single crystals of
sufficient size for X-ray or neutron diffraction have made it desirable to utilise complementary
techniques to further investigate the incommensurate modulations in complex structures. In
particular, research interest has been directed towards the use of experimental techniques that
are capable of detecting the atomic displacements that cause incommensurate modulations to
provide useful information that is necessary to understand the cause and effect of displacive

modulations.
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The interconnectivity of the polyhedra in the fresnoite structure and their role in forming
displacive modulations has meant that rigid unit modes have been a useful tool in advancing our
understanding of the origin of the modulations in members of the fresnoite family of compounds.
The concept of rigid-unit modes (RUM’s) was developed by Dove et al. to address the general
problem of describing the complete set of all possible distortions of any crystal structure that
contains linked polyhedra. In particular, the rigid structural units that are linked together to form
these silicate frameworks have made the rigid unit mode approach extremely useful in the
investigation of framework silicates.115116 The rigid unit mode approach only considers the
relative orientation of the corner-linked polyhedra, and has been used to investigate the soft
vibrational modes involved in displacive phase transitions. The concept of rigid unit modes has
been successfully applied to a series of incommensurately modulated structures, including

tridymitell?, quartz!16, cristobalite!18, and leucite.119

A rigid unit mode analysis of the inherent structural flexibility of the ideal fresnoite structure
conducted by Withers et al.120 established the significance of the modulation wave vectors in
Ba,TiSi,0s and Ba,TiGe;0s. The energies associated with the deformation of the constituent
tetrahedra and square pyramids are typically much larger than the energies associated with the
rotation of neighbouring polyhedral units about a common vertex atom!2l, or the energies
associated with the bonding interactions between the oxygen ions in the SiO4 tetrahedra and the
barium ions. Hence, polyhedral rotations are far more likely to be responsible for the various

phase transitions in fresnoites rather than polyhedral deformation.120

Six zero frequency and two close to zero frequency quasi-RUM modes were found to exist for any
modulation wave vector in these structures. It was identified that these RUM modes are all
primarily associated with rotations of the constituent SiO4 or GeO4 tetrahedra and TiOs square
pyramids about the c-axis. A seventh RUM involving the rotation of the constituent rigid

polyhedra around ¢ combined with shifts in the basal plane was found, but only at very specific
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modulation wave vector q = 0.30[110];, in close agreement with the RUM found in the electron
diffraction study by Withers et al.120 [t is proposed that the condensation of this RUM plays a
major role in the various incommensurately modulated structures observed in Ba,TiSi»Os,

BazTiGezos, and SI‘zTiSizOg.lzo

Electron diffraction images proved that the orthorhombic Cmm2 Ba,TiGe;0s structure is
modulated along one of the two initially symmetry equivalent [110]; directions. The Ba,TiGe20s

structure was refined against neutron powder diffraction data by Hoche et al. using a
(3+1)-dimensional superspace approach.’?  The structure was reported to adopt the
Cmm2(0, B, ¥2)s00 pace group with ~ 0.635 (i.e. q=0.635b*) at ambient temperature. The
modulation parameters supported the idea of frozen-in rigid unit modes being responsible for the
structural modulation. The introduction of a displacive modulation significantly improved the
bond valence sum for both barium positions, suggesting that bonding requirements of the
underbonded barium positions are a driving force for the incommensurate modulation in

Ba;TiGe;0s.120

The incommensurately modulated structure of a Sr,TiSi,0s single crystal was also determined by
Hoche et al72 X-ray diffraction provided evidence that the Sr;TiSi,Os structure belongs to the
five-dimensional  superspace group P4bm(q, «, ¥2)0gg  with  modulation  vectors
q:=0.3(a* +b*) + 0.5¢* and gq:=0.3(-a* + b*) + 0.5¢* at ambient temperature. Electron
diffraction patterns revealed that the two-dimensional modulation appears to be superimposed
by some one-dimensional modulation waves, suggesting that two different phases are coexisting

in the one crystal.

Recent work on Ba,TiSiz0s and other members of the fresnoite family of compounds has
discovered a new, low temperature route of synthesis.!?2 The hydrothermal reaction of fresnoite

precursors in sealed autoclaves at 500 °C for three days produced single crystals suitable for X-ray
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diffraction. Ba,TiGe;0g crystals grown via the hydrothermal synthesis method were found to
display the same incommensurate modulation as those prepared from the conventional high
temperature melt, thus suggesting that the differing modulation characteristics of Ba,TiGe;0g are
truly inherent to the structure rather than being a consequence of the high temperature
environment during synthesis.123 Only three-dimensional models were developed to describe the
hydrothermally synthesised samples, despite several references to other work that used a

modulated structure approach.

Electron diffraction patterns from a natural single crystal of Ba,TiSi»0s have proved the presence
of a five-dimensional incommensurately modulated structure similar to Sr,TiSi»0s.12¢ The
superspace symmetry of Ba,TiSi,0s was reported as P4bm(a, o, ¥2)0gg, with modulation vectors

q:=0.302(a* + b*) + 0.5c¢* and gz = 0.302(-a* + b*) + 0.5c*.

The most recent work on the fresnoite family of compounds has provided more insight into the
formation and coexistence of commensurately and incommensurately modulated structures in the
Bay,Sr2.2:TiSi208 (0 < x < 1) system.12¢ A combination of electron diffraction and energy-dispersive
spectroscopy have been used to show that regions that deviate from the ideal fresnoite
stoichiometry are characteristic of incommensurately modulated structures. Conversely, regions
with a stoichiometry closer to the A>M30s composition were shown to display commensurately
modulated structures. The significance of this work is high because it implies that polycrystalline
samples are not necessarily completely homogenous, and that this is responsible for potential

changes in the modulation characteristics of different samples.

The work summarised in the previous sections has vastly improved the understanding of the
fresnoite structure type. In particular, the identification of different types of modulated phases in
the fresnoite structure type has increased interest in these compounds. Most of the research into

compounds with the fresnoite structure type has been primarily based on the use of single crystal
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diffraction techniques, and has provided important information about the structural modulations
present.5072125  However, investigations into the structure and phase transitions of the end
members and members across the BaySrzaTiGezSiz2y0s (0<x<1;0<y<1) system in
polycrystalline form have been limited. Understanding the structural behaviour of these
compounds could lead to the discovery of new compositions or compounds that display vastly
improved physical properties. Hence it is timely to conduct a comprehensive study on the

structure and phase transitions of the BazSr2-2xTiGe2ySiz2-2y08 (0 <x < 1; 0 <y < 1) system.
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1.8 Aims

This project aims to investigate the structure and phase transitions of the end members and
members of mixed compositions in the fresnoite BazSrz2TiGezSiz20s (0<x<1;0<y<1)
system. Given the importance of the polycrystalline forms for potential applications of these
materials, emphasis will be placed on the synthesis of pure polycrystalline samples and their
characterisation using powder diffraction methods. The structure of the end members will be
fully characterised as a benchmark for the members of mixed compositions. An improved
understanding of the structures and phase transitions in the BaxSrz-2:TiGez,Siz208
(0 =£x<1;0<y=<1)system will be beneficial for the targeted development of new smart materials
with improved physical properties for the benefit of the electronics industry and the wider global

community.

The specific aims of the research presented in this thesis are to:

e Characterise the average and modulated structures (where possible) for the end members
of the BazSr2.2TiGey, Siz2,08 (0 < x < 1; 0 < y < 1) system at ambient temperature using a
powder diffraction approach.

e Identify any new phase boundaries separating compositions of different symmetry in the
BazSr2-2TiGey,Siz2,08 (0 < x<1; 0 <y < 1) system.

e Improve the understanding of the position of any phase boundaries separating fresnoite
type compounds and other structure types in the BazSrz2:TiGezSiz-20s (0 x < 1;
0 <y<1)system.

e Investigate the temperature dependent phase transitions of the end members in the
Bay,Sr2.2:TiGey,Siz2,08 (0 < x < 1; 0 < y < 1) system using a powder diffraction approach
and investigate how changes in composition influence the properties of these phase

transitions.
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Investigate the elastic properties of selected members of the BazSrz2TiGezSiz20s
(0<x<1;0sy<1) system and use these properties to complement the structural
information gained about their phase transitions.

Investigate the physical properties such as the dielectric, piezoelectric, and ferroelectric
responses of selected end members in polycrystalline form within the

Bay,Sr2.2xTiGey, Siz208 (0 < x < 1; 0 <y < 1) system.
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Chapter 2 Experimental Techniques

A variety of complementary experimental techniques have been utilised to characterise the
samples investigated in this thesis. These techniques include synchrotron X-ray and neutron
powder diffraction, electron diffraction, differential scanning calorimetry, X-ray absorption
spectroscopy, resonant ultrasound spectroscopy, and physical property studies. The investigation
of physical properties included measurement of dielectric, piezoelectric, and ferroelectric
responses using an electrical properties measurement system and piezoforce microscopy. This
chapter describes the various techniques used throughout this thesis with an emphasis on
powder diffraction techniques and the Rietveld refinement method due to the importance of the

characterisation of polycrystalline samples to this project.

2.1 Powder Diffraction

Powder diffraction patterns are produced by passing an incident beam of X-rays or neutrons
through a sample where the wavelength is similar to the interplanar spacing of the samples’
crystal structure. The incident beam is scattered off successive crystallographic planes of atoms
in the compound. The intensity of the scattered beam is dependent on whether constructive or
destructive interference occurs. Bragg's law (Equation 2.1) defines the conditions for
constructive interference of the nth order reflection, according to the wavelength of incident

radiation (A), the incident angle (6), and the distance between successive planes of atoms (d):

nA = 2dsin® (where n is an integer) Equation 2.1

The intensity of the scattered beam as a function of Bragg angle 26 can be used to identify which

phase(s) are present in a sample, track the progress of a reaction (e.g. identify whether or not
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particular reaction conditions are improving the purity of the sample), characterise crystal

structures, and/or identify/investigate phase transitions.

The information in powder diffraction patterns is far lower than in complete data sets from single
crystal diffraction patterns collected up to the same maximum diffraction angle. However,
powder diffraction can be a useful technique for phases that cannot be investigated using single
crystal diffraction techniques. For example, powder diffraction is appropriate for the
characterisation of phases that do not form sufficient single crystals for single crystal diffraction
methods, for samples of specific mixed compositions, or when information about the bulk sample
is important. Powder diffraction was the primary analytical tool used for structural
characterisation in this thesis because of the interest in specific compositions of mixed
stoichiometry within the Baz,Sr2.2,TiGez,Siz-2,0s (0 <x < 1; 0 <y < 1) system and the importance of

understanding the structure of bulk polycrystalline samples.

The diffraction profiles collected from aperiodic crystalline materials are typically more
complicated than those obtained from periodic structures because they include contributions
from main and satellite reflections. In the case of a 1-dimensional modulation, the positions of the
main reflections are determined by the reflection indices (hkl0) and the lattice parameters of the
unit cell of the basic structure. Positions of the satellite reflections (hkim) with m # 0 depend on
the order of the indices, the lattice parameters, and the modulation wave vector as discussed in

Chapter 1.

A potentially complicating factor is that the dense distribution of all the possible satellite
reflections along the two theta axis can lead to significant reflection overlap. However, the
observation of sharp, resolved diffraction maxima rather than a continuum of intensity
corresponding to all of the potential reflections means that only a fraction of the satellite

reflections are observed. This implies that reflection intensities fall to zero for satellite reflections
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beyond some order m. Patterns with up to mt order satellites contain up to (2m+1) as many

reflections as a pattern produced from only the basic structure.

Powder diffraction experiments in this thesis were performed using an incident beam from sealed
tube X-ray sources, synchrotron sources, and neutron sources. The different advantages of these
sources were useful in obtaining different information about the fresnoite structure type. Each of
these sources will now be discussed in further detail, followed by a discussion of the importance

of the complementarity of X-ray and neutron powder diffraction techniques.

2.1.1 X-ray Powder Diffraction from Sealed Tube X-ray Sources

X-ray diffraction from sealed tube X-ray sources (often called laboratory X-ray diffraction, or
conventional X-ray diffraction) is typically performed using a tube containing a copper target
which produces an incident beam consisting of the Ko and K., copper emission wavelengths
(Aar=1.5406 A and A=1.5444 A). However, other targets such as molybdenum are also
common. X-ray diffraction patterns from a sealed tube X-ray source in this project were collected
using a PANalytical X’Pert PRO MPD X-ray diffractometer (45kV, 40mA, divergence slit 0.25° and
anti scatter slits 0.5°) configured in Bragg PDS mode, using a PIXcel detector in scanning mode

(active length 3.347°) with Cu K, radiation. Data were typically collected in the range
10°<20<70° with a step size of 0.0394° for 63.75 seconds per step for ambient and

non-ambient temperature experiments on this instrument. Finely ground samples were placed in
instrument specific holders and smoothed with a glass microscope slide to achieve a flat surface.
The samples were rotated at approximately 0.5 revolutions per second during data collection to
minimise the effects of preferred orientation. Data were collected between 350 K- 1050 K using
the XRK-900 furnace attachment under vacuum in the same experimental configuration as

described above.
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2.1.2 Synchrotron X-ray powder diffraction

The use of X-rays generated at a synchrotron source has numerous advantages over X-rays
generated from sealed tube sources. Synchrotron sources produce intense Bremsstrahlung
(braking radiation) by injecting charged particles (electrons) from a linear accelerator (typically)
into a circular or almost circular ring. Inside the ring, variable electric and magnetic fields are
used to accelerate the charged particles up to relativistic speeds. Electromagnetic forces are
created between strong ‘bending’ magnets and the charged particles such that their direction
constantly changes, producing high energy electromagnetic radiation. This radiation contains a
wide range of energies, from which X-rays of a desired energy can be selected using a
monochromator. The highly monochromatic and collimated beam produces diffraction peaks that
are orders of magnitude more intense and have a much higher angular resolution than those

produced using sealed tube X-ray sources.

Well-resolved reflections with a high signal to noise ratio are especially important in the study of
modulated phases because of the importance of identifying the position and intensity of the
satellite reflections. Synchrotron X-ray powder diffraction can therefore allow for the more
precise determination of structural characteristics such as atomic positions and the amplitude of

structural modulations than diffraction from sealed tube X-ray sources.

2.1.2.1 Beamline 10-BM at the Australian Synchrotron

Synchrotron X-ray powder diffraction patterns were collected on beamline 10-BM at the
Australian Synchrotron.126 Beamline 10-BM is located on a bending magnet source and is capable
of operating between 6 keV - 30 keV. The incoming beam is conditioned using vertically and
horizontally collimating mirrors and the wavelength is selected using a flat Si(111) double crystal

monochromator.
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Low temperature in situ experiments were performed using an Oxford cryostream liquid nitrogen
attachment, which is capable of maintaining temperatures between approximately 100 K- 500 K.
High temperature in situ experiments were performed using a Cyberstar Eurotherm hot air
blower, which is capable of maintaining temperatures between 300 K- 1273 K. The temperatures
measured for the hot air blower experiments in this project have been calibrated against a curve
supplied by the facility that was produced from the analysis of well known phase transition
temperatures from selected compounds. The facility reports the error in the temperatures

measured from the low and high temperature attachments to be £ 1 K.

Samples were typically packed into 0.3 mm glass or quartz capillaries for data collections between
125K-450 K, and 450 K- 1273 K, respectively. Capillaries were aligned concentric to the
rotation of the axis of the three-circle diffractometer and rotated during data collection to
minimise the observation of preferred orientation of the crystallites in the diffraction patterns.
The X-ray absorption from the sample in the beam was included by using the linear X-ray
absorption cross section calculated for each composition. This was calculated by multiplying the
X-ray absorption coefficient for each composition by the radius of the capillary that the X-rays
passed through. Based on the difficulty of pressing dense pellets of these samples, a low packing
density in polycrystalline from of 30 % was assumed when calculating the absorption correction

for each sample.

Data were collected above 1273 K using an Anton Paar HTK 2000 furnace. Samples were
homogenously spread across a small region of a Pt-strip using an ethanol slurry. The facility
estimates the error in the measured temperature for this instrument to be + 1 K. The Pt-strip
attachment was mounted at a 7° omega angle and rocked backward and forward between 7 - 8.5°
to the horizontal during data collection to minimise the effects of preferred orientation in the

samples.
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Synchrotron X-ray powder diffraction data were collected using a Mythen strip detector.12? The
principle advantages of the Mythen microstrip detector are the parallel detection of X-rays at the
detector and the fast readout time of 250 ms, dramatically reducing the time required to record a
full diffraction pattern. The Mythen detector consists of 16 modules allowing 80° of data to be
simultaneously acquired. There are small gaps between each module (0.2°), resulting in data
missing at regular intervals along the histogram (5°). Data were collected across two individual
frames with a small angular difference (0.5°) to ensure that data were collected for the entire

angular range 1.0° < 20 < 81.5°.

Data from the two frames collected from each sample were spliced together using the software
package DataPro. DataPro was written using Interactive Data Language (IDL) routines to process
data collected using the Mythen detector at beamline 10-BM at The Australian Synchrotron. The
program provides a convenient means of normalising and combining powder diffraction data in

preparation for analysis using structural refinement software.

Most data were collected at ~15.0 keV (~0.827 A) to optimise the resolution of the collected
pattern and minimise the X-ray absorption of atoms within the sample. However, data collected
using the Pt-strip furnace attachment were collected at 10.7 keV (1.15864(1) A) such that the
reflections corresponding to the Pt-strip would not appear in the diffraction patterns. For ~15.0
keV experiments, the wavelength was determined using the NIST standard reference material
660a (SRM 660a), LaBs. The specific wavelengths determined for each experiment at ~15.0 keV
are quoted in the relevant sections. For experiments at 10.7 keV, the wavelength was determined
using a standard containing a mixture of both SRM 660a and Diamond. This standard was
necessary to minimise the high X-ray absorption from the lanthanum in pure SRM 660a at

10.7 keV.
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2.1.3 Neutron Powder Diffraction

The use of neutrons for diffraction experiments is extremely useful for the characterisation of
crystalline materials. Neutrons can be produced for diffraction experiments using two different
methods. The first of these methods uses neutrons produced from the fission of a heavy nucleus
(typically 235U) in a nuclear research reactor. The other method involves generating neutrons
using a spallation source where a heavy metal target is bombarded with high energy protons that
are generated from a particle accelerator. Upon collision, enough energy is transferred into the
target to produce spallation neutrons. Both of these methods produce neutrons that are too high
in energy for immediate use in diffraction experiments. Hence, the neutrons are passed through a
moderator such as heavy water, to reduce their energy such that their wavelength is of the order

of 1-2 A.

The experiments contained in this thesis were conducted on two different instruments that
receive neutrons from the Open Pool Australian Lightwater (OPAL) reactor at the Australian
Nuclear Science and Technology Organisation (ANSTO) Bragg Institute. The OPAL reactor
operates at up to 20 MW using low enriched uranium fuel rods and is cooled by light water. The

two instruments used will now be discussed.

2.1.3.1 Echidna - The High Resolution Powder Diffractometer at OPAL

Echidna is the High Resolution Neutron Powder Diffractometer that receives neutrons from the
OPAL reactor located at the Bragg Institute at ANSTO. A wide range of wavelengths are possible
for constant wavelength experiments through the use of a variable germanium (115)
monochromator that can be used to select take off angles between 90° and 140°. The scattered
radiation from the sample is collected by a set of 128 detector units that each contain a
5° collimator in front of a vertically oriented linear position sensitive 3He detector of 25 mm

diameter and 300 mm height. The detector design is very similar to, and shares many common
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characteristics with the detector on the refurbished D2B powder diffraction beamline at the

Institute Laue Langevin (ILL).128

Variable temperature in situ experiments were performed using a top loading cryofurnace
attached to a LakeShore temperature control unit. The top loading cryofurnace is capable of

maintaining temperatures from 4 K - 700 K.

A wavelength of ~2.25A was chosen to provide sufficient intensity to the sample for the
experiment and enough resolution to resolve adjacent Bragg reflections. The precise wavelength

was determined by using an Al,O3 NIST 676a standard.

2.1.3.2 Wombat - The High Intensity Powder Diffractometer at OPAL

Wombat is the High Intensity Neutron Powder Diffractometer that receives a high flux of neutrons
from the OPAL reactor.!2 Wombat utilises a 120° position sensitive detector that is nearly
identical to that used at the protein crystallography instrument at the Los Alamos Neutron Science
Centre (LANSCE).130 The position sensitive detector consists of eight 15° curved panels with a
radius of curvature of 700 mm and a height of 200 mm. The panels are perfectly adjacent to each
other so that 120° continuous coverage is possible. The panels are two-dimensional position
sensitive detectors along the curved and vertical directions with a full width at half maximum
height (FWHM) resolution of about 1.5 mm.13! The detector is filled with 7 atm of 3He and 2.5 atm
of propane. In situ variable temperature experiments were performed using the top loading

cryofurnace described in section 2.1.3.1.
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2.1.3.3 The Complementarity of X-ray and Neutron Diffraction Techniques

X-ray and neutron powder diffraction are complementary crystallographic techniques because
they can provide very different information about identical structures. Access to synchrotron and
neutron facilities is typically very expensive and highly competitive. Hence, it is essential to fully
understand the strengths and weaknesses of both techniques in order to understand how, when,

and why each should be utilised for a particular problem.

Firstly, the difference in the resolution of the patterns collected using synchrotron X-ray powder
and neutron powder diffraction techniques can vary considerably. This is shown in Figure 2.1
where a much higher resolution is observed in synchrotron X-ray powder diffraction patterns
than in patterns collected using sealed tube X-ray sources or a neutron source. The different
levels of resolution arise from the different properties of the incident beam and the different

geometries of the diffractometers that are used.

The highly monochromatic nature of the X-ray beam and the lower divergence of the incident
radiation are responsible for the superior resolution observed in synchrotron X-ray powder
diffraction patterns.132 The higher intensity of X-rays available from synchrotron sources is also
important because it allows the X-ray beam to be highly focused and monochromated while still
maintaining sufficient flux on the sample to allow for rapid data collection. The higher resolution
achieved in synchrotron X-ray powder diffraction experiments means that sharper reflections are
observed in the diffraction pattern, making it possible to resolve very small distortions that could

not be otherwise observed in experiments using a sealed tube X-ray source, or a neutron source.
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Figure 2.1: Comparison of the resolution available from different diffraction experiments
(measured as the full-width of reflections at half maximum height). This figure has been
reconstructed from data in Howard & Kennedy133 and the online specification pages for
Echidna and Wombat using parameters that are relevant to the studies conducted in this
project.134.135

There is a rapid reduction in the X-ray scattering power of atoms at high diffraction angles
because the scattering of the X-rays off the large electron cloud means that more of the scattered
beam destructively interferes with itself at higher diffraction angles. It is desirable to maximise
the quality of the data collected by achieving the highest resolution at the lowest angles, where
scattering is the strongest. It is important, however, to still have as high resolution as possible at
higher angles because this enables the more precise determination of structural parameters. With
synchrotron X-ray powder diffraction this can, in part, be achieved by selecting a shorter
wavelength and therefore obtaining lower d-values at the same two theta angles compared to

those obtainable at a longer wavelengths using X-rays from a sealed tube. Using a shorter

wavelength to collect a synchrotron X-ray powder diffraction pattern, however, also leads to less
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angular separation between reflections in the pattern, so care must be taken to ensure that any

splitting of reflections, particularly at lower angles can still be observed.

However, in neutron diffraction, the neutrons diffract off the nucleus instead of the electron cloud.
The smaller volume that the neutrons scatter from (a nucleus, as opposed to the electron cloud)
means that there is a smaller path difference for neutrons diffracting at higher angles, producing
less destructive interference. This means that the neutron scattering efficiency remains
essentially unchanged up to high two theta angles.!36 In order to maximise the quality of the data
obtained at higher two theta values, a diffractometer geometry with a high monochromator “take
off” angle is typically chosen. The “take off” angle is the angle at which the neutrons leave the
monochromator. The data for the neutron sources in Figure 2.1 have been calculated for
experimental setups using a take off angle of ~114°, representing the conditions used in the

neutron diffraction experiments in this project.

It should be noted that the preceding discussion has focussed on the continuous wave diffraction
methods used in this project rather than time-of-flight neutron diffraction. In general, the errors
in the time of flight of the neutrons produces poorer resolution than what can be achieved using
synchrotron X-ray powder diffraction. The only exception to this generalisation is the High
Resolution Powder Diffractometer at ISIS, which has comparable resolution to synchrotron

diffractometers due to its significantly longer flight path (~ 100 m).137

The second major advantage of synchrotron X-ray powder diffraction compared to diffraction
using sealed tube X-ray sources and neutrons is the much higher flux available to investigate the
sample. The higher flux combines with the higher resolution to focus the total intensity of each
reflection into a narrower angular range, which increases the height of each reflection and hence
leads to a higher signal to noise ratio. Diffraction patterns with higher signal to noise ratios are

more likely to show weak features such as superlattice or satellite reflections that may otherwise
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be unobserved due to their small intensity relative to the background. The combination of the
improved signal to noise ratio with the higher resolution and the ability to tune the incident
radiation to different wavelengths as required makes synchrotron X-ray powder diffraction a
superior technique for determining the structures of materials compared to diffraction from

sealed tube X-ray sources.

The interaction of X-rays with matter is also much stronger than that of neutrons, improving the
intensity of the diffracted beam in synchrotron X-ray powder diffraction compared to neutron
diffraction.136 This means that X-ray diffraction can be performed using both a smaller sample
size (typically 50 - 100 mg compared to 1 g- 15 g for neutron diffraction), and shorter collection
times (~10 - 20 minutes per pattern for a synchrotron X-ray powder diffractometer compared to

1 - 8 hours for a neutron diffractometer).

The shorter collection time and smaller sample size makes synchrotron X-ray powder diffraction
the ideal technique for structurally characterising a large number of samples or conducting
variable temperature measurements. This is the underlying reason why synchrotron X-ray
powder diffraction was primarily used to characterise all samples before further studies were
performed using other methods. Additionally, the reduced collection times for synchrotron X-ray
powder diffraction allow finer temperature intervals to be selected during variable temperature
studies relative to neutron studies; particularly for cases where the main objective was to obtain

precise lattice parameters of the unit cell of the structure under investigation.

Synchrotron X-ray powder diffraction may appear to be a far better tool than neutron diffraction
for the characterisation of samples due to the higher resolution, improved signal to noise ratio
and shorter collection times available. However, the way that X-rays interact with matter is
fundamentally different to neutrons and this gives rise to different trends in the sensitivity of the

two techniques to different elements.
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Since the X-ray scattering factor of an atom is proportional to the number of electrons, heavier
atoms scatter X-rays far more strongly than lighter atoms (see Figure 2.2, green). Conversely,
there is no clear relationship between the interaction of neutrons and the atomic nuclei in the
sample since it depends on the short range nuclear forces and resonance scattering (see Figure
2.2, blue). This means that nuclear scattering power of elements next to each other in the periodic
table or even isotopes of the same element can be very different. Hence, in many cases, neutron
diffraction can be an extremely useful technique for examining structures that contain two or

more elements with similar atomic numbers.
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Figure 2.2: Comparison between the scattering strengths of X-rays (green squares) and
neutrons (blue circles) for the first 60 elements of the periodic table, as indicated by the X-
ray form factor (fy) and neutron scattering length, respectively.138

Since the neutron scattering length of an element does not necessarily increase with increasing
atomic number, neutron diffraction is relatively more sensitive to lighter elements in the presence
of heavier elements than X-ray diffraction. This property of neutron diffraction was particularly

useful in this study where the structures of metal oxides were examined. The relatively high X-ray

scattering power of cations such as barium and strontium relative to oxygen anions can reduce
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the relative contribution to the diffraction pattern from oxygen anions in X-ray diffraction
experiments. Neutron diffraction was an important technique for the investigation of the
fresnoite structures in this thesis because the diffraction patterns from these structurally
modulated samples contain inherently weak satellite reflections that correspond primarily to the
displacements of the oxygen ions in the structure. The use of neutron diffraction in combination
with X-ray diffraction is an extremely useful strategy to create a comprehensive understanding of
the precise lattice parameters, atomic positions, and anisotropic displacement parameters of all

atoms in the structure.

2.2 Structure Solution

Solving the crystal structure of a completely unknown compound typically requires either single
crystal X-ray and/or neutron diffraction. In cases where only a polycrystalline sample of the
material is available, some structures can be solved using very high quality synchrotron and/or
neutron diffraction patterns in combination with computational ab initio simulation/solution
methods. However, these methods are typically time consuming and extremely difficult to apply

to incommensurately modulated structures correctly.

Solving a crystal structure from its diffraction pattern involves three main stages. Firstly, the unit
cell, Bravais lattice, and space group of the average structure must be determined. This is
achieved through analysis of the position of the main reflections and identifying systematically
extinct reflections. To extend the symmetry to describe a modulated structure, it is necessary to
consider all superspace groups compatible with the Laue symmetry in addition to the relevant

additional superspace extinction conditions.94106139

Once the space group of the unknown phase has been established, it is necessary to determine the

approximate positions for the atoms in the structure and place them into a starting model. The
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positions can be determined through direct methods which analyse the Fourier intensity in the
diffraction pattern, however, this approach is typically more suited towards structure solution
from single crystal diffraction data. In many cases, characterisation from powder diffraction data
commences by entering the parameters from a model of a well known reference compound that is
ideally very similar to the phase under investigation. Visual inspection to check that the
differences between the experimental pattern and the pattern from the reference compound are
minimal ensures that a plausible starting model has been chosen. If the difference between the
parameters (such as the atomic positions) in the starting model and the unknown phase are small
enough, these starting values may be a sufficient starting point for the characterisation of the

unknown phase.

The next step involves the refinement of the atomic positions and other parameters to produce a
model with parameters that are a correct and plausible representation of the unknown phase.
Confirmation that the correct indexing and space group assignment have occurred can only occur
through the successful refinement of the structure. This is most commonly achieved through the

Rietveld refinement method,14° which will now be discussed in further detail.

2.2.1 Rietveld Method

The Rietveld refinement!40 method involves the application of a least squares optimisation
process to systematically refine one or more parameters at a time until stable (and plausible)
parameters that agree with the experimental profile are reached.!32 A reasonable starting model
of the unknown structure is always required when using the Rietveld method to characterise
structures using X-ray and/or neutron diffraction data. The refinement procedure usually starts
by refining a small number of parameters in the starting model, and releasing more parameters as

the model approaches a better description of reality.
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Parameters that are likely to produce the largest changes in the model are typically refined at an
earlier stage of the process than parameters that may produce smaller changes. Refinements are
repeated until all parameters remain stable when refined simultaneously to produce a plausible

model whose calculated pattern agrees with the experimental profile.

The calculation of reflection intensities in powder diffraction patterns can be complicated by the
extent of overlapping independent reflections in one-dimensional space that are typically
resolved in three-dimensional space in single crystal diffraction patterns. Rietveld refinement
overcomes this complication by using every data point in the powder diffraction pattern instead
of only peak intensities that are extracted from the experimental pattern. This allows the position
and intensity of reflections to be calculated individually instead of integrating the grouped

intensity of overlapping reflections.140

The Rietveld method calculates the intensity at any point yi according to Equation 2.2. The
variables are defined as follows: y;. is the net intensity at point i, yi, is the background intensity, G
is the normalised peak profile function, ix is the intensity of the k: Bragg reflection contributing

intensity at point i, and p is the number of phases present.

ks
- P
Yie =Yip + z Z Girlk Equation 2.2
P k=k?

The Rietveld method uses two different categories of parameters to model diffraction data. These
are global parameters that are determined by the experimental apparatus used, and the structural
parameters, which depend on the structure of the compound. Global parameters include but are
not limited to variables such as the zero-offset correction, background parameters, peak shape
parameters, and where necessary, absorption and preferred orientation coefficients.132 Structural

parameters are used to fit the integrated intensities of the model to the experimental profile, and

62



include but are not limited to cell parameters, phase scale(s), atomic positions, occupancies, and
atomic displacement parameters (ADPs). Some refinable parameters are exclusively sample-
dependent (e.g. atomic positions), while some are instrument-dependent (e.g. zero-offset

correction), and some are affected by both (e.g. some peak shape parameters).

The background parameters are one of the first sets of parameters to be fitted. The backgrounds
in this project were fitted using up to 15t order Legendre polynomial functions (Equation 2.3)

where B, is one of 15 refinable functions.

n
Vi =) B 20"

m=-1

Equation 2.3

Other critically important instrumental parameters are the peak shape parameters. Pseudo-Voigt
functions were used to fit the peak shapes in all diffraction patterns in this project because of the
superior fit obtained in modelling both X-ray and neutron diffraction patterns owing to their
sensitivity to both Lorentzian and Gaussian components of the peak shape.l*! The pseudo-Voigt

function (Gi) is defined in Equation 2.4 where Co = 4, C1 = 4In2, Hy is the FWHM of the kt Bragg

. 0,—26 . . P . .
reflection, Xj = W and y is a refinable “mixing” parameter with y = 0 and 1 being the
k

Gaussian and Lorentzian limiting cases respectively.l42 Where necessary, an asymmetry
correction can be applied using either the Simpson asymmetry function or asymmetry by
divergence, depending on the geometry of the diffractometer used.143 In this project, diffraction
patterns containing significant asymmetry collected from the Australian synchrotron powder
diffraction beamline and Echidna were modelled using the Simpson asymmetry function and

asymmetry by divergence, respectively.

1/2 1/2
G =y 2= [1+CoX%] '+ (1 + i E [-Cix%]
ik _karr 0Xik Y Hyr1/2 pl=t14jk Equation 2.4
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The Rietveld refinement of models that incorporate modulated structures requires additional
input data compared to conventional three-dimensional models. Models of modulated structures
require the correct superspace group, the number of dimensions that the modulation occurs in,
and the maximum order of satellite reflections to be included in the calculation. This information
is not refinable. The modulation is most commonly parameterised through the use of a truncated
Fourier series that represents the amplitudes of the functions describing the modulations from
the basic structure.?3 Each harmonic involves up to six parameters for each atom in the unit cell of
the basic structure. In this project, the initial refinements were restricted to one or a few atoms
to improve the probability of arriving at the correct structure. Likewise, the refinement of
modulated structures was performed starting with a single harmonic for up to first-order satellite
reflections to increase the probability of arriving at the appropriate minimum. If observed, higher
harmonics corresponding to higher reflection orders can generally be introduced to improve the
fit of the modulation parameters and correctly account for the satellite reflections in the

experimental pattern.92

The quality of a model is quantified after each cycle of calculation through the profile factor R,, the
weighted profile factor Rw,, expected profile factor Ry, the Bragg profile factor, Rg, the weighted
Bragg factor Ryg, and the goodness of fit term, y? (Equations 2.5 to 2.9).144145 These values are
used to determine the agreement between the calculated structural model and the observed
pattern. In a reasonable model, these values should converge to a minimum after each successful
set of refinement cycles. Different R-factors represent different ways of quantifying the fit
between the calculated model and the observed data. For example, the weighted profile R-factor,
R., depends on the fit of the model at each point in the profile, while the Bragg factor, Rz, depends
on the fit of the set of integrated reflection intensities. While it is ideal to obtain the lowest
possible values for these figures, the addition of more parameters to the refinement such as
additional background parameters to obtain a minor improvement in the fit should be avoided to

prevent over-parameterisation.132
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The profile factor R, = %m0 x 100 Equation 2.5
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Equation 2.8

x 100

The weighted Bragg profile factor R, =

. 212
[Zwi Ik (obs)*]

Equation 2.9

The goodness of fit term y? = e

Where:

2
_ X wiy; (obs) ~ Yi (calc))2 _ [pr]

Equation 2.10

Rexp

Yi(obs) s the set of observed diffraction intensities collected at each step across the pattern

Yi(calc) 1s the set of corresponding calculated values

w; is the weight assigned to the individual step intensity given by:

1 n
W; = — =
' Uiz Yi(calc)

Equation 2.11

n is the number of detectors contributing to the step intensity average and al-z is the variance

at the " step.

N is the total number of observations, i.e. the total number of y,,s values when the background

is refined.
P is the number of refined parameters

Cis the number of constraints

I, (obs) is the observed intensity assigned to the K™ Bragg reflection at the end of the

refinement cycles.

I, (calc) is the calculated intensity assigned to the K™ Bragg reflection at the end of the

refinement cycles.
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Very few refinement programs can handle the extra information required to model a modulated
structure. Jana2006 is one of the most commonly used programs for the refinement of modulated
structures because of its unique capability of calculating commensurate and incommensurate
structures for both single crystal and powder data, multiphase models, magnetic structures, and
conventional three-dimensional structures. Jana2006 also contains powerful constraints and

rigid unit restrictions which were used in this project.146

2.3 Electron Diffraction and Imaging

Electron diffraction and imaging can be an extremely useful tool for the investigation of symmetry
and ordering of crystal structures. The electron-electron interaction used in electron diffraction
techniques is significantly stronger that the X-ray-electron and neutron-nucleus interactions used

in X-ray and neutron diffraction, respectively.

Electron diffraction uses a high voltage to produce an extremely small electron beam that can be
focused by a series of lenses before passing through the sample. The wavelength of the electrons
accelerated in electron diffraction is much smaller than the wavelengths used in other types of
diffraction. This fundamental difference means that the region in reciprocal space where the
diffraction conditions can be satisfied (the Ewald sphere, of radius r = 2m/A) is much larger in
electron diffraction experiments than for X-ray or neutron diffraction experiments. Hence, more
information about the two-dimensional distribution of reciprocal lattice points can be determined

from electron diffraction over X-ray or neutron diffraction.

The extremely strong interactions utilised in electron diffraction produce diffraction patterns

with intense Bragg reflections which may not be observed using other diffraction techniques.

Modulated structures are particularly good candidates to be investigated using electron
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diffraction because of the importance of identifying the positions of the relatively weaker satellite

reflections that appear between the strong main Bragg reflections.

The extremely small size of the beam allows only very small spatial regions of a crystallite to be
studied at any one time. The collection of high quality electron diffraction patterns is also
complicated by the need to find crystals of the appropriate quality, size, thickness, and the correct
orientation. Investigating a crystal without all of these requirements will produce either
diffraction patterns of poor intensity, containing additional erroneous spots, or potentially
irrelevant information due to looking along the wrong direction of the crystal. Because the
electron beam must pass through the sample, only crystals with thicknesses less than
approximately 100 nm can be typically investigated to ensure that reasonable intensity of the
diffracted beam is detected and that to prevent the observation of multiple scattering events as

the electrons pass through the sample.

Electron diffraction patterns are typically collected along a zone axis of the crystal to ensure that
the pattern contains information that can be interpreted appropriately to deduce structural
information from the sample. It is often necessary to tilt the orientation of the sample with
respect to the incident beam to ensure that the incident electron beam is travelling exactly along a

zone axis of the crystal.

The use of a very short wavelength of the electrons accelerated towards the sample allows very
high resolution images of the crystallite structure and morphologies to be obtained. Under these
conditions, images of sufficient resolution can be obtained to identify boundaries between

individual domains and, in some cases, even individual atoms within the crystallite.

High resolution images and electron diffraction patterns were collected from finely ground

polycrystalline samples that were suspended in an ethanol solution which was evaporated after
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placement onto a holey carbon surface. Electron diffraction experiments in this project were
collected from three different instruments. These instruments are the Philips EM 430
transmission electron microscope (TEM) in the Research School of Chemistry at the Australian
National University, and the JEOL JEM-2011 and -100F TEMs in the Monash Centre for Electron
Microscopy at Monash University. Electron diffraction patterns were recorded using both a
charge-coupled device (CCD) camera and photographic film. All instruments were operated
under vacuum at 200 KV. In situ variable temperature experiments were performed between

300 K - 543 K using a Gatan double-tilt furnace sample stage.

2.4 X-ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) includes both extended X-ray absorption fine structure
spectroscopy (EXAFS) and X-ray absorption near edge structure spectroscopy (XANES). These
techniques measure the X-ray absorption coefficient, i, of a sample as a function of energy by
measuring the intensities of an incident beam relative to a transmitted or reflected beam after
interaction with the sample. The incident and transmitted (or reflected) intensity of highly
collimated X-rays are measured using ion counters located before and after the sample as the
energy is scanned across an energy region of interest. The intensity of the transmitted beam (I¢) is
equal to the intensity of the incident beam (Io) multiplied by a decreasing exponential that is
determined by the atoms in the sample, the absorption coefficient y, and the thickness of the
sample x (Equation 2.12).

I} = [je ™™ Equation 2.12

When the energy of the incident X-ray beam matches the binding energy of an electron of a
specific atom in the sample, the X-ray absorption increases dramatically, producing an absorption
edge in the X-ray absorption spectrum. The position and features of absorption edges can provide

information about the oxidation state and coordination environment of specific atoms in the
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sample when compared against standard X-ray absorption spectra collected from well known

compounds with a similar composition to the sample of interest.

The X-ray absorption spectrum of a sample can be divided into 3 different regions which are
defined relative to the absorption edge of interest. The pre-edge region typically includes the
range of energies from approximately 200 eV -10 eV before the absorption edge, providing
information about the coordination environment of the atom under investigation. The edge
region typically includes the range of energies approximately 10 eV before and 60 eV after the
absorption edge, providing information about the oxidation state and coordination environment
of the atom of interest. Finally, the post-edge region typically includes the range of energies
beyond approximately 60 eV after the absorption edge, typically providing information about
nearest neighbour and second nearest neighbour interactions for the target element. The
difference between EXAFS and XANES is simply the size of the post-edge region investigated
beyond the edge. In this thesis, the post-edge region in XANES experiments was defined from
approximately 60 eV - 200 eV beyond the edge. For EXAFS experiments, the post-edge region was

defined as being from 60 eV - 600 eV beyond the edge.

The EXAFS and XANES spectroscopic measurements in this project were conducted at beamline
20B at the Australian National Beamline Facility (ANBF), located at the High Energy Accelerator
Research Organisation, Tsukuba, Japan. The apparatus was set up in transmission geometry for
all experiments in this project. Samples were diluted homogeneously in a boron nitride matrix to
ensure that the intensity of the transmitted X-ray beam was within the necessary range to be
detected by the ion counter. The diluted samples were held between two pieces of kapton tape in

1 mm thick sample holders that could hold up to 4 samples.

The coordination environment of the titanium atom in the fresnoite structure type was

investigated by collecting EXAFS and XANES spectra across the titanium edge at 4966 eV. The
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investigation of any samples and standards containing barium was conducted across the titanium
K-edge between 4755 eV - 5200 eV (XANES) in order to avoid collecting spectra across the barium
Ls-edge at 5247 eV. Data were collected across the titanium K-edge between 4755 eV - 5600 eV

(EXAFS) for samples and standards that did not contain barium.

EXAFS spectra were collected with a count time of 3 seconds per step, however the step size was
varied according to the distance from the edge. Spectra in the pre-edge region
(4755 eV - 4955 eV) were collected in 20 eV energy steps. Spectra in the edge region
(4955 eV - 5025 eV) were collected in 0.00025eV steps. Spectra in the post-edge region
(5025 eV -5600 eV) were collected in 0.05 eV steps. All XANES spectra were collected using
identical collection times and step sizes as described for EXAFS experiments, with the exception

that the step size used in the post-edge region was 0.25 eV.

Data were averaged, analysed, and plotted using software packages Average 2.0, Athena, and
Microcal Origin, respectively. Plotting spectra from different samples and standards on the same
graphs allowed for the direct comparison of the position and features of the absorption edges

such that any changes in coordination environment between different samples could be identified.
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2.5 Resonant Ultrasound Spectroscopy

Resonant ultrasound spectroscopy (RUS) is a technique used to measure the normal frequencies
of vibration of an object to deduce information about its elastic constants and mechanical
dissipation. The frequencies and dissipation of the vibrations of an object depends on its physical
symmetry (ie. its shape), crystal symmetry, density, and its dimensions. Because the frequencies
of the resonances from a sample are dependent on the crystal symmetry, RUS can be a useful
technique for the investigation of changes in crystal structure that occur across structural phase

transitions.

The bulk and shear moduli (K and G, respectively) can be determined from the position of each
resonance for high quality polycrystalline samples. The bulk modulus describes the uniform
deformation experienced by an object under the force of a uniform load, and the shear modulus
describes the sheared deformation of an object when it is under the force of two or more opposing
loads. In principle, all independent elastic constants can be measured from single crystal samples,
while only K and G can be determined for polycrystalline samples. The square of the resonance
frequency of any peak in a RUS spectrum scales linearly with the square of the effective elastic
modulus (or combination of moduli) associated with that vibrational mode.14” Therefore, it is
possible to observe the variation of elastic constants directly from the variation of the resonance
peaks measured as a function of temperature in a RUS experiment. The quality factor, Q, which is
a measure of anelastic dissipation (defined as dissipation showing no obvious relationship
between stress and strain), can also be obtained from the full width at half maximum height of
each resonance in the spectra. The elastic constants and quality factor of a compound are both
very susceptible to structural changes, making RUS a useful tool for the investigation of phase

transitions.
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The first step in determining the elastic constants of a sample with known dimensions (shape, size
and density) using RUS involves experimentally measuring its natural resonance frequencies. In
principle, any shape of sample can be used, however, rectangular parallelepipeds with
significantly different edge lengths (eg. > 0.5 mm difference) are the ideal geometry. This
geometry is preferred because the orthogonal faces make the calculation of elastic constants
significantly more achievable. Rectangular parallelepipeds are preferred over cubes because
none of the resonances will be degenerate and all modes can be observed individually. Samples of
significantly different edge lengths produce spectra where the resonance peaks are more widely
distributed and hence easier to measure than for almost cubic samples. Optimal dimensions of
each edge of the parallelepipeds used in this project are of the order of a few mm. The dimensions
of each sample investigated are provided in the relevant experimental method sections of each

chapter.

A general RUS setup consists of the parallelepiped sample being held lightly, without bonding
agents, across diametrically opposite corners between two piezoelectric transducers. The
corner-mount geometry is chosen for two reasons. Firstly, this geometry greatly reduces loading
on the sample during the experiment. Secondly, the corners of the sample are never nodes of the
vibration, which means that they couple to all normal modes and hence no resonances will be

missed during measurements.148

The resonance frequencies of a sample are measured by using a frequency synthesizer to drive a
vibrating transducer at constant amplitude across a range of ultrasonic frequencies that are
dependent on the sample experimental setup. The vibrations cause the sample to resonate at
particular sample-dependent frequencies. The second transducer detects and records the signal
from the sample in terms of its displacement across the frequency range. The vibrations are
recorded as a series of peaks which occur at the frequencies of the natural mechanical resonances

of the sample.  The signal sent from the computer to the synthesiser is independent of the
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incoming signal that has been sent from the amplifier through the phase sensitive detector to the

computer. A schematic diagram of this setup is provided in Figure 2.3.

Amplifier

sample\

transducers

Synthesiser

A A 4

Phase Sensitive

Computer < Detector

Figure 2.3: Schematic diagram of the RUS system. Adapted from Migliori and Maynard
(2005).149

The general RUS setup can be adapted to examine samples in high and low temperature
environments, such that the variations of elastic behaviour with temperature may be measured.
Resonance frequencies typically show an overall gradual decrease with increasing temperature,
associated with normal thermal elastic softening. However, in analogy to monitoring the cell
parameters using diffraction techniques, more interesting changes can be observed when a
sample undergoes a phase transition or any other structural change that affects its elastic
behaviour. These changes commonly result in the rapid softening or stiffening of the elastic
constants which can be seen in the change in frequency of resonances in the spectrum. It is
desirable to collect resonance spectra in small temperature intervals (~3 K) near a suspected

phase transition temperature to ensure that the changes can be easily and accurately identified.

2.5.1 Sample Preparation

Careful preparation of the sample is critically important before starting an RUS experiment.
Samples must be cut into rectangular parallelepipeds with orthogonal faces using a high precision

annular diamond saw in combination with paraffin lubricant. Meaningful results can only be
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obtained from densely packed parallelepipeds (> ~90 % of the theoretical density) that do not
contain cracks or flaws of any kind. In this project, polycrystalline samples were cut into
parallelepipeds with edge lengths ~1-3 mm from homogeneous cylindrical pellets (13 mm
diameter, ~8 mm thick), avoiding any visible cracking. During the cutting process, samples were
adhered to glass blocks using Crystalbond™ adhesive with a softening temperature of
120 °C- 130 °C. Two parallel cuts were made into the original sample to make a slice. This slice
was then removed from the glass block and re-glued such that one of the cut surfaces sat exactly
flat on the glass block. Several parallel cuts were made perpendicular to the flat surface. The
glass block (including the attached sample) was then rotated by 90° such that several more
parallel cuts could be made to complete the parallelepipeds. Each cut was calculated and
positioned to ensure that none of the dimensions of the parallelepipeds were equal. This method
allowed up to six rectangular parallelepipeds to be cut from any one pellet. The adhesive was
removed from the samples using acetone. The density of each parallelepiped was determined
from the dimensions and mass which were measured using a standard digital micrometer and an

electronic balance, respectively.

2.5.2 RUS Experiments at Ambient Temperature

The elastic properties of all parallelepipeds were measured at room temperature before high and
low temperature experiments were conducted. The RUS stage for frequency measurements at
ambient temperature is pictured in Figure 2.4. The transducers are coated in gold to reduce radio
interference in the output signal, and are directly connected to the signal generator and detector

electronics which are in turn connected to a computer for recording of the signal.
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Figure 2.4: RUS apparatus for data collection at ambient temperature.

All resonances of the sample should be measured at ambient temperature to ensure that a
complete analysis can be conducted. Hence, spectra are collected from each parallelepiped in at
least four different orientations (e.g. different corner-, edge-, and face-mounted geometries) to
ensure that as many resonances are identified as possible so they can be considered in the

analysis of the results. -

Spectra were typically collected across the frequency range 200 kHz- 1200 kHz. The exact
frequency range measured for each parallelepiped was dependent on the sample size because
larger samples give resonances at lower frequencies. Frequency ranges were chosen based on

preliminary checks that identified the position of the resonance peaks for each sample.

2.5.3 Low temperature RUS experiments

Samples that had the potential to show interesting behaviour below ambient temperature were
studied using a specially adapted low temperature RUS apparatus fitted to the end of a stick that

is inserted vertically into a standard AS Scientific Products Ltd. orange 50 mm helium cryostat
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that is capable of maintaining temperatures as low as 5 K, using liquid helium and/or liquid
nitrogen as the cryogens depending on the temperatures required (Figure 2.5). Temperature
regulation and measurement are achieved using a silicon diode attached to a LakeShore controller
with an accuracy of 1 K.150 Samples were positioned between the two transducers with no

bonding agents or adhesives required to fix them in place.

Figure 2.5: Low temperature RUS apparatus Image adapted from McKnight (2009).150

Spectra were collected at large temperature intervals (20 K - 40 K) during cooling from ambient
temperature, and then in smaller steps (1 K - 10 K) on heating back to ambient temperature. This
strategy ensures that the changes in resonance frequencies can be monitored on cooling for
samples with relatively unknown behaviour so that specific temperature regions of interest can
be targeted in detail during heating. This cooling regime also reduces the amount of cryogen gas
consumed during the experiment by reaching the lowest temperature quickly, followed by slow
heating. Spectra were typically collected between 200 kHz - 1200 kHz for low temperature

experiments.

2.5.4 High temperature RUS experiments

The high temperature RUS apparatus (Figure 2.6) is ideal for the investigation of samples that

have the potential to show interesting behaviour above ambient temperature. The sample is
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lightly held without bonding agents between the ends of two horizontal long, thin, alumina buffer
rods (0.3 m each). The two transducers are located at the other ends of the rods such that the
input and output signals are communicated between the sample and transducers through the
rods. The sample is heated inside a commercial Netzsch 1600 °C resistance furnace which
operates in air. The furnace is slid over the rods such that the sample is heated while the ends
connected to the transducers stay outside the furnace tube. One important disadvantage of this

arrangement is that the signal becomes noisy due to unavoidable resonances in the rods.

The temperature of the furnace is set and monitored using a Eurotherm controller in combination
with a thermocouple held a few millimeters away from the sample. This apparatus has been
shown to be accurate and stable to +0.1K for temperatures below 1268K and
approximately +1 K for temperatures above 1268 K.15¢ The temperature scales for each data set
were calibrated with respect to data obtained from the well known o < 8 transition in quartz as

described by McKnight.150

slides

over rods

Figure 2.6: High temperature RUS apparatus.

Spectra were collected at large temperature intervals (20 K - 40 K) as the samples were heated

from room temperature. Detailed measurements were carried out in smaller temperature
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intervals (1 K - 10 K) during cooling rather than heating because the coupling between the sample
surface and the rods improves once high temperatures have been reached. The improved
coupling improves the signal to noise ratio, and hence improves the quality of the spectra
collected after the highest temperature has been reached. Additionally, the large temperature
collection intervals on heating can provide information on which temperature intervals to target
with smaller cooling increments for relatively unknown samples. Spectra were typically collected
in the frequency range 200 kHz - 1200 kHz using the high temperature RUS apparatus. In high
temperature experiments, additional peaks are often present at regular frequency intervals due to
vibrational resonances of the alumina rods. These additional peaks can be easily identified
because their elastic properties are relatively constant across the temperature range of the
instrument, and hence their position is independent of temperature. The presence of these
additional peaks can complicate the analysis of the spectra when they overlap with the peaks from

the sample.

2.5.5 Data Analysis

A RUS spectrum collected from a typical parallelepiped using the ambient temperature apparatus
is pictured in Figure 2.7. Peaks in the spectrum occur at the resonant frequencies of each of the
normal modes of the sample. Absolute values of the amplitudes are highly variable because they
are very dependent on the mechanical coupling of the parallelepiped with the transducers, and
hence its orientation between them. The peak frequencies and their widths however, are
characteristic of any sample, and if measurable, provide information about the elastic behaviour.
A set of resonance frequency values measured from a single RUS spectrum can be used to
determine the elastic moduli of the sample using the fitting procedure described in section 2.8.2 of

McKnight.150
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Figure 2.7: A typical RUS spectrum collected between 200 kHz - 1200 kHz at ambient
temperature. Peaks represent resonances of each of the vibrational modes of the sample.
Sourced from McKnight.150

The position and FWHM of all measured peaks are determined by transferring the data into the
software package Igor Pro (Wavemetrics). The peaks are modelled using an asymmetric
Lorentzian function (Equation 2.13) where a(f) is the amplitude, which is a function of frequency
f, ag is the baseline, f; is the frequency at the peak maximum, and A and B are constants that
describe the extent of asymmetry of the peak with the ratio A/B equal to the height of the peak
above the baseline at f = f;,. Different Lorentzian profiles were fitted for the lower (f < f;) and
higher frequency (f > f,) parts of each resonance, but the baseline, the value of f;;, and the ratio
A/B were kept the same for both fits to maintain an asymmetric Lorentzian peak profile. Peak
fitting was carried out using the curve fitting feature of Igor Pro by inserting the text shown in

Appendix A into the Procedure Window of Igor Pro.

af) = a0+ =37 B Equation 2.13

The ‘lorentz2’ function defined in Appendix A requires a number of input parameters that will be
refined to fit the position and shape of the resonance being modelled. The boundaries of the peak
to be fitted were defined manually. Starting values for the coefficients in the “lorentz2' function

are typically of the order of wo = ws = 0 (these two coefficients describe the baseline),
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w1 = estimated frequency of the peak maximum (in Hz), w,, w3, ws describe the peak shape. w»
and ws describe the Lorentzian fit (shape and height) for the low frequency (f < f;) side of the
peak, and ws is the only variable for the high frequency (f > f;) side, so that the peak height (A/B
in Equation 2.13) is the same for both fits. The output coefficient wi provides an exact value for
the peak position and therefore the resonance frequency of that vibrational mode. A plot of the
square of the frequency for a single resonance peak as a function of temperature provides a
detailed view of how the elastic moduli associated with that mode behaves as a function of
temperature. This simple comparison is possible because of the directly proportional

relationship between the elastic moduli and the frequency squared, f§ for any mode.47

An example of the analysis of a single resonance peak using the procedure described here is
provided in Figure 2.8 where the raw RUS data are plotted as a full red line, the "lorentz2' curve fit
using an asymmetric Lorentzian function is shown as a dashed blue line, and Af is the full peak

width at half maximum height (FWHM).
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Figure 2.8: A typical resonance peak from a RUS spectrum. The raw RUS data are plotted as
ared full line, the 'lorentz2’ curve fit using an asymmetric Lorentzian function is shown as
a dashed blue line, and Af is the full peak width at half maximum height. Sourced from
McKnight (2009).150

Measurements of the FWHM may be used to determine the quality factor, Q, according to Equation

2.14 where f is the peak frequency and Af is the FWHM obtained from the peak fitting process.
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The inverse quality factor, Q, is a direct measure of the acoustic dissipation (internal friction or
loss) for each resonance. A plot of Q! as a function of temperature can therefore provide
information about any relaxation mechanisms that may operate in the material. Peaks are often
seen in Q1 at phase transition temperatures due to the changes in dissipation when structural

changes occur.

_Jo

Q=17

Equation 2.14

The advantages of the direct relationship between elastic moduli and the square of the resonance
frequency, and the mechanical dissipation and FWHM should not be underestimated. The true
resonance frequency and FWHM values can be difficult to define due to potential difficulties in
distinguishing them from background noise, or because of complication due to their convolution
with other overlapping resonance peaks. In these cases, even if a peak fit is not possible, the
general form of the variation of peak frequencies can be easily seen in a stacked plot of resonance
spectra as a function of temperature. Such plots will be used in this thesis to follow the trends of

resonant frequencies, and therefore elastic moduli, as they evolve with temperature.

2.6 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is a technique that measures the amount of heat required
to increase the temperature of a sample relative to a reference material of well known heat
capacity. DSC is useful for the investigation of phase transitions because it measures the amount
of heat passing through a sample as energy is absorbed or released when a phase change occurs.
The location and size of any anomalies in a heat flow versus temperature DSC curve can provide
information about the precise temperature and the order of the transition. Therefore, in the
context of metal oxide chemistry, DSC is a useful tool that can provide valuable information on

structural phase transitions.
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DSC experiments in this project were conducted on a TA Instruments 2920 Differential Scanning
Calorimeter using a N, purge rate of 60 ml minl. Approximately 15 mg - 30 mg samples were
weighed into 40 uL. aluminium pans. Data were typically collected during both heating and
cooling cycles for each sample between approximately 325 K-780K. The cooling rate was
maintained using the TA Instruments Liquid Nitrogen Cooling Accessory. Heating and cooling
were typically conducted at 20 K min-! and 2 K min! respectively. The baseline for this instrument
was collected from an empty sample pan. A reproducible feature was observed in the baseline of
the instrument at 723 K (Figure 2.9) which has been neglected in the analysis of DSC curves in this

project.
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Figure 2.9: Differential scanning calorimetry baseline between 325 - 780 K.
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2.7 Physical Property Measurements

Investigations into the physical properties of samples can provide important information about
the physical response a sample may produce to external stimuli. The data obtained from these

measurements can also complement the findings of structural investigations.

Dielectric properties in this project were investigated using a precise Agilent 4284A LCR meter.
Piezoresponse force microscopy (PFM) was performed on selected samples to check their
piezoelectric response and search for evidence of ferroelectricity. Measurements were performed
on a Cypher SPM from Asylum Research using an internal 15x high voltage amplifier and Olympus
AC240TM electrilevers with a spring constant k ~ 2 N m'! and a tip radius of ~ 25 nm. Single
frequency measurements were performed at 10 kHz applied frequency, ~ 1 V applied voltage and
a contact force of about ~ 100 nN. A dual frequency resonance enhanced approach was also used,
with a contact force of ~ 100 nN and an applied voltage of about 45 mV. Piezoresponse curves
were measured using an AC signal (f ~ 10 kHz, Vac= ~ 0.75 V, phase offset = 180°) superimposed
on a 0.2 Hz triangular square-stepping wave with bias up to = 60 V and a reading and writing time

of 25ms.

83



Chapter 3  Structural Investigation of Ba,TiSi>0s

3.1 Introduction

It is important to comprehensively understand the structure and properties of the Ba;TiSi,0s
parent compound of the fresnoite structure type before investigating other, more complex
compositions within the BazSrz-2:TiGez,Siz-2,0s (0 < X, y < 1) system. Previously published work
on Ba;TiSi;0s from electron diffraction patterns and X-ray precession photographs has

established that the crystal structure adopts the P4bm(a, a, %2)0gg space group.53 This was

(1+8)a*
3

determined from satellite reflections at (6 ~ 0.2) in diffraction patterns collected down

the [001]-axis and the hk%: level when tilting the sample off the [001]-axis. The presence of hk%:

reflections effectively doubles the c unit cell parameter.

Markgraf et al.5® reported that the dielectric constant, planar coupling coefficient, frequency
constant, and pyroelectric coefficient reach a maximum value at 433 K. Chang et al.11* established
that anomalies also occur in the elastic properties at 433 K. Single crystal X-ray diffraction studies
on Ba,TiSi»0g at ambient temperature and 573 K established that the structure undergoes a phase
transition from an incommensurate phase to the prototypic phase on heating, and that the
presence of the modulation is likely to be associated with the large barium ion inducing

distortions into the Si»07-TiOs linkage in the a-b plane.53

Polycrystalline and single crystal samples of Ba,TiSi»0s were predicted and then shown to exhibit
ferroelectricity by Foster et al.5! through the detection of both AC and DC dielectric hysteresis. It
was also established that the transition at 433 K does not coincide with the removal of
ferroelectricity and that the atomic displacements required for the transition to the paraelectric
phase do not occur below the melting point. Other ferroelectrics with a Curie temperature above

their melting point include LiH3(Se0s3),,151 and BaMgF,.152
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The investigation of a naturally occurring single crystal of fresnoite provided a large amount of
new information about this structure. The structure was refined using a five-dimensional
superspace approach with the space group P4bm(a, a, ¥2)0gg with g1 = 0.302(a* + b*) +0.5¢* and
qz=0.302(-a* + b*) +0.5¢*.125 The composition was determined to be
(Ba1.962Ca0.038) Ti1.000S12.00008.000 from wavelength dispersive analysis against baryte (Ba), rutile (Ti)
and diopside (Ca, Si) standards. The stoichiometry was found to be consistent throughout the

crystal within experimental error.

In 2010, work by Wong et al. established that the local composition of polycrystalline Ba,TiSi»O0s
varies across different regions of each crystallite. Regions of chemical inhomogeneity were shown
to be characteristic of incommensurate structural modulations, while regions close to the nominal

Ba,TiSi,0g stoichiometry display commensurate modulations or no modulations at all.124

This chapter will present the synthesis and precise structural determination of synthetic
polycrystalline samples of Ba,TiSi»0s over a wide range of temperatures using X-ray and neutron
powder diffraction methods. The Ba;TiSi,Os modulated structure as determined using a neutron
powder diffraction approach will be discussed for the first time. The behaviour of the elastic
moduli will also be discussed in the context of the known phase transition from the

incommensurate to prototypic structure at 433 K.
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3.2 Synthesis

The reagents used for synthesis were obtained from Sigma-Aldrich Pty. Ltd and Aithaca Chemical
Corporation and were 99.5 % or higher purity. Prior to use, barium carbonate, strontium
carbonate, silicon dioxide, and germanium dioxide were dried overnight at 500 °C to remove any
water or other unwanted components. Compounds were prepared via conventional solid state
synthetic techniques that involved thoroughly grinding an appropriate stoichiometric mixture of
oxides and carbonates under acetone using an agate mortar and pestle. Where not otherwise
stated, approximately 2 g samples were made. Larger sample sizes (5 g) were prepared for
neutron diffraction experiments. In later heating stages, samples were pressed into pellets or
rods using a mass of approximately 10 tons on a 13 mm dye for small samples, or approximately
13 tons on a 20 mm dye for medium sized samples, or approximately 50 MPa in a hydrostatic

press for larger samples.

Samples of Ba,TiSi»0s were synthesised from a stoichiometric mixture of BaCOs, TiO2, and SiO».
These precursors were initially heated at 1000 °C for 20 hours, followed by subsequent heating
steps at 1100 °C and 1200 °C, for 20 hours with a regrinding step after each heating cycle to
improve sample homogeneity and reduce the particle size to increase the rate of the reaction.
After the first 1200 °C heating step, samples were pressed into pellets and heated at 1200 °C, and
1250 °C for 20 hours between 4 to 6 times with a regrinding step after each heating cycle. A very
small proportion (< 2 %) of BazSiOs could not be removed from the sample despite repeated
heating steps for longer periods of time. Samples synthesised using only 3 x 12 hour heating steps
at 1200 °C as used by Wong et al.124 contained larger proportions of the additional phase than the
samples that had been heated for additional heating steps. It was found that a minimum of
4 x 20 hour heating steps at 1250 °C with regrinding between each step is necessary to synthesise

polycrystalline Ba,TiSi,Og samples of the highest purity,
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3.3 Results and Discussion

The following discussion of the Ba,TiSi»Os structure will be divided into three sections. The first
section will discuss the determination of the Ba,TiSi;Og structure at ambient temperature as
determined using synchrotron X-ray powder diffraction and high resolution neutron powder
diffraction. The second section will discuss the variable temperature behaviour of the structure
and the elastic moduli; particularly across the phase transition at 433 K which is known to remove
the structural modulation. Lastly, a discussion of the physical property measurements of

Ba,TiSi»0g will be provided.

3.3.1 Ba;TiSi;0s structure at ambient temperature

The structure of Ba;TiSi,0Os at ambient temperature has been characterised using synchrotron
X-ray powder diffraction using the experimental setup described in section 2.1.2.1 at a
wavelength of A = 0.826108(1) A. The X4bm space group with {0, 0, %} centring was used instead
of the primitive P4bm space group for the refinement of this structure to double the ¢ parameter
to remain consistent with (and allow for direct comparison against) previously reported models
for Ba;TiSi;0s (for example, Markgraf et al.53). Figure 3.1 illustrates the fit of the calculated
pattern (red line) against synchrotron X-ray powder diffraction data (black crosses) collected at
ambient temperature. Reflections corresponding to the very small proportion of Ba,SiO4 that
could not be removed during synthesis are marked by asterisks. No satellite reflections were
found in the diffraction patterns despite the excellent signal to noise ratio of the data collected.
The absence of any observable satellite reflections made the modelling of these data using a

modulated structure approach significantly more difficult.

87



| A=0.826108(1) A
i 1 R,,=288%
Ry= 217 %

Intensity (a.u)

—_— [
) i
— ]
- | J\_Ji___* * 1\
L)
= i -
& i
c
i
g [ | o I I
£ 11 / | I [
- -
] —tn
18.5 19.0 19.5 20.0 20.5 21.0
Two Theta (deq.)
R R T WY

[ R (RN N | |||| ||||I|I [ I II||| I 0 0O 0O 0
(I ] (O I 0N ERE PO PO TUE R0 CEFEOUR T IOOECRTCOE AN IR ORI 0 OO IO A 00t

S S S S S S S S S S e S S S . S S S S . . . ———

Two Theta (deg.)

Figure 3.1: Observed, calculated, and difference plots for the refinement of the Ba,TiSi»0g
average structure at ambient temperature against synchrotron X-ray powder diffraction
data. The black crosses, and the red and black continuous lines represent the observed
and calculated intensities and the difference between these respectively. The top and
bottom rows of blue markers represent the positions of the Bragg reflections of the Ba;SiO4
and Ba:TiSi;0s phases, respectively. Asterisks in the insert indicate the strongest two
reflections corresponding to the Ba,SiO4 impurity phase at 18.9° and 19.6° two theta.

The structural model developed from the Rietveld refinement against synchrotron X-ray powder
diffraction data converged to Rg = 2.17 and Rwp = 2.88. The experimental data and important
parameters from the determination of the Ba,TiSi»0g average structure at ambient temperature
are provided in Table 3.1. The a and ¢ unit cell parameters were refined to values within
approximately 0.5 % of those published by Markgraf et al.>¢ Small variations in the dimensions of
fresnoite unit cell parameters of this magnitude from different samples have been previously

reported for polycrystalline samples that have been synthesised using different heating

temperatures and heating times.153
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Table 3.1: Experimental data and important parameters for Ba,TiSi;Os at ambient
temperature from (a) Synchrotron X-ray powder diffraction, (b) Single crystal X-ray
diffraction from Bindi et al.125

aCurrent Study bBindi et al.
Wavelength (A) A=0.826108(1) A=0.70932
Molar mass (g mol-1) 506.72 506.72
Unit Cell Tetragonal Tetragonal
a (A) 8.533582(8) 8.5353(6)
c(A) 10.43160(2) 10.4128(7)
V (A3) 759.650(1) 758.59(9)
Space group X4bm P4bm(a, o, ¥2)0gg
Z 4 4
Linear abs. coeff. (mm-1) 17.43 11.67

The refinement of anisotropic atomic displacement parameters (ADPs) produced non-positive
definite values. In an attempt to correct this, various estimates of the X-ray absorption from the
sample were entered into the model by estimating different packing densities ranging between
30 % - 60 % based on the knowledge that the density of polycrystalline samples is typically low.
However, the variation of the estimated X-ray absorption of the sample did not improve the
refined ADPs. The background calculated from Legendre polynomials was also replaced with a
manually fitted background in case any difficulty associated with the modelling of the background
may have been contributing to the refinement of non-positive definite ADPS, however, the
reasonableness of the model was still not improved. It is proposed that either the presence of a
second phase in the sample could be introducing a level of convolution that inhibits the
calculation of reliable anisotropic ADPs, or simply that the powder diffraction pattern collected
from this sample may not contain sufficient detail to extract this information. For this reason,
only isotropic ADP parameters were refined in the final model of the Ba;TiSi»0g structure. The
Ba,TiSi»0s structure determined from Rietveld refinement against synchrotron X-ray powder

diffraction data at ambient temperature is illustrated in Figure 3.2.
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Figure 3.2: Ba,TiSi.0s average structure at ambient temperature refined against
synchrotron X-ray powder diffraction data using isotropic atomic displacement
parameters. Oxygen ions are labelled for later reference.

Once a reasonable and stable model of the Ba,TiSi»,0s average structure had been constructed,
structural modulations were added to establish whether any information about the modulation
could be extracted from the diffraction pattern despite the absence of satellite reflections.
Modulation wave vectors of q;=0.302(a*+b*) and q:=0.302(-a* + b*¥) and modulation
amplitudes obtained from the single crystal study of natural fresnoite by Bindi et al.l25 were
entered into the model. The calculated pattern based on these parameters contained a very small
amount of intensity corresponding to satellite reflections in some regions of the pattern as shown
in Figure 3.3. However, these calculated satellite reflections do not correspond to any reflections
in the observed pattern, including the reflections corresponding to the small proportion of the
second phase, Ba;SiOs+. Once it was established that the Bindi model couldn’t describe the
experimental data, the modulation parameters were systematically refined to determine whether
the fit could be improved. However, chemically implausible results were produced and this line of

action was abandoned.
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Figure 3.3: Observed, calculated, and difference plots for the refinement of the Ba;TiSi»0g
modulated structure against synchrotron X-ray powder diffraction data. The top and
bottom rows of reflection markers represent the positions of the Bragg reflections of the
Ba,Si04 and Ba;TiSi»0s phases, respectively. The weak satellite intensities calculated for

the Ba;TiSi»0s phase (indexed by the green peak markers) defined using the modulation
parameters obtained from Bindi et al.” do not correspond to any observed intensity in the

pattern.

Modulation amplitudes were also systematically refined from arbitrarily small values (c.f. 0.001)
in case the Bindi et al. model was an inappropriate starting point to describe the Ba,TiSi20g
sample in the current project. However, the models refined using this approach did not show any
signs of convergence, nor produce chemically reasonable results. It was therefore concluded that
the lack of satellite reflections in the synchrotron X-ray powder diffraction pattern would not

allow for the determination of the modulated Ba,TiSi»Og structure.
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The atomic positions and isotropic atomic displacement parameters for the Ba;TiSi»0g average
structure determined from refinement against synchrotron X-ray powder diffraction data are

provided in Table 3.2 where values quoted without errors are constrained by symmetry.

Table 3.2: Atomic positions and atomic displacement parameters for the Ba,TiSi;Osg
average structure at ambient temperature.

Atom Ba Ti Si o1 02 03 04

X 0.32699(2) 0 0.12848(7) 0 0.1240(2)  0.2909(2) 0

y 0.82699 0 0.62848 0.5 0.6240  0.5767(2) 0

z 0 -0.2682(2) -0.2551(3) -0.3152(3) -0.1031(2) -0.3219(1) -0.1046(4)
&2) 0.01431(4) 0.0119(3) 0.0127(3)  0.013(1)  0.0115(7) 0.0105(5)  0.022(1)

Given that satellite reflections have been reported in electron and single crystal X-ray diffraction
patterns collected from Ba,TiSi0s numerous times in the literature505356, one must explain why
these satellite reflections are not observed in the synchrotron X-ray powder diffraction patterns.

Three arguments that might explain the absence of satellite reflections will be discussed below.

The first argument explaining the absence of satellite reflections in the synchrotron X-ray powder
diffraction pattern considers a combination of the relatively weak X-ray scattering power of the
oxygen ions in the presence of barium ions and the smaller domain sizes in polycrystalline
samples relative to single crystals. It has been well established that the oxygen ions in the
Ba,TiSi»0s structure experience the greatest displacements from their average positions due to
the modulation.57.120 Hence, the relatively weak X-ray scattering power of the oxygen ions relative
to the barium ions in Ba,TiSi2Os means that any satellite reflections in an X-ray diffraction pattern
will be very weak (as discussed in section 2.1.3.3). This is demonstrated by the tiny intensities
calculated by the Bindi et al. single crystal model for the synchrotron powder diffraction profile in
Figure 3.3. Sizes of individual domains constituting each crystallite in polycrystalline samples are
considerably smaller than those constituting single crystals, and any lattice imperfection will
cause the broadening of reflections in diffraction experiments.!>* The broadening of any
reflection will increase its FWHM in the diffraction profile and hence reduce its maximum
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height.155156  Although the effects of slightly smaller domains are typically negligible, their effect
on very weak reflections can be so significant that they cannot be observed above the background
anymore. Hence, it is possible that the presence of smaller domains in polycrystalline samples
may explain why the satellite reflections that were observed in the single crystal X-ray diffraction
experiment by Bindi et al. were not observed in the synchrotron X-ray powder diffraction

patterns in the current study.

The second argument considers the potential for phason excitations to occur in Ba;TiSi»0s
samples. A phason describes a special type of excitation that corresponds to thermally excited
fluctuations of the phase of the modulation function(s) that describe the modulation of the
average structure.15’ The effect of phase fluctuations in a modulated structure has been shown to
reduce the intensity of satellite reflections in an analogous way to how the Debye-Waller factor
accounts for the reduction of scattered intensity due to the thermal motion of atoms about their
equilibrium positions.158 The reduction of the diffracted intensity is only observed in the satellite
reflections because the phase fluctuations do not induce changes into the average structure. The
relationship between satellite intensity and phase fluctuations has been justified mathematically

using two different methods by Overhauser et al.158 and Axe.159

Evidence of phasons has been inferred from anomalies in low-temperature specific heat data of
some metals and alloys160.161 and point-contact spectroscopy experiments.162 The existence of
phasons has also been shown experimentally by inelastic neutron scattering?63 and elastic X-ray
scattering!é4 in ThBr4 and TaSe; respectively. These studies have shown that phasons give rise to
a temperature factor that is independent of the main Bragg reflections. For compounds
containing phasons, the decrease in satellite reflection intensity has been shown to be different
from the intensity decrease of the main Bragg reflections, and most importantly, independent of

the index and the relative intensity of the reflection.
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The absence of satellite reflections in the X-ray powder diffraction patterns collected from
Ba,TiSi»0s samples in this study suggests that phase fluctuations may be present. This theory
does not contradict previous work on Ba,TiSi»Os because it is plausible that phason excitations
may be more prevalent in polycrystalline samples than in single crystal samples that exhibit
higher crystal quality, reducing the likelihood of any boundaries or defects in the sample,

including phase fluctuations.

The third argument is presented after consideration of the most recently published work on
Ba,TiSi20s by Wong et al.12¢+ which suggests that different regions of polycrystalline samples
contain different modulation characteristics. High resolution electron microscopy and electron
diffraction of polycrystalline samples, in combination with energy dispersive spectroscopy, were
used to establish that each crystallite contains nanodomains which have compositional
inhomogeneity. The presence of satellite reflections in these polycrystalline samples suggests
that phasons may not be present, or only present in sufficient proportions to be observed on the
larger sample volumes investigated using X-ray powder diffraction rather than the tiny samples

volumes investigated in electron diffraction.

Because the Ba;TiSi,0g samples in this study were synthesised using a method similar to the solid
state synthetic methods used by Wong et al.'?* (albeit, with additional heating steps), it is
plausible to suggest that the samples synthesised and characterised in the current study may
display similar behaviour to the samples studied previously. The potential for chemical
inhomogeneity in these samples means that each crystallite could contain many small modulated
nanodomains of slightly different local composition and hence exhibit slightly different
modulation characteristics. Under these conditions, it would be plausible that no one region
containing a common type of structural modulation would be present in the necessary
proportions to produce sufficiently intense satellite reflections to be observed above the

background. Instead, the intensity corresponding to each different structural modulation in
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different regions of each crystallite may be distributed over slightly different regions of reciprocal
space, hence reducing the intensity of the satellite reflections such that they cannot be observed

above the background.

It is difficult to conclude which of the three arguments are the most appropriate to justify why
satellite reflections are not observed in the synchrotron X-ray powder diffraction patterns
collected from Ba;TiSi»0s samples in this study. However, based on the limited evidence of the
occurrence of phasons and the uncertainty surrounding their identification in complex systems, it
is proposed that the phason argument may not be the most appropriate explanation. The
argument based on the presence of different modulated nanodomains due to chemical
inhomogeneity also has merit. However, of the three arguments discussed, the relatively weak
scattering power of oxygen combined with the reduced domain size in polycrystalline samples
relative to single crystal samples is the most plausible. The true reason for the absence of satellite
reflections may not be as simple as only one of these explanations, but could be a result of one or

more contributing to the final result.

Once it was established that synchrotron X-ray powder diffraction did not provide the necessary
information to characterise the modulated structure of polycrystalline Ba,TiSi,Os, neutron
powder diffraction data were collected to determine whether further structural information could
be obtained. The relatively increased scattering factor of the oxygen ions in the presence of
barium ions in neutron diffraction compared to X-ray diffraction is a particularly advantageous
property to utilise in the current study because the satellite reflections produced by the large
displacive modulations of the oxygen ions from neutron diffraction are likely to be of greater

intensity than those produced from X-ray diffraction.

Neutron powder diffraction data were collected using Echidna - the high resolution neutron

powder diffractometer using the setup described in section 2.1.3.1 at a wavelength of
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A=1.885(1)A. The sample investigated was a physically different sample of the same
composition to the sample studied using X-ray diffraction. Both samples were synthesised under
identical conditions. No evidence of a second phase was identified in the neutron diffraction
pattern collected from this sample, however it is anticipated that a very small proportion of
Ba,Si0y4 is present (< ~2 % from XRD), but not observed due to the poorer signal to noise ratio
typically expected from neutron diffraction experiments. Two reflections were identified that
could be indexed as satellite reflections. Based on this observation, a modulated structure
approach was applied to attempt to refine a stable and reasonable Ba,TiSi.0s model against the

neutron powder diffraction data.

The structural parameters determined from the X-ray powder diffraction study were used in the
starting model to be refined against the neutron diffraction data. However, in a similar fashion to
the behaviour of the models refined against the X-ray diffraction data, the systematic introduction
of small amplitude modulation functions to the model resulted in large fluctuations in the
modulation amplitude parameters without accounting for any intensity that corresponded to
satellite reflections. Hence, modulation amplitudes published by Bindi et al.l?5 were again

inserted and systematically refined for each atom.

The refinement of anisotropic ADPs returned non-positive definite values which rendered the
model unreasonable. A manual background was trialled instead of the use of Legendre
polynomials to determine whether this approach could resolve the non-positive definite ADPs,
however this failed to improve the sensibility of the model. Hence only isotropic ADPs are

reported for the Ba;TiSi;0s structure refined against high resolution neutron diffraction data.

The refined model of the modulated structure contains small amounts of intensity that
correspond to the satellite reflections in the neutron diffraction pattern (marked by asterisks in

Figure 3.4). The q-vector was refined to q; =0.2977(a* + b*) and qz=0.2977(-a* + b*) in the
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X4bm(a, a, 0)0gg space group (c.f q1 = 0.302(a* + b¥) + Yoc* and q2 = 0.302(-a* + b*) + Yoc* from
Bindi et al.1?5 using the P4bm(«, «, ¥2)0gg space group). Note that the X denotes the non-standard
centring condition {0, 0, %2, %2, %2}. The small discrepancy in the magnitude of the g-vector
between this study and the previously published modulated structure for Ba,TiSi,Os can be
explained by the dependency of the specific properties of the modulated structure on the local

composition and the conditions of synthesis as discussed by Héche et al.’2 and Wong et al.153
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Figure 3.4: Observed, calculated, and difference plots for the refinement of the Ba;TiSi»0s
modulated structure at ambient temperature against high resolution neutron powder

diffraction data. Asterisks mark satellite reflections with calculated intensity from the
model. Black and green reflection markers indentify main and satellite reflections,

respectively.

The experimental data and important parameters for the model refined against neutron powder
diffraction data are provided in Table 3.3. The unit cell parameters obtained from this model are
comparable to those determined from synchrotron X-ray powder diffraction (Table 3.1) or from

single crystal X-ray diffraction.125 Note that (satellites-1) and (satellites-2) represent parameters
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corresponding to the satellite reflections associated with the first (qi, q2) and second (qi1 + q2,

q1 - q2) order satellites, respectively.

Table 3.3: Experimental data and important parameters for Ba,TiSi;Os at ambient
temperature from (a) high resolution neutron powder diffraction (Echidna), and (b) single
crystal X ray diffraction from Bindi et al.125

Parameter aCurrent Study: Echidna bBindi et al.125
Wavelength (A) A=1.885(1) A=0.70932
Molar mass (g mol-1) 506.72
Unit Cell Tetragonal Tetragonal
a (A) 8.52083(11) 8.5353(6)
c(d) 10.4323(20) 10.4128(7)
V (A3) 758.90(2) 758.59(9)
Space group X4bm(a, a, 0)0gg P4bm(a, o, ¥2)0gg
Z 4
Linear abs. coeff. (mm-) 0.0047 11.67
Rg (%) 2.00 1.2
Rg (main) (%) 1.40 1.0
R; (satellites-1) (%) 2.81 1.4
Rg (satellites-2) (%) 2.56 3.4
Rup 4.74 -

The refined atomic positions, atomic displacement parameters, and modulation amplitudes for
Ba,TiSi0s structure are provided in Table 3.4 where values without errors are constrained by
symmetry. The calculation and analysis of the atomic modulation functions pertaining to the
modulated structure provides further insight into the specific behaviour of the structure along
each point of the modulation wave. For example, the largest modulation amplitudes correspond
to the O1 and 03 oxygen ions which form the bases of the Si04 and TiOs polyhedra in the a-b plane
respectively. The 02 and 04 oxygen ions corresponding to the axial positions of the SiO4 and TiOs
polyhedra respectively are smaller, confirming that the modulation is primarily associated with

the rotation of the polyhedra about the c-axis.
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Table 3.4: Atomic positions, atomic displacement parameters (ADPs), and modulation
amplitudes for the Ba,TiSi;0s structure at ambient temperature as refined against neutron
powder diffraction data. The suffix numbers (1’'s and 2’s) for each modulation amplitude
represent directions along the first (a* + b*) and second (-a* + b*) modulation directions,
respectively.

Ba Ti Si 01 02 03 04

X 0.3276(3) 0 0.1280(3) 0 0.1250(2)  0.2927(2) 0

y 0.8276 0 0.6280 0.5 0.6250 0.5756(2) 0

z 0 -0.2676(6)  -0.2557(4)  -0.3139(5) -0.1040(3)  -0.3213(3)  -0.1064(4)

(UA1523 0.0051(8) 0.002(2) 0.0015(8) 0.008(1)  0.0017(8)  0.0086(5)  0.0053(18)

xsin1l  0.004(1) -0.008(2) -0.003(1) 0.003(1)  -0.005(9)  0.0048(8) 0.011(1)
ysin1 0.004 0.003(2) -0.003 0.003 -0.005 0.0014(8) -0.011
zsin1l  0.002(1) 0 0.002(1) 0 -0.002(1)  -0.0028(9) 0
xcos1l  0.0049(8) 0 -0.004(1) 0 0.0067(8)  -0.0069(7) 0
ycos1 0.0049 0 -0.004 0 0.0067 -0.0188(7) 0
zcos1l -0.007(1)  -0.004(2) 0.002 0.01(2) 0.0037(1)  -0.0033(7)  0.000(1)
xsin2  0.002(9) 0.003(2) -0.002 0.0188(8)  -0.0076(8)  -0.0025(9)  -0.011(1)
ysin 2 0.002 0.008 0.002 -0.0188 0.0076 -0.0047(9) -0.011
z sin 2 0 0 0 0 0 -0.0014(8) 0
Xcos2  -0.0004(1) 0 0.007(1) 0 -0.0020(8)  0.0003(8) 0
ycos2  -0.0004 0 0.007 0 -0.0020 -0.004(1) 0
zcos2  0.008(1) 0.004 0.006(1) 0.007(2) 0.011(1) 0.0072(8)  -0.000(1)

Inspection of the atomic modulation functions representing the displacements of each ion as a
function of the internal phase parameters t and u (defined in section 1.6) confirms that the largest
deviations from the average structure are experienced by the oxygen ions. This is shown in Figure
3.5 where the displacements of the barium (A), titanium (B), oxygen-1 (C) and oxygen-3 (D) ions
are provided for 0 <t <1 and u = 0 where t and u represent the positions along the first (a* + b*)
and second (-a* + b*) modulation directions, respectively. The u =0 case has been chosen as a

representative cross section of the entire 0 < u < 1 range.

The oxygen ions display the largest deviations on average, while the displacements of the titanium
and barium (to a lesser extent) ions are more subtle. There are significant contributions to the
oxygen ion displacements in the oxygen-1 and -3 ions in the x and y directions, providing evidence
of polyhedral rotation about the c-axis. However, the contribution in the z-direction cannot be
ignored. The z-contribution is indicative that although rotation about c is occurring, a slight
buckling of the polyhedra also occurs, such that the base of each polyhedron is no longer parallel

with the a-b plane.
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Figure 3.5: Atomic modulation functions showing the variation in the atomic displacements
in Ba,TiSi,0s for barium (A), titanium (B), oxygen-1 (C), and oxygen-3 (D) ions for u = 0 and
0<t<1, where t and u represent positions along the (a* + b*) + %2c* and (-a* + b*) + 2c*
modulation directions, respectively. The u =0 case has been chosen as a representative
cross section of the entire 0 < u < 1 range.

Bindi et all?5 first discussed the extent of the modulations in the fresnoite structure by
considering the variation in the bond angles between adjacent polyhedra. The atomic modulation
function showing the variation in the Ti-03-Si bond angle (and hence a parameter describing the
extent of the relative buckling of adjacent polyhedra) for 0 <t< 1 and u = 0 is provided in Figure
3.6, demonstrating that the bond angle varies by approximately * 2.5 degrees. This shows that
Ba,TiSi»0s exhibits similar behaviour to the behaviour reported for Ba,TiGe;0g by lijima et al.

who claimed that the long period modulation occurs in the non-isomorphic (but structurally

similar) Ba,TiGe;0s in the form of the buckling of adjacent polyhedra relative to each other.
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Figure 3.6: Atomic modulation function showing the variation of approximately * 2.5
degrees in the Ti-03-Si bond angle for u =0 and 0 < £< 1, where t and u represent positions
along the (a* + b*) + %2c* and (-a* + b*) + %2c* modulation directions, respectively. The
u = 0 case has been chosen as a representative cross section of the entire 0 < u < 1 range.

The atomic modulation functions representing the calculated bond valence sums for all atoms in
the Ba;TiSi;0g structure are provided in Figure 3.7 where the dotted lines represent the
hypothetical bond valence sum of the atom in the average structure, and solid lines represent the
bond valence sum for 0 <t <1 and u = 0. Large variations can be seen in the bond valence sum of

the barium ion in Figure 3.7A, demonstrating the susceptibility of the position of the barium ion to

the introduction of the structural modulation.

The introduction of the modulation improves the average bond valence sums of the oxygen-1 and
oxygen-4 ions, while the silicon, titanium, oxygen-2, and oxygen-3 ions experience bond valence
sums further from their ideal values relative to their calculated bond valence sums in the average
structure (Figures 1.7B-C). However, the net changes in the bond valence sums in the Ba,TiSi»Os
structure are advantageous due to the large improvements for the barium, oxygen-1 and oxygen-4
ions outweighing the small deviations from more ideal bond valence sums of the remaining ions

in the average structure.
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Figure 3.7: Atomic modulation function showing the variation of the bond valence sum for
all atoms in Ba;TiSi»0s for u =0 and 0 < t< 1 along the (a* + b*) + Yc* and (-a* + b*) + Y2c*
modulation directions, respectively. The u =0 case has been chosen as a representative
cross section of the entire 0 <u <1 range. The solid and dashed lines represent the bond
valence sum for the modulated and average structures, respectively.

The Ba,TiSi»0s modulated structure determined in the current study is the first to be determined
from neutron diffraction data. A 3x3 approximation of this structure is illustrated in Figure 3.8
where it can be seen that the smallest deviations from the average structure occur for the barium,
titanium and silicon atoms, while the largest deviations are seen for the oxygen ions in the x- and
y-directions. The large displacements of these oxygen ions are consistent with those previously
published from single crystal X-ray diffraction analysis and correspond to the almost-rigid-body
rotations of the TiOs and SiO4 polyhedra around the c-axis. Small displacements supporting the

slight tilting of the polyhedra can also be seen in the basal polyhedral plane perpendicular to the

[001]-direction in Figure 3.8 (bottom).
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Figure 3.8: 3x3x1 approximation of the Ba;TiSi»0s modulated structure from refinement
against high resolution neutron powder diffraction data projected along the [001]- (top)
and [100]-direction (bottom).
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3.3.2 Ba;TiSi,0s structure at non-ambient temperatures

Variable temperature synchrotron X-ray powder diffraction data were collected from a Ba;TiSi,Os
sample to investigate the structure across a wide range of temperatures, including the transition
at 433 K. Data were collected between 125 K-475K and 298 K- 1196 K using a cryostream
liquid nitrogen attachment and Eurotherm hot air blower, respectively. This is the first

investigation of the Ba,TiSi»0g structure to be conducted at temperatures higher than 573 K.

The high resolution of the diffraction patterns ensured that the unit cell parameters of the sample
could be determined with high precision. The a and ¢ unit cell parameters calculated from
Rietveld refinement against synchrotron X-ray diffraction data collected between 125 K- 1196 K
are provided in Figure 3.9 where there is a distinct change in the gradient close to 433 K,
coinciding with the known transition from the modulated to the parent phase as reported by
Markgraf et al.53 It should be noted that the different scales of the left and right axes have been
chosen to show the changes in gradient of the cell parameters concisely. This behaviour is similar
to (but more pronounced than) the behaviour shown for the unit cell parameters of the
structurally similar melilite compounds across the incommensurate to prototypic phase
transitions.1¢5 The constant volume expansion and second order nature of this transition are also
consistent with the theoretical and experimental investigations on incommensurate to prototypic
phase transitions reported by Aizul¢¢ and Ishibashi.’é? The intersection of the lines of best fit of
the a and c unit cell parameters for the high and low temperature phases were used to determine

that the changes occur at 466 K and 447 K, respectively.
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Figure 3.9: Unit cell parameters a (left), and c (right) for Ba,TiSiOs between 125 K- 1196 K
as calculated from Rietveld refinement against synchrotron X-ray diffraction data.

The change in the gradients of the a and c cell parameters across the 433 K transition are such
that that the change in the trend of a cancels out the change in trend of c. This produces constant
unit cell volume expansion across the transition (Figure 3.10) as required for second order phase

transitions.168
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Figure 3.10: Unit cell volume for Ba,TiSi»0s between 125 K-1196 K as calculated from
Rietveld refinement against synchrotron X-ray diffraction data.

The temperature of the transition can also be identified through the consideration of the a/c ratio
of the tetragonal structure as shown in Figure 3.11. The maximum value of the a/c ratio occurs at

442 K, in close agreement with the published value of 433 K.53 Hence, it has been shown that the
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change in the trend of the unit cell parameters provides a reliable method to identify the subtle
phase transition from the modulated to the prototypic phase despite the absence of satellite
reflections in the powder diffraction pattern. Analysis of the trends of the unit cell parameters
will be used to identify the presence of this transition for other Ba,TiSi.0s samples in the
following section. The structural parameters for all models refined for Ba,TiSi.0s between

125 K- 1373 K are provided in Appendix B of the attached Appendix DVD.
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Figure 3.11: Ba;TiSiz0s cell parameter a/c ratio, indicating a change at approximately
440K as determined from the intersection of the lines of best fit determined for each
section of the plot.

Variable temperature high intensity neutron powder diffraction data were collected using
Wombat with the experimental setup described in section 2.1.3.2 at a wavelength of
A=2.8638(2) A. The very high flux obtained from this instrument significantly reduces the
collection time required to obtain patterns with reasonable signal to noise ratio. The ability to
collect patterns quickly makes this technique appropriate for the collection of variable
temperature diffraction patterns in very small increments to track any changes in the structure
that may be observed in the diffraction pattern. Neutron diffraction patterns were collected from
a Ba;TiSi,0s sample between 275 K- 600 K on heating, and 600 K-300K on cooling with a

collection time of 1 minute per pattern. The patterns collected on heating and cooling are collated
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in Figure 3.12 where the black box indicates the region corresponding to temperatures above the
433 K transition. Conventional thermal expansion and contraction on heating and cooling
respectively can be identified in the shift of all reflections, however a closer inspection reveals

very subtle differences in the diffraction patterns above 433 K.
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Figure 3.12: High intensity neutron powder diffraction ramping plot. Patterns were
collected in 2.5 K intervals as the Ba;TiSi0s sample was heated from 275 K- 600 K, then
cooled from 600 K- 300 K. The black box indicates the temperatures in the figure above
the transition, and the red box indicates the two theta region of the two reflections of
interest.

The most prominent change in the diffraction patterns above 433 K can be seen in the spacing
between the 322 and 003 reflections at approximately 111° and 112° two theta, respectively
(inside the red box in Figure 3.12). As the sample is heated above 433 K, the FWHM of the 322
reflection is increased, suggesting that there may be a small degree of disorder in the high
temperature prototypic structure. Similar behaviour can be observed to a lesser extent in other
high angle reflections, for example, the 113 and 510 reflections at 119° and 120° two theta,
respectively. The observed changes do not coincide with the positions of expected satellite
reflections, however, the reduction of the FWHM on cooling indicates that the behaviour is
reversible without hysteresis. The presence of this broadening may be indicative of disorder

across the sample in the planes associated with the 322 and 003 reflections. Further work would

need to be conducted to investigate this possibility properly.
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3.3.2.1 Quenching polycrystalline Ba;TiSiz0g

Ba,TiSi,0s was cooled rapidly from above 433 K to investigate whether the high temperature
prototypic structure could be quenched and observed at ambient temperature. Polycrystalline
Ba,TiSi»0s was pressed into two pellets and heated to 773 K (340 K above the 433 K transition
temperature) for 2 hours. The “quenched” pellet was cooled rapidly by transfer from the furnace
into a dish of liquid nitrogen, and the other “standard” pellet was allowed to cool to ambient
temperature slowly by switching off the furnace. X-ray diffraction patterns were collected
between 298 K - 773 K using Cu K, radiation to determine whether a phase transition could be

identified from inspection of the unit cell parameters as described in section 3.3.2.

Because the instrument used for this particular experiment produces diffraction patterns that
contain lower resolution than would be obtained from a synchrotron source, much larger errors
are associated with the values obtained. However, conducting the experiment on the standard in
addition to the quenched sample introduces internal consistency into the experiment, allowing
conclusions to be drawn from the presence or lack of differences between the quenched sample

and the standard.

The cell parameters a and c (left) and the a/c ratio (right) that were calculated from Rietveld
refinement against X-ray diffraction data between 298 K - 773 K are provided in Figure 3.13 for
both the quenched (bottom) and standard (top) Ba;TiSi.Os samples. The behaviour of the
standard and the quenched sample is identical to the behaviour observed for the sample in
section 3.3.2, confirming that the X4bm(a, o, 0)0gg structure is still present at ambient

temperature after rapid cooling from 773 K.

The fact that the prototypic X4bm structure returns to the incommensurately modulated

X4bm(a, a, 0)0gg structure upon rapid cooling suggests that the phase transformation from the
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modulated to the prototypic structure involves the transfer of only a very small amount of energy.

This observation is supported by the computational studies of the very small energy differences in

some incommensurate crystals by Pokrovsky and Talapov.169
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Figure 3.13: Unit cell parameters a and c (left) and the a/c ratio (right) for Ba;TiSi»Os in
quenched (top) and standard (bottom) samples between 298 K- 773 K.

It was shown in the previous section that the change in the unit cell parameters as determined

from diffraction using a synchrotron source provides a useful crystallographic method to identify

the subtle X4bm(a, o, 0)0gg to X4bm phase transition in Ba;TiSi,0s. This quenching experiment in

the current section has shown that diffraction using Cu K, radiation is sufficient for the

identification of this transition. This method will be used to investigate this transition in barium

rich members of the BazSr2.2TiSi»0g system in Chapter 6.
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3.3.2.2 Ba;TiSi;0s heat flow across the 433 K transition

Differential scanning calorimetry was performed on a 26.5 mg polycrystalline Ba,TiSi,Og sample
on cooling between 723 K- 323 K using a cooling rate of 2 K min! on a TA Instruments 2920
Differential Scanning Calorimeter as described in section 2.6. The measurement of heat flow
through the sample was used to investigate whether any thermal anomalies associated with the

phase transition could be identified (Figure 3.14).
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Figure 3.14: Heat flow for Ba;TiSi,0s on cooling between 723 K - 323 K using a cooling rate
of 2 Kmin-1.

The absence of any thermal anomalies in the heat flow curve for Ba,TiSi,Os confirms that the
difference between the prototypic and incommensurately modulated Ba,TiSi»Os energy states
must be extremely small, as shown for the incommensurate to prototypic transition for Cs,Znl, by
Melero et al.l7 The minimal energy difference between the incommensurate and prototypic
phases also supports the conclusion from the quenching experiment that the prototypic structure

cannot be preserved by rapid cooling from above the phase transition temperature.
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3.3.2.3 Elastic properties of Ba,TiSi»0s across the 433 K transition

The elastic properties of Ba;TiSi,Os were investigated between 298 K- 620 K using resonant
ultrasound spectroscopy as described in section 2.5.4. Resonant ultrasound spectroscopy data
were collected from a single crystal sample of dimensions 4.170 x 3.390 x 4.827 mm3 and mass =
0.2837 g (supplied by Prof. T. Hoche, Leibniz-Institut fiir Oberflaichenmodifizierung e.V., Leipzig,
Germany). The sample shape formed an approximate parallelepiped, however, the faces of the

sample were visibly inclined to adjoining faces at angles # 90°.

Spectra were collected from the single crystal Ba;TiSi,Os sample across the frequency range
50 kHz - 1200 kHz at a resolution of 50 000 data points at ambient temperature as shown in
Figure 3.15. The observed peaks were well defined and exhibited low dissipation (Q-1), however,
attempts to model the elastic constants using the standard rectangular parallelepiped resonance
method were not successful, because the fit to all the recorded resonances did not converge to a
satisfactory level. The most likely explanation for the difficulty in determining the elastic
constants of this sample is the imperfect shape of the crystal. Generally, the deviation from the
ideal parallelepiped shape should be approximately <1 % from 90° angles to achieve good
convergence in the fitting process. However, this deviation in the samples was estimated to be
significantly larger than the recommended orthogonality, explaining the difficulty experienced in

the fitting process.
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Figure 3.15: Resonant ultrasound spectroscopy spectra collected from a Ba,TiSi»0s single
crystal at ambient temperature in three different orientations. The red and blue lines
represent spectra collected with the sample oriented in the [100]- and [010]- directions,
respectively, and the green line represents the spectra collected from the sample mounted
across diametrically opposite corners ([111]-direction).

Spectra were also collected at ambient temperature from a polycrystalline Ba,TiSi,Os sample of
dimensions 3.779 x 3.226 x 1.825 mm3 and mass = 75.5 mg that was cut from a densely pressed
pellet with high precision in the 90° angles between adjoining faces (Figure 3.16). The fitting
process for the elastic constant was conducted using the fitting procedure described in section
2.8.2 of McKnight (2009)150, however a satisfactory fit could not be achieved. The difficulty
associated with calculating the elastic constants from the polycrystalline sample of Ba;TiSi»Og are

likely to be attributed to the tendency for the crystallites to adopt highly anisotropic forms due to

the layering of the polyhedra that form planes perpendicular to the [001]-direction.
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Figure 3.16: Resonant ultrasound spectroscopy spectra collected from a Ba;TiSi,0s
polycrystalline sample at ambient temperature in a combination of seven different
orientations including a combination of corner-mounted, edge-mounted, and face-mounted
orientations.

Spectra were collected on cooling between 621 K - 298 K, at 10 K intervals between 621 K- 485 K,
5 K intervals between 485 K - 362 K, and 10 K intervals between 361 K - 298 K. Smaller intervals
were used in the region of temperatures near the phase transition to collect more data points
around the region of interest. The close-up of the 850 kHz - 1000 kHz region of the spectrum in
Figure 3.17 clearly shows a strong relationship between the position of the resonant frequencies
in the spectrum and temperature. The blue lines overlayed onto the peak at approximately 860
kHz represent the fit of the asymmetric Lorentzian function to the target peak at each

temperature. The process of modelling the peak position and shape allowed the determination of

the precise temperature at which the minima in the elastic moduli occurs.
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Figure 3.17: Resonant ultrasound spectra collected from a Ba;TiSi»0z single crystal on
cooling between 471 K-298K (red lines). Blue lines indicate the Lorentzian curve
calculated to fit a representative peak at each temperature.

The square of the resonant frequency (proportional to the elastic moduli, as discussed in
section 2.5) of the peak near ~860 kHz is plotted as a function of temperature in Figure 3.18.
Softening of the elastic constants occurs on heating up to 431 K, followed by a sharp increase once

the transition has occurred. The error quoted for this value is based on the error of the

thermocouple and furnace used in the experiment.

The elastic softening as the sample approaches the transition is common and is most likely due to
fluctuations in the sample that can be attributed to dynamic short range order as has been
discussed for the perovskite structure by Carpenter et al.171. The specific behaviour observed for
the Ba,TiSi»0g structure is identical to the behaviour observed across the incommensurate to
prototypic phase transition in NaNO:.172 The changes that have been observed in the elastic
moduli are typical of structural phase transitions in metal oxide materials!73174, providing

additional evidence of the incommensurate to prototypic transition and emphasising that
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although the structural changes across the transition are subtle, significant changes in the elastic

properties occur.
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Figure 3.18: Variation in the square of the resonant frequency of the ~860 kHz peak from
Ba,TiSi,0s between 298 K - 471 K. A softening of the elastic constants occurs on heating up
to the transition at 431 K.

As introduced in Section 2.5.5, the inverse mechanical quality factor (Q-1) can provide information
about relaxation mechanisms that may operate in the material. These values were plotted for
Ba,TiSi.0s between 300 K-980 K (Figure 3.19), however no meaningful correlations were

identified due to the high uncertainty for the FWHM that can be attributed to the convolution of

the resonances of the sample and the rods holding the sample in the instrument.
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Figure 3.19: Inverse mechanical quality factor for the 818 kHz resonance as a function of

temperature from resonant ultrasound spectroscopy of a polycrystalline Ba,TiSi»0s sample
between 300 K - 980 K.
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3.3.3 Physical property measurements from Ba,TiSiz0g

Physical property measurements were conducted on polycrystalline Ba,TiSi,Os to build a basic
understanding of the physical behaviour and electric responses of the samples synthesised in the

current project.

The dielectric properties were measured using an Agilent 4284A LCR metre from a pellet of
13 mm diameter and 2 mm thickness pressed from polycrystalline Ba,TiSi»0s. Silver paste was
painted on the flat surfaces of the disc to measure the capacitance across the pellet. The
capacitance (measure of ability to store charge) and loss tangent (measure of inherent dissipation
of energy) was measured between 10 Hz - 1 MHz to determine the change in properties over a
wide range of frequencies (Figure 3.20). The capacitance was not converted into a dielectric
constant for the material because the surface area of the sample was not deemed sufficiently
greater than the distance between the electrodes to ensure that a constant electric field was
applied across the sample. However, the measured capacitance of the material provides a good

guide of the trend of the dielectric properties of the sample.

The capacitance of the sample is moderate at low frequency, and reduces to significantly smaller
values at high frequency as is observed in most dielectric materials.l’> The dielectric loss
measured from the sample is relatively high in comparison to typical dielectrics on the
market.175176 The high loss tangent measured from this sample may be attributed to the sample

not being packed as densely as can be achieved for commercial samples.
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Figure 3.20: Capacitance (blue) and loss tangent (red) measured from a Ba;TiSi»0g pellet
from 10 Hz - 1 MHz.

Piezoforce microscopy and ferroelectric measurements were performed on a Cypher scanning
probe microscope from Asylum Research using an internal 15x high voltage amplifier and
Olympus AC240TM electrilevers, spring constant k ~ 2 N/m, and tip radius ~25 nm. Single
frequency measurements were performed at 10 kHz applied frequency, ~1 V applied and a
contact force of approximately 100 nN. The dual frequency resonance-enhanced approach
(DART, Asylum Research) was also used, with a contact force of approximately 100 nN and an
applied voltage of about 45 mV. Piezoresponse curves were collected from ceramic samples using
an AC signal (f ~ 10 kHz, V4~ 0.75 V, phase offset = 180°) superimposed on a 0.2 Hz triangular

square-stepping wave with bias up to £60 V and a read /write time of 25 ms.

The Ba;TiSi;0s sample was shown to be piezoelectric through the measurement of the induced
mechanical response from piezoresponse force microscopy. Figure 3.21A shows the out of plane
mechanical deviation and phase of the piezoresponse from switching spectroscopy. The linear

relationship between the induced mechanical deviation and the applied voltage is indicative of a
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good piezoelectric material. The switch in phase at approximately 4 V indicates the surface
potential of the sample. Figure 3.21B illustrates the results of the identical experiment with the
switching field turned off. The lack of any mechanical deviation or change in phase as the voltage
is varied indicates that no poling has occurred and hence no evidence of ferroelectricity,
contradicting the work of Foster et al.51 where dielectric hysteresis loops were collected from a
polycrystalline sample.
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Figure 3.21: Out of plane mechanical deviation and phase recorded from switching
spectroscopy conducted on Ba;TiSi»0z with applied field on (A) and off (B).

The confirmation of piezoelectricity in this bulk sample is a result in itself, however, an attempt
was made to quantify the piezoelectric response recorded such that a comparison to common
materials could be made. The quantification of the piezoelectric response coefficient from bulk
materials using piezoresponse force microscopy is a difficult exercise, however the effective

piezoelectric coefficient, dz3* can be estimated for bulk samples under a uniform electric field
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using Equation 3.1 where u3 represents the mechanical out of plane deviation and V, represents
the applied voltage.177
Uus

di; = Ve Equation 3.1

The effective piezoelectric response calculated using the out of plane mechanical deviation
recorded from the PFM experiment and Equation 3.1 was approximately 5 pm V-1. Because the
relationship between the effective piezoelectric coefficient (dz3*) and the intrinsic piezoelectric
coefficient (dz3) is sensitive to a variety of factors that are intrinsic to the probed material, it is
challenging to convert from one term to another with high precision. However, Pan et al. have
shown that the correlation factor between ds3* and ds3 can vary between positive and negative
values, but is typically close to one for common piezoelectric materials such as BaTiO3, PbTiOs3,
and PbZro4sTi05203.177 Using this assumption, it is concluded that for the purposes of a simple
comparison to other common piezoelectric materials the intrinsic piezoelectric coefficient
determined for Ba,TiSi20s in the current study is approximately 5pm V-1. The intrinsic
piezoelectric response coefficients for Ba,TiSi»0s, BaTiO3, PbTiO3, and PbZro4sTios203 have been
provided in Table 3.5 where it is shown that the intrinsic piezoelectric coefficient determined for
Ba,TiSi»0s is of the same order of magnitude of quartz, but significantly lower than the published

values for the piezoelectrics that are currently popular for commercial applications.

Table 3.5: Comparison of the intrinsic piezoelectric coefficient for Ba,TiSi;0s and
well-known piezoelectric materials.

Material ds3 (pm V1) Reference
Ba;TiSi;0s 5 Current study
Quartz 2.3 Smith178
BaTiO; 190 Jaffe et al.179
PbTiO3 50 Ueda et al.180
PbZr¢.4sTio.5203 110 Berlincourt et al.18!
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The phase of the induced polarisation was also mapped using piezoresponse force microscopy
from a small region of a representative crystallite. The different colours in Figure 3.22 represent
the in plane and out of plane components of the polarisation vector in the sample. The 180°
difference in the phase of these components in different domains is typical of piezoelectric
materials and succinctly illustrates the piezoelectricity of the sample. No evidence of switching
the direction of the polarisation vectors was observed in the piezoforce microscopy experiments

conducted on this sample.

Degrees
50 100 150

Figure 3.22: Image of the phase of the signals detected using piezoresponse force
microscopy from polycrystalline Ba;TiSi2Os.

A polarisation versus applied electric field loop was recorded using a ferroelectric analyser to
establish whether any evidence of ferroelectricity could be found in the sample (Figure 3.23).
Although the loop obtained resembles a hysteresis loop, it was established that no ferroelectric
behaviour was observed from the sample despite increasing the applied field to approximately
35kV cm! (well above the applied field of 12 kV cm! by Foster et al.5!). This conclusion was
reached based on two observations from the polarisation versus applied field graph. Firstly, the
shape of the loop does not indicate that a saturation in polarisation is occurring at high fields,

supported by the lack of change in concavity in the loop. Secondly, the supposedly induced
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“polarisation” recorded is in the order of pico-Coulombs, significantly lower than the expected
induced polarisation. This small signal suggests that the minimal polarisation observed is simply
a very small charge or leakage current which would normally be overshadowed by the true

polarisation from a ferroelectric material.182
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Figure 3.23: Polarisation versus electric field curve collected from polycrystalline
Ba;TiSi,0s. The lack of saturation at high field and the small induced polarisation indicate
that no ferroelectric properties are present.

The results from Figure 3.23 are further supported by the current/voltage versus time plot in
Figure 3.24 where the smooth change in current without any sudden peaks or drops is typical of a
non-ferroelectric material. Combining the results from the ferroelectric analysis and the
piezoresponse force microscopy, it can be concluded that the polycrystalline samples investigated
in this project are piezoelectric, but not ferroelectric. Although this result is inconsistent with the
predictions and results published by Foster et al.5!, the variations in the local composition and

structure that are known to occur when the sample is in polycrystalline form means that it is not

implausible that some samples show ferroelectricity while other samples do not.
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Figure 3.24: Current (left axis) and voltage (right axis) versus time curve collected from
polycrystalline Ba,TiSi.0s. The smooth change in current as the voltage is varied provides
additional evidence that the sample does not exhibit ferroelectricity.

The difference in the synthetic methods for the sample investigated by Foster et al5! and the
sample in the current study is the heating regime and cooling methods. The polycrystalline
Ba,TiSi»0s sample in the literature that was shown to exhibit ferroelectricity was synthesised at
900 °C for 12 hours, 1100 °C for 36 hours, and 1410 °C for 24 hours. The final heating step was
followed by cooling at 1 °C min! to 1380 °C, 5 °C min'! to 1300 °C, 20 °C min'! to 900 °C, and
finally 100 °C min! to ambient temperature. These samples were hence synthesised using a
significantly higher maximum synthesis temperature and shorter heating periods than the
samples in the current study. According to the experimental synthesis conducted in the current
study, a maximum heating temperature of 1410 °C produces an unidentified second phase
(cf- Section 3.2) which may have been contributing to the ferroelectricity observed by Foster et al.
However, the bulk sample investigated by Foster et al. was ferroelectric, while the samples

synthesised via conventional solid state synthesis methods in the current project are not.
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3.4 Summary

The Ba,TiSi,0sg structure has been characterised at ambient temperature using synchrotron X-ray
powder diffraction, high resolution neutron powder diffraction, and high intensity neutron
powder diffraction. The average Ba,TiSi,0s structure was determined from the synchrotron X-ray
powder diffraction study. Three arguments were presented to explain the absence of satellite
reflections in synchrotron X-ray powder diffraction patterns when they have been previously
observed in single crystal X-ray diffraction patterns. The most likely explanation considered the
possibility that the smaller domain sizes in polycrystalline samples may contribute to the
broadening of the already weak satellite reflections such that they cannot be observed above the

background anymore.

Only weak intensity corresponding to a small number of satellite reflections was observed in the
high intensity neutron powder diffraction patterns. However, the Ba;TiSi,0s modulated structure
was refined using the X4bm(a, o, 0)0gg space group. The bond valence sums calculated for each
atom in the structure indicate that the introduction of the modulation significantly improves the
bond valence sum of the barium and oxygen-1, -2, and -4 ions on average. The successful
refinement of the Ba,TiSi,0s modulated structure at ambient temperature has shown for the first
time that although difficult, neutron powder diffraction can be a useful technique for the

investigation of the modulated structure of Ba,TiSizOs.

The Ba;TiSi»0s structure was also investigated between 125 K- 1273 K using synchrotron X-ray
powder diffraction, and 275 K - 600 K using high intensity neutron powder diffraction. The unit
cell parameters were determined with high precision from the X-ray diffraction study, providing
new evidence of the structural phase transition from the incommensurate to the prototypic phase
at approximately 433 K. The nonlinear change in the unit cell parameters had never been

reported before and may be used to identify this incommensurate to prototypic phase transition
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despite the absence of any satellite reflections in the powder diffraction patterns. The
determination of the significant drop in the a/c cell parameter ratio also provided a new way to
identify this phase transition. It was also established that quenching Ba,TiSi»Os from above the
433 K transition temperature does not preserve the high temperature structure at ambient
temperature, which was justified by the extremely small difference in energy states between the
phases above and below the transition temperature as confirmed by the absence of any thermal

anomaly between 373 K- 723 K from differential scanning calorimetry.

The variations in the elastic moduli as determined from resonant ultrasound spectroscopy were
reported across the 433 K transition, indicating softening up to the phase transition temperature.
These elastic constants were shown to be an excellent parameter to track the second order
X4bm(a, a, 0)0gg to X4bm phase transition despite the subtlety of the structural changes that can
be difficult to identify using other techniques. This also demonstrated that changes in the sample
properties (such as the elastic moduli) as the structure passes through the phase transition are

significant despite the small structural changes that occur.

An investigation into some of the physical properties of Ba,TiSi»0s found moderate capacitance at
low frequency with a relatively high dielectric loss. Piezoresponse force microscopy was used to
confirm that the compound investigated was piezoelectric, and the intrinsic piezoelectric
coefficient was calculated to be approximately 5 pm V-1, significantly lower than the commonly
used commercial piezoelectrics. The Ba;TiSi»0s samples investigated did not show any evidence
of ferroelectricity from the PFM experiments in the form of poling or domain switching when the
strong electric field was reversed. The absence of ferroelectricity in polycrystalline Ba,TiSi»Os
samples does not agree with the work of Foster et al.,>! where dielectric hysteresis loops were
recorded from a ceramic Ba;TiSi,Os sample synthesised via a melt/slow cool method. It can be
concluded that the samples synthesised in the current study using conventional synthetic

methods involving heating below the melting point are non-ferroelectric. This result is highly
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significant in the context of the possible application of Ba,TiSi»Os as a ferroelectric material
because the specific synthetic method chosen could play a critical role in the extent of
ferroelectric properties that may be observed for different samples. An investigation into the
extent of ferroelectricity in samples that have been synthesised via different methods would be an
interesting direction to continue this work and build on the recently published study on fresnoite

synthesis by Wong et al.153
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Chapter4  Structural Investigation of Sr.TiSi;0s

4.1 Introduction

The first published Sr;TiSi,»0g structure was determined by Hoche et al.! using single crystal X-ray
diffraction, whereby single crystals grown via Czochralski pulling, flux-growth, and
electrochemically induced nucleation were found to exhibit subtle differences in their structural
modulations. In all cases, it was reported that Sr;TiSi»0g crystallises isostructurally to Ba;TiSi,Os
in the tetragonal P4bm(a, o, %2)0gg (o ~ 0.3) space group. A combination of single-crystal X-ray
diffraction and electron microscopy was used to construct a full (3+2)-dimensional structural
model of Sr,TiSi»0s, incorporating the modulation along the (a* + b*) + %2c* and (-a* + b*) + Y2c*

directions.

Electron diffraction patterns collected from Sr;TiSi»0s provided evidence of the superposition of
the two-dimensional modulation along the [100]- and [010]-directions, and an additional
one-dimensional modulation along the [110]-direction. It was claimed that the growth rate,
stoichiometry of the melt, and crystallite size all have a significant influence on the formation of
the modulated structure. The position and relative intensity of the reflections observed in the
[110]-direction were comparable to those observed for Ba,TiGe,0s, leading to the conclusion that
the crystal contained two coexisting modulated phases with satellites observed along one- or two-
dimensions. Other examples of mixed-dimensional modulations have been reported by
van Heurck et al? for the Ca;ZnGe;07 structure type, which exhibits layers of corner-sharing
tetrahedra that produce an irregular pentagonal arrangement surrounding a large

highly-coordinated group 2 ion, in a similar way to the fresnoite structure.

This chapter extends on the work of Hoche et al.13, investigating the specific phase behaviour and

formation of the modulated phases of Sr;TiSi,Os between 125 K-1373 K. A combination of
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synchrotron X-ray powder diffraction, electron diffraction, and neutron powder diffraction data
are presented to construct a more complete understanding of the various phases of Sr;TiSi»0s and
the associated phase transitions. Resonant ultrasound spectroscopy and differential scanning
calorimetry experiments will also be presented to support the conclusions drawn from the
diffraction experiments. This chapter has been divided into four sections. Firstly, a discussion of
the synthesis of Sr,TiSi,Os will be provided. Secondly, the characterisation of the Sr,TiSi»Og
modulated structure at ambient temperature will be discussed. This will be followed by a
discussion of the first ever reported thermally-induced phase transformations of the Sr;TiSi,Os
structure. Finally, a brief investigation into the physical properties of Sr,TiSi»0g will be presented

and briefly discussed.

4.2 Synthesis

The determination of a method to synthesise pure polycrystalline samples of Sr,TiSi,Os was
non-trivial. Various attempts to synthesise Sr;TiSi»Os using procedures outlined in the
literature34 produced samples that contained significant proportions of SrTiO3 as a second phase.
This section discusses the synthesis and formation of Sr;TiSi,0s, including the tendency of the
mixture to form SrTiO; and what is likely to be a combination of silicates between

1250°C- 1275 °C.

The synthesis of Sr,TiSi»0g at temperatures between 1200 °C - 1350 °C as reported by Coats et al.4
did not produce single phase Sr;TiSi»0s. X-ray diffraction using synchrotron and Cu K, radiation

revealed small proportions of SrTiOz in all Sr,TiSi,0s samples synthesised via this method.

It is possible that the formation of SrTiO3 in Sr,TiSi0s samples may be attributed to a shortage of
available SiO; due to the loss of silicon to the surrounding environment or the crucible at high

temperatures, forcing the formation of the SrTiOz in addition to other silicates with the remaining
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reagents. To test this hypothesis, samples of Sr;TiSi0s were synthesised with 0 %, 2.5 %, 5%
and 10 % proportions of excess SiO; to test whether the presence of additional silicon in the
reaction mixture could prevent or reduce the formation of the SrTiOs; phase. The diffraction
patterns collected from each of these samples are provided in Figure 4.1 where the asterisks
identify reflections at 32.5° 40° and 46.5° two theta that cannot be indexed by the Sr;TiSi»0s unit
cell. The intensity of these reflections was significantly reduced when the reaction was performed
using 2.5 % excess silicon. The patterns collected from the samples synthesised using 5 % and
10 % excess Si0; contain increased intensity of the reflections corresponding to the impurity
phase(s), suggesting that at least one additional phase is formed due to the presence of too much
SiO,. It is unclear why the additional reflections are similar in the 0 %, 5 %, and 10 % samples,
however the strongest reflections at 22.5°, 32.5° 40° and 46.6° two theta can be indexed by
SrTiOz. None of the powder diffraction patterns in the International Centre for Diffraction Data
(ICDD) database could correctly index the extraneous reflections, suggesting that they may
correspond to at least two or more additional impurity phases. However, repeating the
experiment found that the use of a 2.5 % excess of SiO; via conventional solid state synthetic
methods produces Sr,TiSi,Og samples with smaller proportions of SrTiO; and other impurity
phases relative to no excess or the other excesses investigated. Further attempts to synthesise

pure Sr,TiSi,0s samples were based on these findings.
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Figure 4.1: X-ray diffraction patterns (Cu K, radiation) collected from Sr.TiSi;0s
synthesised with 0% (orange), 2.5% (red), 5% (green), and 10% (blue) excess SiO.. Red
and black asterisks indentify reflections corresponding to the SrTiO; impurity phase and
unidentified impurity phases, respectively.
Figure 4.2A shows that heating Sr,TiSi»0s at 1275 °C for 1 week transforms the sample into
SrTiOsz. This is compared with a Sr,TiSi;0s sample heated at 1250 °C for 1 week in Figure 4.2B
where the fresnoite structure has been retained after heating. The conversion of Sr;TiSi;0s to
SrTiOs raises the question of where the silicon has gone in the sample. Energy dispersive X-ray
(EDX) analysis was performed on the sample from Figure 4.2A to determine whether any
evidence of SiO; or other silicates could be found in case they were present as amorphous phases
that would not be visible in diffraction patterns. However, this was not possible because the
coincidental overlap of the silicon K« (1.7 keV) and strontium L. (1.8 keV) characteristic X-ray

energies made it extremely difficult to differentiate between these two elements using this

technique.
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Figure 4.2: X-ray diffraction patterns (Cu K, radiation) collected from Sr;TiSi»Os samples
after heating for one week at 1275 °C (A) and 1250 °C (B) and.

The conversion of Sr,TiSi»Os to SrTiOz at 1275 °C can potentially be explained by the preferred
octahedral coordination environment of the Ti** ion. During the conventional solid state synthesis
of Sr,TiSi»0g, the coordination environment of Ti** must change from sixfold coordinate in the
TiO- rutile phase precursor to fivefold coordinate in the Sr,TiSi»0g phase. It has also been shown
that Ti(IV) can exhibit sixfold coordination in glassy Sr,TiSi,Os samples which are synthesised
above the melting point (~1300 °C)5, suggesting that a six-fold coordination might be a stable
environment for Ti4* at these high temperatures. It is plausible that continued heating at high
temperatures could favour the formation of SrTiOs; because the Ti** will adopt the favourable
sixfold coordination in the B-site of the SrTiOs perovskite structure instead of the less favourable

five-fold coordination required in the square pyramidal polyhedra in the Sr,TiSi»Og structure.

The conversion from Sr,TiSi;Os to SrTiOz at 1275 °C also means that higher reaction temperatures
cannot be used to increase the purity of the sample. Using this knowledge, repeated heating at

1250 °C was conducted to investigate whether the purity of the sample could be improved by
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heating for longer periods of time in pellet form with frequent homogenisation. X-ray diffraction
data were collected after each heating stage of 20 - 48 hours at 1250 °C to monitor the progress of
the reaction after each homogenisation step. The X-ray diffraction patterns in Figure 4.3 show
that the intensity of the reflections corresponding to the impurity phases (marked by asterisks)

were gradually removed with continued heating and homogenisation.
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Figure 4.3: Comparison of X-ray diffraction patterns (Cu K. radiation) collected from
Sr,TiSi»0s after each successive heating step at 1250 °C. Red and black asterisks identify
reflections corresponding to the SrTiO; and unidentified phases, respectively.
From the evidence collected in this study, it is proposed that the thermodynamically stable phase
changes from Sr;TiSi»0s to SrTiO;z + silicates between 1250 °C and 1275 °C. The combination of
the use of 2.5 % excess SiO; and six heating stages in pellet form between 20 - 48 hours at 1250 °C

with homogenisation after each step was established as the optimum method to synthesise pure

polycrystalline Sr;TiSi;Os samples. No other methods of synthesis were investigated for
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Sr;TiSi,0g because of the anticipated difficulties associated with the formation of glassy fresnoite
and the evidence that the samples made via the methods outlined in this section were single

phase according to refinements against synchrotron X-ray diffraction data.

4.3 Results and Discussion

4.3.1 Sr;TiSi»0s structure at ambient temperature

Electron diffraction patterns were collected from tiny crystallites of Sr;TiSi,Os at ambient
temperature to understand the structural modulations in the samples synthesised in this project.
Electron diffraction was performed at 200 kV using a JEOL JEM-2011 transmission electron
microscope (TEM) and JEOL JEM-2100F TEM at the Australian National University Research
School of Chemistry and Monash Centre for Electron Microscopy. A typical Sr,TiSi»0s crystal that

was investigated during these studies is pictured in Figure 4.4.
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Figure 4.4: Transmission electron microscope image of a typical Sr,TiSi.Os crystal.

The presence of satellite reflections corresponding to two different fresnoite-type phases

reproduced the work of Hoche etall Two electron diffraction patterns collected at ambient
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temperature from adjacent regions of the same crystallite are provided in Figure 4.5, where the
main Bragg reflections in both electron patterns can be indexed using a tetragonal P4bm parent
setting. The position of the satellite reflections along the [110], direction (Figure 4.5A) and the
[100], and [010], directions (Figure 4.5B) indicate that the symmetry of the two different

structures is not identical.

The Xmm2(0, B, ¥2)s00 space group that was reported by Hoche et al.6 for Ba;TiGe20s could not
successfully index the diffraction pattern collected from the orthorhombic phase of Sr,TiSi,Os.
This was seen through the violation of the F(hklm) =0 unless I+ m = 2n extinction condition.
Hence, the Cmm2(0, 3,0)s00 was used to correctly index the diffraction pattern given that
F(hklm)=0 unless h+k=2n. Figure 45A was indexed with respect to
M* = {a* = 15[110],*, b* = [110],*, ¢* = [001],* using the g-vector:

q =0.29[110]," Equation 4.1

Figure 4.5B was indexed with respect to M* = {a* = [100],* b* = [010],*, c¢* = 2[001],*, using the
previously reported! X4bm(a, a, 0)0gg space group where X represents the {0,0,%,%,%)
superspace centring such that hklmn: [ + m + n = 2n . The satellite reflections along the [100]- and
[010]-directions in Figure 4.5B were indexed with respect to using the two modulation vectors:
q.= 0.30[110],,* Equation 4.2
g2 = 0.30[110], Equation 4.3
The diffraction pattern in Figure 4.5B also contains a small contribution from the orthorhombic
phase shown in Figure 4.5A. This occurs when the electron beam passes through a small
proportion of the second phase in addition to the targeted phase. This could either be spatially

adjacent to, or above/below the intended phase, depending on the intergrowth of the two phases.
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Figure 4.5: Electron diffraction patterns collected from polycrystalline Sr,TiSi,Os along the
[001]-direction, providing evidence of two coexisting modulated phases in adjacent
regions of the same crystallite at ambient temperature. Bragg reflections corresponding to
the average structure have been indexed in red. The satellites have been indexed using an
orthorhombic unit cell (A, green) and a tetragonal unit cell (B, circled in blue). B also
contains a small contribution from the orthorhombic unit cell (indexed in green).

The overlapping of the main Bragg reflections from both phases means that the second phase has
a unit cell with very similar dimensions to the tetragonal phase at ambient temperature. The
coexistence of two extremely similar incommensurately modulated phases complicates the
structural investigation of Sr,TiSi,Os because of the difficulty of extracting information from each
individual phase when there is little evidence to differentiate them. It is impossible to estimate
the relative proportions of each phase present in the bulk sample using electron diffraction
because only very tiny proportions of sample are investigated at any one time. Similar behaviour
has been observed in electron diffraction patterns collected from Ba;NaNbsO15 whereby satellite

reflections corresponding to tetragonal and orthorhombic incommensurate phases have been

observed at approximately 573 K.7-9
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Synchrotron X-ray powder diffraction patterns were collected at the powder diffraction beamline
of the Australian synchrotron using the experimental setup described in section 2.1.2.1 at a
wavelength of A = 1.158706(1) A. The refinement of structural models against all X-ray powder
diffraction data collected from Sr;TiSi;Os in this project was a challenging process. The first
problem involved the under calculation of many of the main reflections, particularly the 310 and
004 reflections at 25.4° and 26.7° two theta, respectively. No structurally significant changes
could be introduced to the model to correctly describe these reflections. However, the inclusion
of correction for anisotropic strain broadening significantly improved the fit of the calculated
intensities for these reflections as shown in the minimised difference in the black difference curve
in Figure 4.6. Additionally, inclusion of preferred orientation in the 202 direction drastically
improved the quality of the fit. The 202 direction was chosen because the hOk family of

reflections was identified as the group of reflections that could not be fitted satisfactorily.
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Figure 4.6: Observed, calculated, and difference plots for the refinement of the Sr,TiSi,0s
average structure against synchrotron X-ray powder diffraction data before (A) and after
(B) anisotropic strain broadening correction. The blue and black reflection markers
identify reflections corresponding to the Cmm2 and X4bm phases, respectively. The
improvement in the fit of many reflections is evident in the difference plot (black) below
the rows of reflection markers.

Using the corrections for anisotropic strain broadening and preferred orientation, a two phase
model of the Sr,TiSi»Og average structures (consisting of X4bm and Cmm2 space groups) at
ambient temperature was refined against the synchrotron X-ray powder diffraction pattern to
produce an excellent fit to the data as shown in Figure 4.7. The X’s denote the non-standard
centring {0, 0, %2, %4. %4,} where applicable to remain consistent and comparable to other
refinements throughout the thesis. The asterisks in Figure 4.7 identify the extremely weak 400

and 420 reflections at 22.9° and 25.5° two theta, respectively, which correspond to the

orthorhombic phase that was identified in the electron diffraction patterns.
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Figure 4.7: Observed, calculated, and difference plots for the refinement of the two
Sr;TiSi,0s phases at ambient temperature against synchrotron X-ray powder diffraction
data collected at A = 1.158706(1). Asterisks mark the positions of the very weak reflections
corresponding to the Cmm2 phase.

No satellite reflections were observed in the synchrotron diffraction patterns despite the excellent
signal-to-noise ratio. Satellite reflections have been reported from single crystal X-ray diffraction
by Hoche et all and electron diffraction by Withers et al.l® and Hoche et al3, however, the
reasoning presented for the absence of satellite reflections in synchrotron X-ray powder
diffraction patterns collected from Ba;TiSi»0g in Chapter 3 also applies to Sr.TiSi,Os. Although the
strontium in Sr;TiSi;0s would not dominate the contribution to the X-ray diffraction patterns as
much as barium in Ba,TiSi»0s, the scattering power of the strontium ions relative to the oxygen
ions is still substantial and this is likely to contribute to the lack of intensity corresponding to the

satellite reflections. Once a reasonable average structure had been refined against the

synchrotron data, modulation terms from the Hoche et al.! model determined from single crystal
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X-ray diffraction were used as a starting model to be refined against the data collected in the
current project. The observed, calculated, and difference plots obtained when the Hoche et al.
modulation parameters were entered are presented in Figure 4.8, where no intensity

corresponding to calculated satellite reflections is observed.

Despite the absence of evidence for any satellite reflections in the experimental pattern, or
calculated satellite reflections from the Hoche et al. model, the modulation amplitudes were
systematically refined to check whether a stable, reasonable model could be obtained. However,
as one might expect, this was not possible. Modulation amplitudes were also refined from

arbitrarily small values (c.f 0.001) without any success.
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Figure 4.8: Observed, calculated, and difference plots for the refinement of the Sr,TiSi;0s
structure at ambient temperature against synchrotron X-ray powder diffraction data using
modulation amplitudes from Hoche et al. Blue and black peak markers identify reflections
corresponding to the Cmm2 and X4bm average structures, respectively. Green markers
identify satellite reflections corresponding to the X4bm modulated structure.
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The average Sr;TiSi»0s structures of both phases were included in a model refined against
synchrotron X-ray powder diffraction data. The experimental data and important parameters for
this refinement are provided in Table 4.1. The atomic positions and atomic displacement
parameters were not refined for the orthorhombic phase because of the tiny proportion of the
phase present and the presence of only one independent reflection in the observed diffraction

pattern.

Table 4.1: Experimental data and important parameters for both Sr,TiSi.Os phases at

ambient temperature.
Parameter X4bm Phase Cmm?2 Phase
Wavelength (A) A=1.158706(1)
Molar mass (g mol-1) 407.28
Z 4
a (A) 8.321814(9) 11.8137(7)
b (A) 8.321814(9) 11.6846(6)
c(A) 10.04866(1) 5.0297(3)
V (A3) 695.895(2) 694.285(3)
Phase Fraction 99.53(1) % 0.47(1) %
Dcaic (g cm-3) 3.88620(1) 3.8952(7)
Linear abs. coeff. (mm-1) 15.0
Rg (%) 3.38 4.62
Rwp (%) 2.99

The atomic positions and anisotropic atomic displacement parameters for the dominant
tetragonal phase at ambient temperature are provided in Table 4.2 and illustrated in Figure 4.9.
The (unrefined) structural parameters that were used in the model for the orthorhombic phase

are available in Appendix B on the attached Appendix DVD.

The Ui, atomic displacement parameter for the strontium and oxygen-2 ions refined to negative
values, however the overall anisotropic atomic displacement parameters remained positive
definite for all atoms as required. The atomic displacement parameters are considerably larger

for the oxygen-1 and oxygen-3 ions than the other ions in the structure, however the shape they
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produce in Figure 4.9 confirms that these are caused by the rotation of the TiOs and SiO4

polyhedra due to the modulation.

Table 4.2: Atomic positions and atomic displacement parameters (ADP’s) for the (main)
X4bm phase, determined from refinement against synchrotron X-ray powder diffraction
data collected from Sr.TiSi;Os at ambient temperature.

Sr Ti Si 01 02 03 04

x  0.32825(4) 0 0.1293(1) 0 0.1271(3)  0.2928(3) 0

y 0.82825 0 0.62931 0.5 0.6271 0.5805(4) 0

Z 0.00044(5)  -0.265(2)  -0.2600(3)  -0.3083(5) -0.0918(3)  -0.3185(2)  -0.0970(5)
U;; 00330(2)  0.0301(5)  0.0312(6)  0.107(4)  0.025(2) 0.056(3) 0.050(3)
Usz 0.0330 0.0301 0.0312 0.107 0.025 0.179(4) 0.050
Uss  0.0188(2)  0.017(1) 0.0150(1)  0.010(4)  0.023(2) 0.029(2) 0.009(4)
U, -0.0140(3) 0 0.0083(7)  0.080(6)  -0.012(2) 0.057(2) 0
Uz 0.0006(6) 0 -0.004(1) 0 -0.002(1) 0.013(1) 0
Uss 0.0006 0 -0.004 0 -0.002 0.014(2) 0
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Figure 4.9: Sr;TiSi,0s structure (A) and anisotropic displacement parameters (based on
50 % probability) (B) of the X4bm phase at ambient temperature as refined against

synchrotron X-ray powder diffraction data.
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Because a stable model of the Sr,;TiSi,Os modulated structure could not be refined against the
synchrotron X-ray powder diffraction data, high intensity neutron powder diffraction data were

collected using the setup described in section 2.1.3.2 at a wavelength of A = 2.8639(2) A.

A single phase X4bm(a, a, ¥2)0gg model was refined against the high intensity neutron diffraction
pattern because no evidence of the orthorhombic phase was present. The refinement of atomic
positions and modulation amplitudes for each ion frequently led to the divergence of the model,
or chemically implausible results. The inclusion of rigid unit restrictions through the use of “keep
geometry-rigid” command in Jana2006 did not sufficiently improve the quality of the fit nor
preserve the chemical reasonableness of the model to justify their inclusion. Hence, this approach
was abandoned. The modulation amplitudes published by Hoche et al.l were sufficient starting
parameters to provide a model that could be successfully refined against the high intensity
neutron diffraction data as shown in Figure 4.10. The insert in Figure 4.10 provides an enlarged
view of the region of the pattern containing satellite reflections and demonstrates how the
intensity corresponding to these reflections has been calculated correctly. The experimental data
and important parameters for this refinement are provided in Table 4.3. Note that (satellites-1)
and (satellites-2) represent parameters associated with the first (qi,qz), and second

(91 + q2, q1 - q2) order satellites, respectively.
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Figure 4.10: Observed, calculated, and difference plots for the refinement of the Sr,TiSi,0s
modulated structure at ambient temperature against high intensity neutron powder
diffraction data.

Table 4.3: Experimental data and important parameters for Sr;TiSi20s at ambient
temperature as determined by refinement against high intensity neutron powder
diffraction data.

Parameter Sr,TiSi20s
Wavelength (A) A =2.8638(2)
Molar mass (g mol-1) 407.28
Crystal system Tetragonal
Space group X4bm(a, a, 0)0gg
Z 4
a (A) 8.3239(2)
c(A) 10.0529(6)
V (A3) 696.54(4)
q1 0.2617(6)a* + 0.2617(6)b*
q: -0.2617(6)a* + 0.2617(6)b*
Dcaic (g cm3) 3.88254(2)
Linear abs. coeff. (mm-1) 0.008226
Rs (%) 1.56
Rg(main) (%) 1.01
Rg(satellites-1 (%)) 2.25
Rg(satellites-2) (%) 2.59
Ruwp (%) 5.54
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The atomic positions, displacement parameters, and modulation amplitudes refined for each atom
are provided in Table 4.4. The simultaneous refinement of some parameters with the rest of the
stable parameters caused divergence and produced implausible results. These parameters are the
atomic displacement parameters for the titanium and silicon ions, and the modulation amplitudes
for the silicon and oxygen-4 ions. The problematic modulation amplitudes were refined
independently, and have been listed in bold in Table 4.4 to reflect that they were not refined in the
final model. Isotropic values for the problematic atomic displacement parameters were sourced
from the refined values obtained from the refinement against synchrotron X-ray powder
diffraction data as listed in Table 4.2. These concessions are unfortunately unavoidable and have
been attributed to a limit in the amount of information that can be determined from this neutron

powder diffraction experiment.

Table 4.4: Atomic positions, atomic displacement parameters (Uis,), and modulation
amplitudes determined from refinement against high intensity neutron powder diffraction
data collected from Sr,TiSi»0g at ambient temperature. Values in bold were not refined
due to their instability during the refinement.

Sr Ti Si 01 02 03 04

X 0.3294(6) 0 0.134(1) 0 0.125(7)  0.2931(7) 0

y 0.8294 0 0.634 0.5 0.625 0.5793(8) 0

7z 0.0041(9)  -0.248(3) -0251(1)  -0.303(2) -0.0858(1)  -0.321(1)  -0.087(2)
Uiso(A2)  0.004(3) 0.03 0.03 0.083(7)  0.014(1)  0.0318(4)  0.017(5)
xsin1  0.013(2) 0.008(6) -0.00839  -0.006(4)  -0.002(2)  -0.010(2) 0.020
ysin 1 -0.013 -0.007(6) 0.00839 0.006 0.002 -0.033(2) 0.002
z sin 1 0 0 0 0 0 0.002(3) 0
xcos1l -0.007(2) 0 -0.0066 0 0.011(2) 0.008(2) 0
y cos 1 0.007 0 0.0066 0 -0.012(2) 0.018(3) 0
z cos 1 0 -0.008 0 0 0 0.005(3) -0.009
xsin2  -0.004(2) 0.007 -0.02629  -0.010(4)  0.007(2) 0.009(2) -0.002
y sin 2 -0.004 0.008 -0.02629 -0.010 0.007 -0.020(2) 0.020
7z sin 2 -0.004 0 -0.003066 0 0.019(3) -0.012(2) 0
xcos2  0.005(2) 0 0.001035 0 -0.005(2) 0.009(2) 0
y cos 2 -0.005 0 -0.001035 0 0.005 0.0305(2) 0
7 CoS 2 0 -0.008 0 0 0 0.011(3) -0.009
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The largest amplitudes of modulation in Table 4.4 occur for the oxygen-3 ions in a similar fashion
to the oxygen-3 ions in Ba;TiSi,0s. This supports the hypothesis that the bridging oxygen ions
experience the greatest deviations as a result of the modulation in the structure. The atomic
modulation functions in Figure 4.11 graphically show the large displacements that occur for the
oxygen ions due to the modulation. Similarly to the method used in for Ba,TiSi»Os in Chapter 3,
these data are plotted for 0 <t <1 and u = 0 where t and u represent the atomic displacements
along the modulation in the first (a* + b*) and second (-a* +b*) modulation directions,

respectively. The u=0 case has been chosen as a representative cross section of the entire

0 <u < 1range.
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Figure 4.11: Atomic modulation functions showing the displacements of the oxygen-1 (A),
-2 (B), -3 (C), and -4 (D) ions respectively for u=0 and 0<t<1 along the (a* + b*) and
(-a* + b*) modulation directions, respectively. The u=0 case has been chosen as a
representative cross section of the entire 0 < u <1 range.
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The atomic modulation functions showing the variation in the bond valence sum of each ion in the
Sr,TiSiz0g structure are provided in Figure 4.12. On average, the introduction of the modulation
improves the bonding environment of the strontium, titanium, silicon, and oxygen-4 ions, while
the bond valence sum for the oxygen-1, oxygen-2, and oxygen-3 ions are displaced slightly further
from their ideal values relative to the average structure. It can also be seen that the largest
variations in the bond valence sum are experienced by the oxygen-3 ion, as would be expected
after considering the displacement of each ion in Figure 4.11. The modulation amplitudes for the
silicon ion could not be refined simultaneously with the other parameters in the model. Hence, it
is difficult to determine whether the large variation in the bond valence sum for the silicon is a

real feature of the Sr;TiSi0s modulated structure, or an artefact produced by the limitations of

the model.

A s0 B so

454 4.5+ .
Ti

404 — & a0d S— T — ]

£ - E

A 35 & 35

@ o

Q Q

E 3.0 5 3.0 4

g g

T 254 o 254

8 g o1

m m
204 204 o4 —
154 03 "5 02
1.0 T T T T 1.0 T T T T

Figure 4.12: Atomic modulation functions showing the variation of the bond valence sum
for strontium, silicon, and oxygen-3 (A), and titanium, oxygen-1, oxygen-2, oxygen-4 (B) for
u=0 and 0<t<1 along the (a* + b*) and (-a* + b*) modulation directions, respectively.
The u =0 case has been chosen as a representative cross section of the entire 0 su<1
range.

A 3x3 approximation of the Sr;TiSi,0s modulated structure projected down the c-axis is
illustrated in Figure 4.13 where the atomic displacements of the oxygen ions suggests that the
modulation does not occur in the form of rigid-unit rotations of the TiOs and SiO4 polyhedra about

the c-axis. This is inconsistent with the proposed theories presented in the literature based on

single crystal X-ray diffraction and rigid unit mode calculations.310 This result is a sign that the
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level of detail that can be gathered from the powder diffraction data collected in this study is

insufficient to retain the rigid unit nature of the structure during refinement.

4‘

Figure 4.13: A 3x3 projection along the c-axis of the refined (3+2)-dimensional modulated
structure showing large distortions of the TiOs and SiO4 polyhedra.

4.3.2 High Resolution Imaging and Fast Fourier Transform Calculations

Several high resolution images were collected from Sr,TiSi»0s crystals to further investigate the
two phases that are known to be present. Two representative images are provided in Figure 4.14.
The resolution achieved in these images is sufficient such that evidence of the ring-like structure

formed by the corner sharing TiOs and SiOs4 polyhedra can be clearly identified as dark spots
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(labelled with red circles) (Figure 4.14A). Figure 4.14B is an image collected down the
[100]-direction such that the stacking of layers in the [001]-direction can be easily recognised at

an approximately 45 degree angle to the horizontal.

Figure 4.14: High resolution images of Sr,TiSi.Os along the [001]- (A) and [100]- (B)
directions at ambient temperature. The red circles in A indicate the evidence of the ring-
like structure from the interconnected TiOs and SiO4 polyhedra. The layering of rows of
ions in the [001]-direction can be identified at an approximately 45 degree angle to the
horizontal in B.

The high resolution images in Figure 4.15 demonstrate that the appearance of Sr;TiSi»0s crystals
can vary greatly over small spatial regions. Distinct modulation domain boundaries (as first
discussed for Sr;TiSi;Os by Hoche et all) can be identified in both images in Figure 4.15,

demonstrating how abruptly the structure can change from one phase to another.
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Figure 4.15: High resolution images collected from Sr;TiSi:Os at ambient temperature,
where red ellipses identify regions of the crystal that are visually different to each other.

The Fast Fourier Transform (FFT) method was applied to a representative high resolution image
collected from a Sr,TiSi»0s crystal (Figure 4.16). The FFT of region (i) produced a pattern that
contained satellite reflections in the [100]-, [010]-, and [110]-directions, providing strong
evidence that both the tetragonal and orthorhombic modulated phases can be identified from the
high resolution images in this region. The FFT calculation of region (ii) produced a pattern that
contained satellite reflections in only the [110]-direction, corresponding to only the orthorhombic
modulated phase. This neatly demonstrates that information about the different modulated
structures is contained in the high resolution images, despite the structural differences between

the two phases being extremely small.
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Figure 4.16A) High resolution transmission electron microscopy image collected from
Sr.TiSi,0s at ambient temperature. B) Fast Fourier Transform calculations of region (i)
and C) (ii), with satellite reflections corresponding to the tetragonal and orthorhombic
phases circled in green and red, respectively.

The diffraction pattern (not FFT calculation) collected from a “pure” tetragonal region of the
crystal changes after the collection of a high resolution image. This is shown in Figure 4.17 where
A and B are patterns collected from the same region of a crystal before and after the collection of a
high resolution image, respectively. Before the collection of the high resolution image (A),
satellites were initially observed only in the [100]- and [010]-directions. However, after the
collection of the high resolution image, satellite reflections are also observed in the
[110]-direction, suggesting that part of the sample has transformed from the tetragonal to the
orthorhombic phase. Hence, the appearance of the new satellite reflections occurs as direct
consequence of exposure to increased intensity required for the collected of high resolution
images. This can be attributed to beam damage or the additional heat directed towards the

sample under these conditions.
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Figure 4.17: Electron diffraction patterns collected from an identical region of the
Sr.TiSi,0s crystal A) before, and B) after the collection of a high resolution image.

An additional electron diffraction pattern was also collected on a nearby region which had been
previously shown to exhibit the tetragonal phase (Figure 4.18). The presence of satellite
reflections in only the [100]- and [010]-directions confirmed that this region had not undergone a
phase transition and the change in structure is localised to only the region of the crystal that was
exposed to the additional energy from the beam used for the collection of the high resolution

image.

Figure 4.18: Electron diffraction pattern collected from a region of the Sr,TiSi»0g crystal
that has not been exposed to the increased beam intensity associated with the collection of
a high resolution image.
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The ability to induce a structural phase transition through the collection of a high resolution
image suggests that the energy of the beam is sufficient to convert at least part of the tetragonal
phase region into the orthorhombic phase. The ease with which the transition between these two
phases can be driven suggests that a temperature-dependent study of the Sr;TiSi»0s structure
may provide more information about the nature of the two incommensurately modulated phases
and their thermal behaviour. The following section uses a variety of techniques to investigate this

behaviour at non-ambient temperatures for the first time.

4.3.3 Sr;TiSi»0s structure at non-ambient temperatures

4.3.3.1 Transmission electron microscopy

In situ electron diffraction patterns were collected between ambient temperature and 543 K on
the crystallite in Figure 4.4 to monitor the position of the satellite reflections on heating, and
determine whether any further information could be gathered about the behaviour of the two
known phases. The in situ sample heating attachment was a Gatan double-tilt furnace holder for
the JEOL JEM-2011 TEM. Electron diffraction patterns were collected on a region of the crystallite
that exhibited strong satellite reflections in the [100]- and [010]-directions (corresponding to the
tetragonal phase) and very weak satellite reflections in the [110]-direction (corresponding to the

orthorhombic phase) at 323 K, 473 K, 498 K, 543 K, and at 296 K after cooling (Figure 4.19).

No significant change was observed in the relative intensity of the satellite reflections in either
crystallographic direction between 323 K - 473 K. However, the appearance of satellite reflections
in the [110]-direction in the electron diffraction pattern collected at 498 K provided evidence that
at least part of the region under investigation had undergone a phase transition between
473 K-498 K. The decrease in the intensity of the satellite reflections in the [100]- and

[010]-directions and the increase in intensity in the [110]-direction at 543 K suggests that the
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phase transition is almost complete. No diffraction patterns were collected at higher
temperatures because the heating stage was incapable of safely and accurately maintaining
temperatures higher than ~543 K. Hence, variable temperature electron diffraction was useful for
confirming that a structural phase transition exists above ambient temperature, but could not be
used to determine whether the tetragonal phase could be completely be removed at higher

temperatures.

Figure 4.19: Electron diffraction patterns collected from Sr,TiSi;0s at 323 K, 473 K, 498K,
and 543 K where the intensity of the satellite reflections corresponding to the tetragonal
and orthorhombic phases decreases and increases on heating, respectively.

Figure 4.20 shows an additional electron diffraction pattern that was collected from the same
region of the crystallite from Figure 4.19 at ambient temperature after natural cooling from 543 K
over approximately 45 minutes. The re-appearance of satellite reflections in the [100]- and
[010]-directions suggests that the Sr,TiSi»0s structure has returned to a state that exhibits both of

the tetragonal and orthorhombic phases after cooling. The position of the weak satellite

reflections corresponding to the orthorhombic phase have also changed their direction from the
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[110]-direction in the previous low temperature phase to the 110 direction in the newly formed
low temperature phase, demonstrating that the direction of the modulation can randomly adopt

one of the two possible perpendicular orthorhombic directions in the a-b plane.

Figure 4.20: Electron diffraction pattern collected from Sr;TiSiz0s at 296 K after heating to
548 K where satellite reflections corresponding to both phases are present.

The confirmation of a thermally-induced structural phase transition using variable temperature
electron diffraction was a good starting point in the investigation of the Sr,TiSi;Os phase
behaviour. However, in order to perform a more comprehensive study of the transition from the
tetragonal to the orthorhombic phase, further diffraction studies on bulk Sr,TiSi,0s samples were

required.

4.3.3.2 Synchrotron X-ray diffraction

Variable temperature synchrotron X-ray powder diffraction patterns were collected from
Sr;TiSi;0g between 125 K- 1373 K to build an understanding of the changes that may occur in the
Sr;TiSiz0g structure over this temperature range. As shown for the sample investigated using
synchrotron X-ray diffraction at ambient temperature, the lack of intensity corresponding to
satellite reflections meant that only the average structure could be determined. Data were

collected using the cryostream attachment, hot air blower attachment, and Pt-strip furnace
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attachments using the experimental setups described in section 2.1.2.1 to ensure that a large
range of temperatures could be investigated. The range of set point temperatures, step sizes, and

wavelengths used for this experiment are summarised in Table 4.5.

Table 4.5: Summary of set point temperature ranges, steps sizes, and wavelengths used for
the collection of variable temperature synchrotron X-ray diffraction data.

Set-point
Temperature Step Size Attachment Wavelength
Range

125K - 450K 25 K Cryostream A=0.8261(1) A

300K-567K 25K Hot air blower A=1.1587(1) A
567 K-1480K 50K Hot air blower A=1.1587(1) A
1148 K - 1250 K 25 K Hotair blower  A=1.1587(1) A
1223 K-1373 K 50 K Pt-strip furnace A =1.1587(1) A

The diffraction patterns from this experiment are shown in Figure 4.21, demonstrating that
significant structural changes occur between 125 K - 1373 K. Data collected at A = 0.82703(1) A
have been converted to A = 1.1587(1) A for the purpose of directly comparing the patterns that
were collected at different wavelengths in this figure. The signal to noise ratio for the data
collected using the hot air blower attachment is much lower than for the other attachments due to
the reduced beam width required to ensure that the volume of sample diffracting the X-rays is at
the desired temperature. The temperatures quoted for the data collected using the hot air blower
have been calibrated using a procedure recommended by the beamline scientists to correct for the
systematic error between the temperature recorded at the thermocouple and the actual sample

temperature.
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Figure 4.21: Synchrotron X-ray powder diffraction patterns collected from Sr;TiSi,0s
between 125K-1373 K. Note that the temperatures quoted are the calibrated
temperatures instead of the set point temperatures. Step sizes (based on set point
temperatures) are quoted in Table 4.5.

A close up of the 22° < 20 < 30° region between 125 K - 542 K is provided in Figure 4.22 where the
red asterisk identifies the 240 reflection at 25.6° that corresponds to the orthorhombic phase.

The presence of this weak reflection at and above 125 K means that the orthorhombic phase

persists in a very small proportion below ambient temperature. The intensity of this and other
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reflections corresponding to the orthorhombic phase increases at approximately 490 K. For
example, the black asterisks identify the 400 and 040 reflections at approximately 22.7° two theta
and the 422 and 242 reflections at approximately 28.8° two theta that begin to increase in
intensity at approximately 490 K. These observations are the first to provide evidence that the
orthorhombic phase is present at and below ambient temperature, in addition to showing that the
proportion of this phase increases on heating. This is also consistent with the conclusions drawn
from the electron diffraction experiment whereby the tetragonal phase was shown to coexist with
the orthorhombic phase at ambient temperature before converting into the orthorhombic phase

on heating.

Intensity (a.u.)

25 30
Two Theta (deg.)

Figure 4.22: A close up view of the 22° <20 < 30° region between 125 K - 542 K where the
red asterisk indicates the evidence for the orthorhombic phase at 125 K. The black
asterisks indicate reflections that appear in the patterns as the proportion of the
orthorhombic phase increases on heating.
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The orthorhombic phase was not included in the Rietveld refinement models below ambient
temperature due to an insufficient amount of intensity in the reflections corresponding to this
phase. Hence, single phase X4bm(a, a, ¥2)0gg models were refined against the X-ray diffraction
data between 125K-275K, and two phase models containing both the tetragonal and
orthorhombic phases were refined against all patterns that contained sufficient contributions
from both phases (425 K-500 K). By 567 K, no evidence of the X4bm phase was observed,

suggesting that the transition from the tetragonal to orthorhombic phase had reached completion.

Only the atomic positions and atomic displacement parameters for the dominant phase were
refined in each model. This is because the insufficient intensity in the reflections corresponding
to the orthorhombic phase led to unreasonable bond distances and hence produced chemically
implausible results. Although leaving these parameters unrefined for the minor phase is not ideal,
the difficulties are understandable when considering how little of the orthorhombic phase is
present below 437 K and the high degree of reflection overlap from the two phases between

437 K-490 K.

The orthorhombic phase was modelled using a single phase model with the Cmm?2 space group for
temperatures between 567 K- 1273 K. The experimental data and important parameters for the
refinement of the orthorhombic phase at 567 K are provided in Table 4.6. The refined atomic
positions and atomic displacement parameters are provided in Figure 4.6, and the structure is
illustrated in Figure 4.23. The structural parameters for all models refined against the
synchrotron X-ray powder diffraction data collected from Sr,TiSi»Os between 125 K- 1373 K are

provided in Appendix B of the attached Appendix DVD.
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Table 4.6: Experimental data and important parameters for Sr,TiSi.0s at 567 K as
determined by refinement against synchrotron X-ray powder diffraction data.

Parameter Sr.TiSi20s
Wavelength (A) A=1.15864(1)
Molar mass (g mol-1) 407.28
Crystal system Orthorhombic
Space group Cmm?2
Z 4
a (A) 11.74251(6)
b (A) 11.82907(6)
c(A) 5.04202(3)
V (A3) 700.352(1)
Dealc (g cm3) 3.86144(5)
Linear abs. coeff. (mm- 14.9
Rz (%) 9.02
Ruwp (%) 4.33

Table 4.7: Atomic positions and atomic displacement parameters (ADP’s) determined from
refinement against synchrotron X-ray powder diffraction data collected from Sr;TiSi»0g at
567 K.

X y zZ Uiso
Sr1 0 0.3279(1) 0 0.0375(5)
Sr2 0.1711(1) 0 0 0.0389(5)
Ti 0.25 0.25 0.4575(6) 0.0273(6)
Si1 0 0.1286(3) 0.463(1) 0.040(1)
Si2 0.3706(3) 0 0.475(1) 0.017(1)
01 0.1082(6) 0.1907(6) 0.362(1) 0.057(2)
02 0 0 0.374(2) 0.039(4)
03 0.3116(7) 0.0987(7) 0.386(2) 0.104(3)
04 0.5 0 0.408(3) 0.072(6)
05 0 0.1275(7) 0.820(2) 0.015(2)
06 0.3694(7) 0 0.832(2) 0.014(2)
07 0.25 0.25 0.805(2) 0.064(3)
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Figure 4.23: Orthorhombic Sr;TiSi;0s structure projected along the [001]- (A) and
[100]-directions at 567 K as refined against synchrotron X-ray powder diffraction data.

The reflections that split during the tetragonal to orthorhombic phase transition (e.g. the 132 and
312 reflections at 22° two theta) recombine at approximately 1323 K. A single phase X4bm model
successfully described the data collected between 1323 K - 1373 K, showing that a second phase

transition occurs from the orthorhombic to the tetragonal phase on heating.

The a, b, and c unit cell parameters for both phases of Sr,TiSi»0s between 125 K- 1373 K are
plotted in Figure 4.24, where the g, b, and c unit cell parameters for the orthorhombic phase have
been converted into the tetragonal setting to allow direct comparison between the two phases.
The line of best fit for cell parameter a of the tetragonal phase is plotted between 542 K- 1273 K
as ap which will be used in the coming discussion of spontaneous orthorhombic strain across the
phase transitions. Tables of the structural data including unit cell parameters, atomic positions,
and atomic displacement parameters from the variable temperature study are included in

Appendix B on the attached Appendix DVD.
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Figure 4.24: Unit cell parameters a, b, and c for the Sr,TiSi.0s Cmm2 phase, and unit cell
parameters a and c for the X4bm phase between 125 K - 1373 K. Unit cell parameters a and
b for the Cmm2 phase have been converted to the tetragonal setting to allow for direct
comparison with the X4bm phase. Hollow circles represent the line of best fit for the
tetragonal unit cell parameters (ao).

The presence of the two phase transitions in Figure 4.24 means that the Sr,TiSi»0s phase diagram
contains a mixture of the tetragonal and orthorhombic phases at low temperatures which convert
into a single orthorhombic phase until further heating induces another phase transition to a single
tetragonal phase. Although this behaviour is atypical of conventional phase transitions, there are
several examples of compounds that display similar phase behaviour. A summary of these
compounds has been provided in Table 4.8. Two examples of compounds that exhibit only the

symmetry lowering phase transition without an additional transition to a higher symmetry phase

have also been included.

160



Table 4.8: Compounds that have been reported to show symmetry reducing phase
transitions on heating. Transition temperatures are provided for each phase transition.
LT = Low Temperature, HT = High Temperature.

Ba;NaNbs04511 Laz.xBaxCuO4 Rochelle salt NaOH PbRu0317 NaSn18
(0.05<x<0.15)! KNa(C4H406). 16
2-14 4H2015
[ELL SR P4nc [4/mmm P21212 Cmcm Imma [41/acd
Group
LT Transition 110K ~50K ~250K 535K 90K 757K
Temperature
Intermediate
Space Group Ccm24 Bmab P2, P21/m - -
HT Space P4bm P4,/ncm P212:2 Fm3m Pnma Fddd
Group
HT Transition 565 K 300 K ~300K 578K . .
Temp
Superconductor.
Two Slgn.lflcant Fhange Piezoelectric. Ferrgrpagpetlc.
) in physical Hybridisation of
. incommensurate . Order- . Order-
Additional : properties at . electron orbitals .
phases coexist " disorder - disorder
Notes phase transitions. o changes the o
between Soft-mode phonon  transition. symmetrv of the  transition.
547 K - 582 K P y y

instability drives

ground state.

transition.

Two of the compounds in Table 4.8 are of particular interest. Firstly, it was mentioned in section
4.3.1 that transmission electron microscopy has been used to show that Ba;NaNbsO1s samples
contain two coexisting incommensurately modulated phases. Other work has shown that
Ba;NaNbsO1s also displays six phase transitions between 4 K - 850 K.19-21 Similarly to Sr,TiSi»Os,
one of these transitions is a symmetry lowering transition on heating, involving the tetragonal
P4nc phase transforming into an orthorhombic Ccm21 phase at approximately 110 K.2022 The
structure also transforms into the higher symmetry P4bm space group on continued heating to
approximately 565 K.11 Single crystal X-ray diffraction has also been used to show that the
coexistence region of the two phases occurs between approximately 530 K-570 K.22
Ba;NaNbsO;5 therefore displays similarities to Sr,TiSiz0g in the form of the coexistence of the two
incommensurately modulated phases and the symmetry lowering transition on heating followed

by an additional transition to the higher symmetry space group. However, Sr,;TiSi»Os contains

both phases over a significantly larger range of temperatures.
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The second compound of interest in Table 4.8 is PbRuOs, whereby the low temperature Imma
phase transforms into a lower symmetry Pnma phase on heating. PbRuOs3 is relevant to the
discussion of Sr,TiSi,Os because the low temperature Imma phase contains an unusual A-site
distortion which produces a near-regular square pyramidal coordination with five short Pb-O
bonds. Hence, both Sr;TiSi,0s and PbRuO3 both contain square pyramidal geometries in their
structure. The unusual lowering of symmetry on heating was discussed in terms of coupling of
electron localisation to the lattice through Ru-orbital ordering, and it was proposed that the
strong hybridisation of the Ru 4d with Pb 6s and 6p states are responsible for inducing the
alternative (lower symmetry) ground state.l” Although the high and low symmetry phases of
PbRuO3 do not coexist, the reasoning for the transition may be relevant to the discussion of
Sr;TiSi20g because the role of the square pyramidal coordination environment in PbRuO3 and
Sr;TiSi,0s may play an important role in the required orbital hybridisation to produce the high
symmetry ground state structure that inverts the usual group-subgroup symmetry relationship
between the two phases. However, understanding this complex behaviour for Sr;TiSi,0s would
require a very thorough investigation that incorporates the changes in the incommensurately
modulated phases and their effect on the free energy in the system as the compound is heated.
Such a study is well beyond the scope of the current project. Once it was established that a
symmetry lowering transition on heating was not necessarily a unique observation, the nature of
the phase transitions were investigated further. The phase transitions for Sr;TiSi,Os will now be

discussed.

On heating from 125 K - 464 K, the only change in the X-ray diffraction patterns corresponds to
conventional thermal expansion. Heating above 464 K induces changes in the sample where the
proportion of the orthorhombic phase increases until complete phase conversion has occurred by
567 K. Figure 4.25 shows the calculated proportion of each phase from Rietveld refinement
against the data collected between 125 K - 850 K, demonstrating how the rate of conversion from

the tetragonal to the orthorhombic phase rapidly increases between 542 K-567 K. The
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coexistence of both phases below the transition temperature also indicates that transition is of the

discontinuous first order type.
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Figure 4.25: Percentage of the proportion of the Cmm2 phase relative to the X4bm phase
present for Sr.TiSi.0s between 125 K- 850 K.

The increase in the intensity of the 240 reflection corresponding to the orthorhombic phase in
Figure 4.22 at 25.6° on heating from 125 K suggests that the phase conversion slowly occurs as
the sample is heated from 125 K, and that the rate of this conversion rapidly increases as the
temperature approaches 567 K. The absence of the tetragonal phase in the diffraction patterns at
567 K leads to the conclusion that the first order transition from the mixture of the tetragonal and

orthorhombic phases to the single orthorhombic phase has reached completion.

Further heating above 567 K continues the thermal expansion of the orthorhombic phase in a
manner that linearly deceases the orthorhombic strain as the structure approaches the phase
transition to the tetragonal phase at approximately 1323 K. The collection of additional
diffraction patterns between 1273 K - 1373 K using the Pt-strip furnace attachment was necessary
to investigate the structure above the maximum limit of the hot air blower attachment of 1273 K.
The additional data collected using the Pt-strip attachment demonstrated that the strain drops to
zero as the structure re-adopts the tetragonal setting. However, the change in heating

attachments introduces the potential for a discrepancy in the measured temperatures.
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The samples mounted on the Pt-strip furnace contained significant preferred orientation due to
the possible growth of small Sr;TiSi;Os crystallites on the surface of the Pt-strip at high
temperatures. The preferred orientation in these patterns produced large fluctuations in the
relative intensity of the reflections, meaning that reliable models could not be refined against
these data. However, these data served their purpose of confirming that the reflections that
appeared to be converging up to 1250 K in the data collected from the hot air blower did so by

1323 K on the Pt-strip furnace.

The spontaneous strain was calculated for the orthorhombic phase using the unit cell parameters
determined from synchrotron X-ray powder diffraction. Spontaneous strain is correlated to the
order parameter, Q, allowing more information about the nature of the transition to be
determined. The orthorhombic spontaneous strain (eortno) is calculated by determining the
difference between e; and e; which represent the strain of the a and b unit cell parameters of the
orthorhombic phase, respectively, relative to the equivalent tetragonal unit cell parameter a
under the same conditions (ap). The nomenclature used to represent these values for thermally
induced phase transitions is e1(T), e2(T), and eorino(T), which represent the orthorhombic strain of
the unit cell parameters a, and b, and difference between e; and e; as a function of temperature,

respectively. ei(T), e2(T), and eormo(T) are defined mathematically in Equation 4.4 and Equation

4.5.232
e, (T) = Qortno(T) — ao(T) e,(T) = borino(T) — ao(T) Equation 4.4
! ao(T) ' 2 ay(T)
€ortho(T) = [e2(T) — e (T)] Equation 4.5

Because the orthorhombic phase of Sr,TiSiz0s has a unit cell that is a multiple of the parent
tetragonal unit cell and its development relates to points in the Brillouin zone which are away
from the gamma point, it is an improper ferroelastic phase that has e, < Q2.24 It should be noted
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that the letter Q is also used to represent the mechanical quality factor as calculated from RUS

experiments. Clarification of the use of Q in this thesis is provided where relevant.

The eortho strain parameter for Sr,TiSi,Og was calculated from the refined unit cell parameters of
the orthorhombic phase and plotted between 300 K- 1250 K in Figure 4.26. The decrease in €ortho
(proportional to Q%) does not linearly approach zero as the structure approaches the high
temperature phase transition, providing evidence that the transition is not displaying second

order behaviour.
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Figure 4.26: Orthorhombic strain in the Sr;TiSi;0s structure between 300 K- 1250K,
providing evidence that the high temperature phase transition does not display second
order behaviour.

€ortho® (proportional to Q%) is plotted in Figure 4.27 where there are changes in the strain
behaviour at approximately 500 K and 1150 K as the structure approaches both phase transitions.
However, it should be noted that the experimental uncertainties associated with the very small
numbers calculated for eoro? are significantly larger than the data points themselves. Although

the reduction of eormo®> may be within error of a linear trend, the high level of experimental

uncertainty prevents any formal conclusions to be drawn about the type of transitions observed.
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Figure 4.27: Square of the orthorhombic strain in the Sr;TiSi:0g structure between
300 K- 1250 K. Note that the experimental uncertainty in the determination the very small
strain values is larger than the values themselves.
Although the potential for a modulation in the Sr;TiSi»Og structure above 1323 K cannot be
reliably investigated, it is likely that the structure adopts the prototypic tetragonal structure at
high temperature as has been shown for Ba,TiSi»0s at 433 K by Markgraf et al.25 and suggested for

Ba,;TiGe;0s at 1073 K by Hoche et al3 Further evidence supporting this conclusion will be

presented in the discussion of the phase transitions identified in the Bax:Sr2.2xTiSi20g system in

section 6.2.1.2.

Variable temperature high intensity neutron diffraction data were collected from a Sr;TiSi»0s
sample during heating and cooling at 2.5 K intervals between 275 K- 600 K as shown in Figure
4.28. A significant reduction in the intensity of the 748 reflection at approximately 95° two theta
is observed at 480 K until two reflections are clearly visible when the transition reaches
completion at 500 K. The onset temperature for the increased rate of phase conversion as
determined from the neutron diffraction experiment is 62 K lower than the temperature
determined from the synchrotron experiments (c.f 480 K versus 542 K from neutron and

synchrotron X-ray powder diffraction, respectively) and the completion temperatures from the
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neutron experiment is 67 K lower than the value determined from the synchrotron experiment

(c.f. ~500 K versus 567 K from neutron and synchrotron X-ray powder diffraction, respectively).
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Figure 4.28: High intensity neutron powder diffraction ramping plot collected at 2.5K
intervals on heating between 275 K - 600 K.

The high intensity neutron diffraction data collected on cooling between 305 K- 600 K in Figure
4.29 demonstrate that the phase transition is completely reversible. The intensity of the 600
reflection at approximately 95° begins to decrease in intensity at 448 K and has completely
disappeared by 422 K, indicating that the range of temperatures over which the transition occurs
is similar on heating and cooling (~20 K from the point at which the conversion rate rapidly
increases to completion). However, both the transition onset and completion temperatures
determined from the cooling data are approximately 55 K lower than the heating data, indicating
thermal hysteresis in the transition between the two phases. The next section will discuss the data
collected using resonant ultrasound spectroscopy to support the conclusions drawn from the

diffraction experiments.
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Figure 4.29: High intensity neutron powder diffraction ramping plot collecting at 2.5 K
intervals on cooling between 305 K - 600 K.

4.3.4 Resonant Ultrasound Spectroscopy from Sr,TiSi,0s

Resonant Ultrasound Spectroscopy data were collected from a polycrystalline Sr;TiSi,Os
parallelepiped of dimensions 3.233x1.723 x 1.714 mm3 (with 90° angles between each face)
between 200 kHz - 1200 kHz as shown in Figure 4.30. Spectra were collected on cooling at 5 K
intervals between 1090 K- 1360 K and 270 K- 650 K to monitor the transitions at 1273 K and
480 K respectively. Spectra were collected at 10 K intervals for temperatures outside these
ranges. Large variations in the position of each resonance occur near the temperatures of interest

that were identified from the diffraction experiments.
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Figure 4.30: Resonant ultrasound spectra collected from a polycrystalline Sr,TiSi,Os
sample between 200 kHz - 1200 kHz showing large variations in the positions of
resonances between 273 K- 1360 K.

The position of the resonance at approximately 818 kHz was determined across both of the phase
transitions that were identified in the diffraction experiments. This resonance was chosen
because its behaviour is representative of the rest of the spectrum and it is well resolved from
adjacent resonances, making the modelling of its position more reliable than other resonances in

the spectrum. A close up of the resonances at 818 kHz (red) and the fitted Lorentzian functions

(black) across the tetragonal to orthorhombic transition are plotted in Figure 4.31.
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Figure 4.31: Close up of the peak at approximately 818 kHz from the resonant ultrasound
spectra collected from a Sr.TiSi;0s polycrystalline sample (red lines). The black lines
represent the asymmetric Lorentzian functions fitted to calculate the position of each peak.
The square of the frequency of the resonance (proportional to the elastic moduli) at
approximately 818 kHz is plotted against temperature in green in Figure 4.32. The softening of
the elastic moduli reaches a minimum at 391 K, which is approximately 150 K lower than the
temperature at which the rate of phase conversion rapidly increases as determined from the
diffraction experiments. The discontinuity in the elastic moduli at 470 K suggests that a significant
structural change may have occurred. This coincides with an anomaly in the rate of heat flow
measured using differential scanning calorimetry though a 16.9 mg polycrystalline Sr;TiSi»0s

sample at 480 K as shown in blue in Figure 4.32.
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Figure 4.32: The square of the frequency for the 818 kHz resonance as a function of
temperature from resonant ultrasound spectroscopy of a polycrystalline Sr,TiSi;0g sample
between 300 K - 625 K (red) and the heat flow as determined from differential scanning
calorimetry (blue) between 400 K - 650 K.

The inverse mechanical quality factor was plotted for Sr,TiSi,Os between 300 K - 625 K (Figure

4.33), showing a maximum in the relaxation of the structure that coincides with the minimum in

the elastic constant that was calculated from the position of the resonances in the spectrum.
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Figure 4.33: Inverse mechanical quality factor for the 818 kHz resonance as a function of
temperature from resonant ultrasound spectroscopy of a polycrystalline Sr,TiSi»0s sample
between 300 K - 625 K.
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The square of the position of the 818 kHz resonance was also calculated as a function of
temperature between 1180 K - 1340 K to further investigate the transition from the orthorhombic
to the tetragonal phase (Figure 4.34). Softening of the elastic moduli occurs on heating until a
sharp minimum at 1258 K. The behaviour of the elastic constants across the transition from the
two incommensurate phases to the single incommensurate phase is similar to the significant
elastic softening observed from Ba;NaNbsOis; where the structure transforms from the
orthorhombic Ccm2; phase to the tetragonal P4bm phase at approximately 575K.1®  The
minimum in the Sr,TiSi»0s data is approximately 65 K lower than temperature determined from
diffraction studies (c.f. 1323 K). However, this may be attributed to the ceramic material behaving

slightly differently to the loose powder in the capillary for the diffraction experiments.
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Figure 4.34: The square of the frequency for the 818 kHz resonance as a function of

temperature from resonant ultrasound spectroscopy of a polycrystalline Sr,TiSiz0s sample
between 1190 K- 1333 K.

The FWHM could not be determined for the majority of the data points between 1180 K- 1320 K
because of the very high degree of convolution between the resonances of the sample and the rods
holding the sample in the instrument. Evidence of the widening of the 818 kHz resonance that

prevented the calculation of the FWHM visible in Figure 4.31.
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The features identified in the resonant ultrasound spectra have been useful in supporting the
conclusions drawn from the diffraction experiments. In particular, the minima in the elastic
moduli at 391 K and 1265 K both occur within the regions at which interesting behaviour was
observed in the diffraction experiments, demonstrating that the structural changes in Sr,TiSi,O0s
have a significant effect on the elastic properties of the bulk sample. The following section will
discuss the physical property measurements conducted on Sr;TiSi»0sg, including the investigation

of the dielectric and piezoelectric properties, and the search for ferroelectric behaviour.

4.3.5 Physical Property Measurements

Physical property measurements were conducted on polycrystalline Sr,TiSi,Os samples
synthesised using the methods outlined in Chapter 2 to investigate the dielectric, piezoelectric,

and ferroelectric properties.

The dielectric properties were measured using an Agilent 4284A LCR (Inductance, Capacitance,
Resistance) meter. Ferroelectric measurements were performed on a Cypher scanning probe
microscope from Asylum Research using an internal 15x high voltage amplifier and Olympus
AC240TM electrilevers, spring constant k~2 N/m, and tip radius ~ 25 nm. Single frequency
measurements were performed at 10 kHz applied frequency, ~1 V applied and a contact force of
approximately 100 nN. The dual frequency resonance-enhanced approach (DART, Asylum
Research) was also used, with a contact force of approximately 100 nN and an applied voltage of
about 45 mV. Piezoresponse curves were collected from ceramic samples using an AC signal
(f~10 kHz, Vi =~0.75 V, phase offset=180°) superimposed on a 0.2 Hz triangular

square-stepping wave with bias up to = 60 V and a read /write time of 25 ms.

The dielectric properties were measured from a pellet pressed from polycrystalline Sr;TiSi,0g of

13 mm diameter and 2 mm thickness. Silver paste was painted on the flat surfaces of the disc to
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measure the capacitance across the pellet. The capacitance and loss tangent (briefly discussed in
section 3.3.3) were measured between 10 Hz - 1 MHz to determine the change in properties over
a wide range of frequencies. The measured capacitance was not converted into a dielectric
constant because the surface area of the sample was not deemed sufficiently greater than the
distance between the electrodes to ensure that a constant electric field was applied across the
sample. However, the close relationship between the capacitance and dielectric constant of a
material means that the capacitance can be used to indirectly investigate the behaviour of the

dielectric constant of the sample.

The capacitance measured for the Sr;TiSi,Og sample was very low as shown in Figure 4.35. Atlow
frequency, the capacitance is approximately 3x10-12 F, reducing to approximately 2.6x10-12 F at
high frequency. This trend is identical to the Ba,TiSi»0s sample discussed in Chapter 3. However,
the values are approximately an order of magnitude lower. It is not clear from the data collected
why such a large difference is observed between the Ba;TiSi;Os and Sr,TiSiz0s samples, but it

would be interesting to investigate this behaviour further.

The dielectric loss measured from the Sr;TiSi.0s sample was also approximately an order of
magnitude lower than the Ba,TiSi»0g sample investigated. It is unclear whether this is an artefact
due to the difference in the quality of the sample preparation. Further work is required to

understand these measurements.
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Figure 4.35: Capacitance (blue) and loss tangent (red) measured from a Sr,TiSi,0s pellet
from 10 Hz - 1 MHz.

The Sr,TiSi,0s sample was shown to be piezoelectric through the measurement of the induced
mechanical response from switching spectroscopy. Figure 4.36A shows the out of plane
mechanical deviation and phase of the piezoresponse when the switching field is on. The linear
relationship between the induced mechanical deviation and the applied voltage is indicative of a
good piezoelectric material. The surface potential of the sample is approximately 4 V, as indicated
by the reversal of phase. Figure 4.36B shows results obtained from the identical sample with the
switching field turned off. The absence of any systematic mechanical deviation or reversal of
phase after the field has been applied shows that no poling had occurred and hence provides no

evidence of ferroelectricity.
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Figure 4.36: Out of plane mechanical deviation and phase recorded from switching
spectroscopy conducted on Sr.TiSi,0s with applied field on (A) and off (B).

The piezoelectric coefficient was quantified to be 27 pm V-1 from the out of plane mechanical
deviations that were detected in the PFM experiment using the method described in Section 1.3.1.
This value is higher the value determined for Ba,TiSi»0s and has been compared against other
common piezoelectric materials in Table 4.9. It is unclear from this study why the intrinsic
piezoelectric coefficient calculated for Sr;TiSizOs is higher than that calculated for Ba,TiSizOs,
however higher sample quality, or the presence of the phase boundaries due to the presence of

the two coexisting phases at ambient temperature could be contributing factors.
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Table 4.9: Comparison of the intrinsic piezoelectric coefficient for Sr.TiSi;0s, Ba:TiSi20s

and well-known piezoelectric materials.

Material dss (pm V1) Reference
Ba;TiSi,0s 5 Current study
Sr,TiSi20s 27 Current study

Quartz 2.3 Smith26

BaTiO3 190 Jaffe et al.2”

PbTiO3 50 Ueda et al.?8
PbZro.4sTio.5203 110 Berlincourt et al.2?

The phase of the induced polarisation was also mapped using piezoresponse force microscopy

from a small region of a crystalline showing domain structure.

Figure 4.37 shows that two

different domains are present, with different components in the plane of the surface and out of the

plane of the surface of the crystal. This behaviour is identical to that observed for Ba,TiSi»0s, and

demonstrates the piezoelectricity of the sample.
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Figure 4.37: Image of the phase signals detected using piezoresponse force microscopy

from polycrystalline Sr,TiSi;0s.
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The ferroelectric properties of Sr,TiSi.Os were also investigated using a ferroelectric analyser.
The polarisation versus applied electric field loop collected from Sr;TiSi,Os in Figure 4.38
resembles the data collected from Ba,TiSi2Os where a very small polarisation in the order of
pico-Coulombs was observed. The lack of change in concavity and the extremely small
polarisation (~ 60 pico-Coloumbs) are typical properties of a polarisation versus electric field loop
that from a non-ferroelectric material that is dominated by leakage currents.3® Hence, it was
concluded that no evidence of ferroelectricity was observed from the Sr;TiSi;0s sample
investigated in this project. This is further supported by the smooth change in current as the

voltage was increased and decreased across the sample (Figure 4.39).

Polarisation (pC cm?)

Electric Field (kV cm™)
Figure 4.38: Polarisation versus electric field curve collected from polycrystalline

Sr.TiSiz0s. The lack of saturation at high field and the small induced polarisation indicate
that no ferroelectric properties are present.
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Figure 4.39: Current (left axis) and voltage (right axis) versus time curve collected from
polycrystalline Sr;TiSiz0s. The smooth change in current as the voltage is varied provides
additional evidence that the sample does not exhibit ferroelectricity.

The combination of the lack of poling in the switching spectroscopy experiment, the lack of
induced polarisation in the ferroelectric analyser, and the continuous change in current as the

voltage is varied across the sample all lead to the conclusion that the polycrystalline Sr,TiSi»Os

sample investigated in this project does not exhibit ferroelectricity.

4.4 Summary

The Sr;TiSi,0s structure has been characterised at ambient temperature using a combination of
electron, X-ray, and neutron diffraction. Electron diffraction patterns collected at ambient
temperature showed that crystallites of Sr,TiSi.Og contain two very similar incommensurately
modulated phases. The overlapping of the main reflections of both phases suggested that the
orthorhombic phase has unit cell dimensions that are very similar to those of the tetragonal
phase, and that the symmetry of the satellite reflections must be taken into account to

differentiate between the two phases. The two phases were indexed using the X4bm(a, o, ¥2)0gg
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and Cmm?2(0, B, 0)s00 space groups. This provides evidence of a new space group that is adopted
by the fresnoite structure-type, given that it is different to the orthorhombic Ba,TiGe,0s space

group that has been previously reported in the literature.6

Despite the difficulties associated with modelling a sample that contains two very similar phases,
the average Sr,TiSi»0g structure was determined from synchrotron X-ray powder diffraction data
for the first time. A full model of the modulated structure of Sr,TiSi20s was also refined against
high intensity neutron powder diffraction data for the first time. The largest displacements from
the average Sr;TiSi»0s structure were experienced by the oxygen-3 ions in a similar fashion to
Ba;TiSi,0s in Chapter 3. The introduction of the modulation improved the average bond valence
sum for the strontium, titanium, silicon, and oxygen-4 ions, while small deviations from the ideal
bond valence sums were experienced by the remaining ions. The greatest improvement in bond
valence sum occurred for the strontium ion, providing further support that the bonding
requirements of the ions on the A-site are a significant driving force for the modulation in the

fresnoite structure type.

The collection of high resolution images from Sr,TiSi»0g crystallites in the electron microscope
produced visual evidence of the ring-like structure in Sr,TiSi»0s. Evidence of the different phases
in adjacent regions of crystallites was also collected, confirming that the appearance of the
different phases changes across modulation phase boundaries. Fast Fourier transform
calculations from these high resolution images produced images that contained satellite
reflections corresponding to either (or both) structure(s), confirming that although the difference
between the two phases is very subtle, evidence of the modulation is identifiable in the high
resolution images. It was also shown for the first time that the act of collecting of a high
resolution image could drive a reversible structural phase transition between the tetragonal and
orthorhombic phases. Variable temperature electron diffraction confirmed the presence of a

reversible structural phase transition that reduces the symmetry of the structure on heating.
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Single phase tetragonal models were refined against variable temperature synchrotron X-ray
powder diffraction data to monitor the changes in the Sr,TiSi»0g structure between 125 K- 275 K.
X-ray and neutron powder diffraction were used to establish that the rate of conversion from the

tetragonal to the orthorhombic phase rapidly increases between approximately 542 K - 567 K.

Two phase Rietveld models consisting of both the X4bm and Cmm?2 phases were developed
between 300 K-542 K. A combination of the analysis of the orthorhombic strain, heat flow
curves, and the variation in the elastic moduli from resonant ultrasound spectroscopy were used
to establish that the reversible first order phase transition between the tetragonal to the
orthorhombic phase is complete by approximately 567 K. Single phase models of the
orthorhombic structure were refined against data collected between 567 K- 1273 K until the
structure undergoes a phase transition to what is believed to be the prototypic X4bm phase at
approximately 1323 K as determined from the reduction of the orthorhombic strain to zero and
the minima observed in the elastic moduli. The calculation of the spontaneous strain of the
orthorhombic phase provided evidence that the high temperature transition does not display
second order behaviour. It was shown that the eomo? parameter (proportional to Q*) decreases
linearly to zero as the structure approaches the transition, however no formal conclusions could

be drawn due to the high degree of experimental uncertainty in the numbers calculated for eorno?.

An investigation of some of the physical properties of polycrystalline Sr,TiSi.Os samples found
that the capacitance and loss tangents followed the same trends as the Ba,TiSizOg sample in
Chapter 3, but were an order of magnitude lower. The presence of piezoelectricity was confirmed
from switching spectroscopy experiments, and the intrinsic piezoelectric response coefficient was
calculated to be approximately 27 pm V-1, No evidence of ferroelectric domains or domain

switching was found from the polarisation versus applied field curves or piezoresponse force
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microscopy. This demonstrates that neither Sr,;TiSi,Os nor Ba;TiSi»Os ceramic samples
synthesised in this project are ferroelectrically active, despite the literature predicting and
showing that the Ba,TiSiz0s member of the fresnoite family of compounds can exhibit

ferroelectricity.
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Chapter 5 Structural Investigation of Ba;TiGe;0s

5.1 Introduction

The Ba,TiGe,0s structure and its phase transitions have been comprehensively investigated by
several research groups in the past. Ba;TiGe;0g was first reported to have a structure similar to
the parent compound, Ba;TiSi,0s.7319° However, later studies established important structural
differences between these two compounds. In 1973, Kimura et al.”? used X-ray precession
photographs to correctly identify that Ba,TiGe;0s displays orthorhombic symmetry. However, the
space group was incorrectly determined to be Iba2. The same study also investigated some
physical properties for Ba,TiGe;0s, finding no evidence of ferroelectricity, but observing
ferroelastic behaviour in a single crystal. Anomalies in differential thermal analysis curves and
the domain widths in single crystals on heating and cooling established that a phase transition
from an optically biaxial to a uniaxial state exists near 1083 K. Large anomalies in the elastic
moduli for Ba;TiGe,0s were also observed across the phase transition temperature. Additionally,
this work suggested that a 11x superstructure occurs in the b-direction and that this is closely

related to the ferroelastic behaviour of the compound.

In 1981, [jima et al57 established that Ba,TiGe,0s crystallises in the orthorhombic mm?2 point
group at ambient temperature. The average structure was determined from X-ray diffraction
using Cu K. radiation, showing that half of the bridging Ge-O-Ge bond angles on the
[001]-projection deviate by about 10° from 180°. These deviations were proposed to be
responsible for the long period superstructure at ambient temperature. Ijima et al57 also
reported that Ba,TiGe.Os undergoes a ferroelastic phase transition at approximately 1143 K to a
high temperature tetragonal 4mm point group.5’ Although the I[jima et al.57 study was performed

after the Kimura et al.’? study, the phase transition temperature of 1083 K determined by Kimura
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et al. was reported with more certainty and hence this should be taken as the most appropriate

value from the literature.

In 1985, Halliyal et al.2%0 found clear evidence of a low temperature structural phase transition in
a single crystal of Ba,TiGe,0g through the measurement of the dielectric permittivity, pyroelectric
coefficient, and the piezoelectric planar coupling coefficient. Markgraf et al.55 used single crystal
intensity data to establish that the average Ba,;TiGe,0s structure crystallises in the Cmm2 space
group. Precession X-ray photographs were used to show that the phase transition exhibits
hysteresis (~223 K on cooling and ~273 K on heating) and involves the modulation along a*
locking into a value of 1/3 on cooling. Hysteresis was also observed in the dielectric and the
pyroelectric properties of Ba;TiGe,0s as the temperature was cycled through the low temperature

phase transition.

In 1999, Hoche et al.5° compared the incommensurate modulations in Ba,TiSi»0s, Sr,TiSi»0s, and
Ba,TiGe;0s, establishing that fewer satellite reflections are observed in the electron diffraction
patterns collected from Ba,TiGe;0s than Ba,TiSi»0s. Superstructure reflections were found to
occur at 0.36b*, 0.64b* and at combinations of these values, supporting the work of Markgraf et
als5 on the same compound.5> Hoche et al. conducted a more comprehensive study of the
incommensurately modulated structure of Ba;TiGe;Os in 2003, establishing that Ba,TiGe;Os
crystallises in the Cmm2(0, 3, ¥2)s00 space group with ~ 0.635 at ambient temperature.”t The
structure was refined against time of flight neutron powder diffraction data collected from a
ground up single crystal. The modulation parameters obtained from the refinement support the
theory that rigid unit modes are involved in the modulation of the structure and that the
improvement in the bond valence sum of both of the barium positions are likely driving forces for

the need of a displacive modulation.
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The investigation of the structure and thermally induced phase transitions of Ba,TiGe;0Og in
polycrystalline form is of high importance because it is likely that many potential applications of
the fresnoite structure type will require the compound to be processed and utilised in bulk
polycrystalline form rather than as single crystals. This chapter will discuss the use of
synchrotron X-ray and neutron powder diffraction to investigate polycrystalline samples of
Ba;TiGe,0s at a variety of temperatures, including both of the known phase transitions.
Furthermore, resonant ultrasound spectroscopy data collected on heating and cooling across the

two phase transitions will be presented and discussed.

5.2 Synthesis

Polycrystalline samples of Ba;TiGe;0s were prepared using a method adapted from Hoche et al.5°
Stoichiometric quantities of BaCOs, TiO, and GeO, were thoroughly mixed before melting in a
platinum crucible at 1400 °C for two hours. The melt was cooled to ambient temperature,
rehomogenised, pressed into pellets of 13 mm or 20 mm diameter using a uniaxial press
(depending on sample size) and heated at 850 °C for one week. X-ray diffraction using Cu Kq
radiation after this heating step showed a small number of very weak reflections that did not
correspond to the Ba,TiGe,0s structure. A thorough search of the JCPDS database identified that
some of the unindexed reflections may correspond to a very small proportion of BaGe03.201 The
remaining reflections could not be indexed by any one structure, suggesting that they correspond
to a small proportion of at least two additional impurity phases. These additional phases were not
considered in the models refined in this thesis because of their tiny contribution to the pattern.
Further heating at higher temperatures for longer periods of time (e.g. 1000 °C for 168 hours) did
not improve the purity of the sample, suggesting that the synthesis of 100 % phase pure

polycrystalline samples may not be possible.
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5.3 Results & Discussion

The results in this chapter will be discussed in two sections. Firstly, the characterisation of the
Ba;TiGe;0s structure at ambient temperature as determined from synchrotron and neutron
powder diffraction will be discussed. This will focus on the difficulties encountered in the use of a
modulated structure approach to characterising Ba;TiGe;0s from polycrystalline samples and
comparisons will be drawn to the comprehensive study of the incommensurate structure by

Hoche et al.’t

Secondly, the changes to the Ba;TiGe,0s structure between 125 K- 1273 K will be discussed as
determined from synchrotron and neutron powder diffraction. This discussion will be
complemented by the presentation and analysis of resonant ultrasound spectroscopy data

collected from a Ba;TiGe0s single crystal.

5.3.1 Ba;TiGe:0sg structure at ambient temperature

The observed, calculated, and difference plots from the refinement of the Ba;TiGe,0s structure at
ambient temperature against synchrotron X-ray powder diffraction data are provided in Figure
5.1. The unexplained intensity at ~18 degrees two theta resembles a similar miscalculation of the
equivalent reflection for Sr,TiSi,Os in Section 4.3.1, however, the inclusion of preferred

orientation correction could not be included such that the fit could be improved.

The refinement of atomic positions produced unrealistic bonding environments around the
germanium, titanium and oxygen ions. The inclusion of rigid unit restrictions for the GeOs
polyhedra allowed the refinement to proceed while keeping sensible bond angles and lengths for

the GeO4 polyhedra without significantly reducing the quality of the fit. The rigid unit restrictions
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were applied through the definition of four symmetrically equivalent units comprised of the

germanium and surrounding oxygen ions using the ‘molecule’ restriction command in Jana2006.

L =0.82703(1) A
R,,=231%
R, =5.58 %

Intensity (a.u.)

| W T e

IV ST d .

10.0 20.0 30.0 40.0 50.0 60.0 70.0
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Figure 5.1: Observed, calculated, and difference plots from the refinement of the
Ba;TiGe;0s structure at ambient temperature against synchrotron X-ray powder
diffraction data. Black crosses and the red line represent the observed and calculated
diffraction patterns, respectively. The vertical black lines represent the Bragg reflection
positions and the continuous black line represents the difference between the observed
and calculated patterns.

The absence of satellite reflections in the synchrotron X-ray powder diffraction pattern meant
that only the average structure could be determined from these data. A doubled unit cell in the
c-direction has been used as reported by Hoche et al. to represent the average structure in an
analogous way to the modulated structure.’? The structural model converged with Rg=2.31 %
and Rwp=5.58 % using the orthorhombic Xmm2 space group (representing the Cmm2 space

group that incorporates the modulation vector of magnitude % in the c* direction). The

experimental data and important parameters for the refinement are provided in Table 5.1.
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Atomic displacement parameters (ADP’s) were refined isotropically because the inclusion of

anisotropic ADP’s produced non-positive definite values.

Table 5.1: Experimental data and important parameters for the refinement of the
Ba;TiGe.0s average structure at ambient temperature.

Parameter Ba;TiGe:0s
Wavelength (A) A=0.82703(1)
Molar mass (g mol-1) 595.73
Crystal System Orthorhombic
Space Group Xmm?2
Z 8
a (A) 12.2762(3)
b (A) 12.2635(3)
c(A) 10.7259(1)
V (A3) 1614.77(4)
Daic (g cm-3) 4.8994(1)
Linear abs. coeff. (mm- 26.804
Re 5.58 %
Rwp 2.31%

The refined Ba,TiGe,0s average structure at ambient temperature is illustrated in Figure 5.2
where the barium and oxygen ions have been labelled. The Xmm2 setting is related to the parent
X4bm space group of Ba,TiSi»0g and Sr,TiSi,0s by a 45 degree rotation about the [001]-axis of the
structure with the doubled c unit cell parameter as reported by Hoche et al.’! creating the

non-standard centering.
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Figure 5.2: The Ba;TiGe,0s average structure at ambient temperature as refined against
synchrotron X-ray powder diffraction data projected along the [010]- (left) and [001]-
(right) directions.

The refined atomic positions and atomic displacement parameters for the Ba,TiGe,Os average
structure at ambient temperature are provided in Table 5.2 where the Ge, 02, 03, and 04 ions
constitute the rigid polyhedra defined in the model. The refinement of the oxygen and titanium
ions produced an excessively short axial bond for the TiOs square pyramid (1.625(2) A instead of
~1.70 A for similar Ti environmentsé8-70). Short axial bond lengths have been determined for
other compounds containing TiOs square pyramids (c.f Section 1.5). However, the axial Ti-01
bond in this study is still considered too short, even in the context of these other compounds. The
model of Ba;TiGe;0sg structure determined by Hoéche et al.”! from neutron powder diffraction data
collected from a ground up single crystal contained an axial Ti-O bond length of 1.73 A which is
significantly longer than the equivalent bond calculated in the current study. A consequence of
the short Ti-O bond is that the titanium ion is significantly overbonded with a bond valence sum of
4.46(7) (c.f 4.140(5) from Hoche et al.7t). Although these values are not ideal, they are the most
reasonable parameters that could be obtained from the data available from the polycrystalline

Ba;TiGe,0s samples in the current study.
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Table 5.2: Atomic positions and atomic displacement parameters (ADP’s) for Ba,TiGe.0sg at
ambient temperature as determined from refinement against synchrotron X-ray powder
diffraction data.

Ba1l Ba2 Ti Ge 01 02 03 04

X 0 0.1723(4) 0.25 0 0.25 0.1104(4) 0 0
y 0.32677(9) 0 0.25 0.13245(8) 0.25 0.19450(4) 0 0.1233(5)
Z 0.5224(1) 0.51824(4) 0.2578(7) 0.2540(4) 0.409(1)  0.1872(4) 0.117(9) 0.4236(6)
8;2‘3 0.0095(3)  0.0109(3) 0.0140(8) 0.0090(3)  0.023(3)  0.045(2)  0.020(4)  0.008(2)

In contrast to the synchrotron data, significant intensity was observed for some satellite
reflections in the high intensity neutron powder diffraction data collected from Wombat. The
sample on which Hoche et al. performed a thorough investigation into the full (3+1)-dimensional
structure of Ba;TiGe;0s was a single crystal which had been ground up into polycrystalline form.
Ideally, the characterisation would have been performed on the sample in single crystal form.
However, the presence of pronounced internal stresses that were frozen in during the high
temperature phase transition on cooling after synthesis meant that this was not possible. Given
that Hoche et al.5° and Wong et al.292 have both discussed the importance of the type of synthesis
on the formation of the fresnoite structure type, this neutron diffraction study aims to investigate
Ba;TiGe;0s as a bulk polycrystalline material that has been synthesised as a powder rather than a

single crystal.

The high intensity neutron powder diffraction pattern collected from Wombat is compared to the
pattern published from the time of flight high resolution powder diffractometer (HRPD) at ISIS by

Hoche et al.”t in Figure 5.3.

The resolution of the reflections in the data collected from Wombat is significantly lower than that
achieved on HRPD at ISIS, and although the signal to noise ratio is also not as high as for the ISIS
pattern, it is sufficient to provide evidence of the modulated structure in comparable regions of
the pattern. High resolution neutron powder diffraction data were also collected from Echidna,

however, the slight increase in resolution was not beneficial for this study because the
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significantly reduced signal to noise ratio reduced the intensity of the satellite reflections relative

to the main reflections. For this reason, the following discussion is based on the high intensity

neutron powder diffraction data collected from Wombat.
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Figure 5.3: Comparison of a region of interest in the Ba,TiGe:0s neutron diffraction
patterns collected from Wombat (A), and ISIS (B, from Héche et al.).’t Peak markers in A
represent calculated main reflections. Red arrows indicate satellite reflections that were

observed in both patterns.

Numerous strategies were employed in the attempt to model the (3+1)-dimensional structure by
refinement against high intensity neutron powder diffraction data. A starting model using the
atomic positions and modulation amplitudes refined by Hoche et al.’! also trialled, where the
systematic refinement of each parameter dramatically improved the fit of the model to the data,
but the bond distances and bond valence sums showed that the refinement was converging on a
physically unreasonable model. Similarly, the systematic refinement of modulation amplitudes
from arbitrarily small values (c.f 0.001) did not produce reasonable results. The observed,
calculated, and difference plots form the refinement of the Ba,TiGe,0s average structure at
ambient temperature is provided in Figure 5.4. The unindexed reflections at 35.5°, 39.7°, 48.1°,
70.0°, and 75.0°, 100.7° two theta correspond to the positions of the 1121, 1311, 3101, 3131, 3331,

6201 satellite reflections calculated by the Hoche et al. model. However, it is possible that these

reflections may correspond to an unidentified impurity phase. The inability to refine a plausible
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(3+1)-dimensional model of the Ba,TiGe;0s structure meant that only the average structure could

be determined in this study.
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Figure 5.4: Observed, calculated, and difference plots from the refinement of the
Ba;TiGe;0s average structure at ambient temperature against high intensity neutron
diffraction data. The labelled reflections represent unindexed intensity that corresponds
to the published Hoche et al. model but may also correspond to an unidentified impurity
phase.

The experimental data and important parameters for the refinement of the average Ba,TiGe;0s
structure against the high intensity neutron powder diffraction data are provided in Table 5.3.
The fit of the model to the Bragg reflections corresponding to the average structure is good
(Re=1.39 %), however the weighted profile fit (Rwp = 7.93 %) is significantly higher because it

takes the fit of the entire profile into account including the regions where satellite intensity has

not been accounted for in the model.
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Table 5.3: Experimental data and important parameters for the refinement of the average
Ba,TiGe,0s structure against high intensity neutron powder diffraction data.

Parameter Ba,TiGe20s
Wavelength (A) 2.86(1) A
Molar mass (g mol-1) 595.73
Crystal System Orthorhombic
Space group Xmm?2
a (A) 12.251(4)
b (A) 12.238(4)
c(A) 10.704(9)
V (A3) 1604.9(3)
Dcaic (g cm3) 4.9296(9)
Z 8
Linear abs. coeff. (mm-1) 0.01006
Rs 1.39 %
Rwp 7.93 %

The refined atomic positions for the Ba,TiGe;Os average structure are provided in Table 5.4.
When compared to the atomic positions refined against the synchrotron data set, the greatest
differences occur in the properties of the TiOs square pyramid. The bond lengths and bond
valence sums for the titanium ion in the square pyramid as determined from refinement against
synchrotron and neutron data sets are both compared to the values obtained by Hoche et al.’! in
Table 5.5. The length of the axial bond determined from the neutron diffraction data is
significantly greater than the value calculated from refinement against synchrotron data and
longer than the distance calculated by Hoche et al.’! (c.f 1.73 A). Conversely, the bonds from the
titanium ion to the basal oxygen ions are significantly shorter in the model determined from
neutrons than the other two studies. This variability demonstrates that the size of the square
pyramid is different in these models, suggesting that some variability in the atomic positions is
present. This variability has caused the unreasonably high bond valence sum for the titanium ion

of 4.4(1).
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Table 5.4: Atomic positions and atomic displacement parameters (ADP’s) for Ba,TiGe.0sg at
ambient temperature as determined from refinement against high intensity neutron
powder diffraction data.

Bal Ba2 Ti Ge 01 02 03 04
X 0 0.163(5) 0.25 0 0.25 0.1123(3) 0 0
y 0.0327(5) 0 0.25 0.1271(7) 0.25 0.1957(7) 0 0.1244(8)
Z 0.043(3) 0.003(2)  0.2499(2)  0.256(2) 0419(2) 0.193(3) 0.173(3)  0.416(2)
8;2‘3 0.02(3) 0.02(3) 0.01(1) 0.009(3)  0.007(6)  0.052(4)  0.042(7)  0.014(4)

Table 5.5: Bond lengths and bond valence sums for the titanium ion in Ba;TiGe.0s at

ambient temperature as determined from refinement against synchrotron and neutron

powder diffraction data. Data from Héche et al.’! are also provided for comparison.
Synchrotron Neutron Héche etal.

Ti-01 (axial) 1.63(2) 1.79(3) 1.73(2)
Ti-02a 1.948(5) 1.88(1) 1.99(1)
Ti-02b 1.945(5) 1.87(1) 1.99(1)
Ti-02c 1.970(5) 1.90(2) 1.95(1)
Ti-02d 1.931(5) 1.86(1) 1.95(1)
Ti Bond Valence Sum 4.46(7) 4.4(1) 4.140(5)

The difficulty in refining plausible models against these diffraction data suggests that other
factors must be present to complicate an otherwise reasonably straight forward structural
refinement. Although Hoche et al. were able to successfully refine a plausible (3+1)-dimensional
model against HRPD data, the sample was ground up from a single crystal grown via the
Czochralski method. The superior signal to noise ratio and resolution of the data collected by
Hoche et al. are potentially significant contributing to their success in producing a stable, plausible
refinement of the modulated structure. However, the fact that the specimen was grown as a single
crystal means that it is more likely that the stoichiometry is constant across the entire sample. In
contrast, the samples in the current project were synthesised in polycrystalline form via
conventional solid state synthetic methods, increasing the likelihood of sample inhomogeneity.
This supported by the work of Wong et al.153 that has shown that sample inhomogeneity in the
Bay,Sr2.2,TiSi,08 system is present and that this has a direct influence of the modulation

characteristics of each sample.
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The following section will discuss the investigation of the Ba,TiGe;0g structure at non-ambient
temperatures with a focus on the structural phase transitions that have been reported by

Markgraf et al.55 and ljima et al.>”

5.3.2 Ba;TiGe:0s structure at non-ambient temperatures

Synchrotron X-ray powder diffraction data were collected from the powder diffraction beamline
at the Australian synchrotron on heating between 125 K - 350 K, and 298 K- 1273 K using the low
temperature cryostream and high temperature hot air blower attachments, respectively. The unit
cell parameters that were calculated from Rietveld refinement against synchrotron X-ray powder
diffraction data between 125 K- 1273 K are provided in Figure 5.5. Firstly, the ‘lock-in’ transition
close to ambient temperature will be discussed, followed by the high temperature transition that

has been reported to occur at 1083 K.

5.3.2.1 Low temperature transition in Ba;TiGez0s

The unit cell parameters and volume that were calculated from Rietveld refinement against
synchrotron X-ray powder diffraction data are presented in Figure 5.5 and Figure 5.6,
respectively. A change in gradient of the unit cell volume was identified on heating close to the
temperature at which the lock-in transition is reported to occur. The temperature of this
transition was identified to be 370 K from the intersection of the lines of best fit to the unit cell

volume above (red) and below (green) the low temperature transition in Figure 5.6.
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Figure 5.5: Unit cell parameters a, b, and c for the Ba;TiGe;0s orthorhombic phase, and cell
parameter a and c for the tetragonal phase between 125 K- 1273 K. Unit cell parameters a
and b for the orthorhombic phase have been converted into the tetragonal setting to allow
for direct comparison with the tetragonal phase. a, represents the line of best fit for the
tetragonal phase which has been extrapolated to 125 K.
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Figure 5.6: Unit cell volume of the Ba;TiGe:0g average structure between 125 K-1273 K as
calculated from Rietveld refinement against synchrotron X-ray powder diffraction data.
Data points for the orthorhombic phase have been converted to the tetragonal setting to
allow for the direct comparison between the two phases. Linear fits to the unit cell volume
above and below the low temperature transition are plotted in red and green, respectively.
The orthorhombic strain (proportional to Q%) was calculated between 125 K- 1273 K using the
extrapolation of the cell parameters with zero strain from the tetragonal phase (a¢) and Equations
4.4 and 4.5 (Figure 5.7). The strain exhibits similar behaviour to Sr;TiSi»0g at high temperatures

whereby the rate of reduction in the strain increases as the structure approaches the transition;

providing evidence that the high temperature is not first order in nature.
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Figure 5.7: Orthorhombic strain in Ba,TiGe:0s on heating between 125K-1273K as
calculated from cell parameters determined from Rietveld refinement against synchrotron
X-ray powder diffraction data.

The eortno? parameter was also calculated for the Ba,;TiGe;0g structure between 125 K-1273 K
(Figure 5.8) to identify any trends in the order parameter that could provide further information
about the nature of the high temperature phase transition. However, the uncertainty in the
calculated values is significantly larger than the data points. For this reason, no definitive

conclusions about the order of the transition can be drawn from the strain analysis.
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Figure 5.8: Square of the orthorhombic strain in Ba,TiGe;0s on heating between
125K-1273 K as calculated from cell parameters determined from Rietveld refinement
against synchrotron X-ray powder diffraction data. Note that the uncertainty calculated for
the data points are very large relative to the absolute values.
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High intensity neutron powder diffraction patterns were collected at 2.5 K intervals on heating
and cooling between 160 K - 320 K to determine whether any further evidence of changes in the
satellite reflections could be identified across the phase transition. An abrupt change in the
position of the 004 and 1511 reflections at 66° and 70° two theta, respectively at 220 K on cooling
as shown in Figure 5.9 coincides with the transition temperature of 223 K as determined by
Halliyal et al.200 and Markgraf et al.5> from the changes in the dielectric constant, pyroelectric

coefficient, and X-ray precession photographs.
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Figure 5.9: Ramping plot showing variable temperature high intensity neutron powder

diffraction data collected from Ba;TiGe:0s on cooling from 320 K- 160 K at A = 2.86(1) A.
The red box identifies the 1511 reflection that shows an abrupt change in position at

220 K.

The change in position of these reflections may be attributed to a shift in the position of the
satellite reflections. The change in the position of the 1511 reflection at 220 K is shown in Figure
5.10 where the evidence suggests that something structurally significant may have occurred at
this temperature. Such changes were not observed for any other satellite reflections. The only
other reflection to show this change was the 004 reflection which is not expected to include

contributions from any satellite reflections according to the modulation parameters published by
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Hoche et al.’! that were trialled against the current data set. This suggests that the change is
either an artefact of the experiment, or that the structural change has a significant effect on the
magnitude of unit cell parameter c. However, the evidence suggests that the shift in the
reflections may be an artefact of the experiment because no corresponding change was observed
in the unit cell parameter ¢ determined from synchrotron X-ray powder diffraction. Also, no
evidence of the transition could be identified in the neutron diffraction data set collected while
heating over the identical temperature range. It would be extremely difficult to ascertain more
information about the ‘lock-in’ transition from these data sets because of the subtle nature of the

change between the commensurate and incommensurate phase.
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Figure 5.10: Position of the 1511 reflection for Ba;TiGe:0s on cooling between
323 K- 160 K as determined from high intensity neutron powder diffraction data.

Resonant ultrasound spectroscopy data were collected between 200 Hz - 1200 kHz between
192 K-305K on heating and 188 K- 232K on cooling from a Ba;TiGe,Os single crystal of
dimensions 4.184 x 2.684 x 2.364 mm3 and mass = 0.140 g that was supplied by Prof. T. Hoche
(Leibniz-Institut fiir Oberflaichenmodifizierung e.V., Leipzig, Germany). The change in the position

of the resonances at approximately 493 kHz and 502 kHz in Figure 5.11 are representative of the
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resonances in the spectrum and neatly demonstrate the coupling between the elastic moduli and

the structural changes across the lock-in phase transition.
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Figure 5.11: Resonant ultrasound spectroscopy data collected from a Ba,TiGe;0s single
crystal between 200 kHz - 1200 kHz and 190 K - 305 K on heating (red) and cooling (blue).
The black lines are the Lorentzian peaks that have been modelled to describe the

resonance at 493 kHz at each temperature.

The positions of the resonances at approximately 493 kHz and 553 kHz were determined by
fitting an asymmetric Lorentzian function using the method described in section 2.5.5. The square
of the frequency (proportional to the elastic modulus) for both resonances is plotted against
temperature in Figure 5.12 where hysteresis in the change in the elastic moduli is observed. The
transition was determined to occur at 206 K on cooling and 268 K on heating, providing a

reasonable agreement with the published values of ~223 K on cooling and ~273 K on heating.5s

The reliability and consistency of the data obtained from the resonant ultrasound spectroscopy
study demonstrate that the elastic moduli are appropriate parameters to use in the investigation
of transitions such as the Ba;TiGe;0s ‘lock-in’ transition where clear evidence of the phase

transition may not be easily gathered from other techniques such as X-ray or neutron diffraction.
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Figure 5.12: The square of the position of the resonances at approximately 493 kHz and
553 kHz from resonant ultrasound spectroscopy data between 185 K- 310 K indicating

hysteresis in the low temperature phase transition.

The inverse mechanical quality factor was determined for the resonances between 185 K- 310 K

and plotted in Figure 5.13. A small maxima is observed on cooling, and a discontinuity observed

on heating in the temperature ranges corresponding to the discontinuity in the elastic moduli

identified in Figure 5.12. The hysteresis in the changes in the relaxation behaviour of the

structure as it passes through these temperatures provides further evidence of the hysteresis in

the two low temperature phase transitions of Ba;TiGe20s.

202



000084 ¥ Cooling: A
A Heating: :
0.0007 - : :
- ' A
0.0006 :
J v . A
v : A
\ | v . A
o 0.0005 vV ; .
. v v A - A A
: A
0.0004 - 3 LA
] : LA
0.0003 - WwVaLaaaatT A
v :
! I ' I ! I ! 1 ! I ! I
180 200 220 240 260 280 300

Temperature (K)
Figure 5.13: The inverse quality factor of the resonances at approximately 493 kHz and

553 kHz from resonant ultrasound spectroscopy data between 185 K - 310 K.

5.3.2.2 High temperature transition in Ba;TiGe;0s

The high temperature phase transition from the orthorhombic phase to the higher symmetry
4mm phase as reported by Kimura et al.”’ could be identified from the convergence of the a and b
unit cell parameters calculated from variable temperature synchrotron X-ray powder diffraction
data (Figure 5.5). The high temperature phase was successfully refined using the parent X4bm
space group, showing that heating up to the ferroelastic phase transition removes the need for the
structure to deviate from the parent X4bm space group that is adopted by Ba,TiSiz0Os. The
experimental data and important parameters for the refinement of the Ba;TiGe;0s structure at

1085 K are provided in Table 5.6.
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Table 5.6: Experimental data and important
Ba:TiGe;0s at 1085 K.

parameters for the characterisation of

Parameter Ba;TiGe:0s
Wavelength (A) A=0.82703(1)
Molar mass (g mol-1) 595.73
Space group X4bm
Z 4
a (A) 8.74657(3)
c(A) 10.83282(2)
V (43) 828.740(4)
Dcaic (g cm3) 4.7731(3)
Linear abs. coeff. (mm- 26.113
Rs 8.01 %
Rup 3.22%

The observed, calculated, and difference plots from the refinement of the Ba,TiGe,0s structure at

1085 K against synchrotron X-ray powder diffraction data are provided in Figure 5.14, indicating

an excellent fit of the calculated pattern to the observed pattern. The atomic positions and atomic

displacement parameters refined for this structure are provided in Table 5.7.

Structural

parameters for the refined structures at all other temperatures are available in Appendix B of the

attached Appendix DVD.
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Figure 5.14: Observed, calculated, and difference plots from the refinement of the

Ba;TiGe;0g structure at 1085 K.

Table 5.7: Atomic positions and atomic displacement parameters for Ba,TiGe;0g at 1085 K
as determined from refinement against synchrotron X-ray powder diffraction data.

Ba Ti Ge 01 02 03 04
X 0.32742(6) 0 0.1315(1) 0 0.1294(6)  0.2938(6) 0
y 0.82742 0 0.6315 0.5 0.6294 0.5821(7) 0
z 0.0060(1) -02617(7) -0.2499(3) -0.309(1) -0.0809(7) -0.3042(6)  -0.109(2)

Uiso (A2)  00399(2)  0.030(1)  0.0024(4) 0.0230(4)  0.033(3) 0.063(3) 0.099(6)

The constant volume expansion across the transition 1085 K in Figure 5.6 supports the work of
Schmid et al.?® and lijima et al.5” where the gradual decrease in the spontaneous birefringence to

zero was used to show that the transition is second order.

Considering the change in the a and b cell parameters of the orthorhombic phase as the structure
approaches the transition shows that cell parameter a does not deviate greatly from conventional,
linear thermal expansion. Rather, as the structure approaches the transition, cell parameter b
increases its rate of thermal expansion until it converges with cell parameter a. This behaviour

205



suggests that the reduction of strain in the structure is primarily driven by changes that occur in
the [010]-direction rather than the [100]-direction. This is strongly supported by the
birefringence measured from Ba,TiGe,0s single crystals by lijima et al.’7! The relevant figure from
lijima et al. demonstrating this behaviour is provided in Figure 5.15A where the birefringence of
crystals cut perpendicularly to the b-axes increases at a greater rate than crystals cut
perpendicularly to the a-axis until the birefringence is equal at the phase transition temperature.
A close up of the relevant region of the calculated unit cell parameters determined from the
current study is provided in Figure 5.15B where similar behaviour to the birefringence is

observed.
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Figure 5.15A: Birefringence measured from Ba,TiGe20s single crystals cut perpendicularly
to the a-, b-, and c-axes between 273 K- 1173 K. This figure has been ammended from
Ilijima et al5” B) Close up of the unit cell parameters calculated in this study showing
similar behaviour to the birefringence in part A.

Resonant ultrasound spectroscopy data were collected between 200 Hz - 1100 kHz on cooling
from 1245 K- 293 K from the sample single crystal described on section 5.3.2.1. The resonance

positioned at approximately 330 kHz was modelled at each temperature such that the change in

elastic moduli could be monitored across the high temperature transition as shown in Figure 5.16.
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Figure 5.16: Resonant ultrasound spectroscopy data collected from a ceramic Ba;TiGe;0s
sample between 200 kHz - 1100 kHz and 495 K- 1250 K (red). The position and FWHM of
the resonance at approximately 330 kHz were determined from modelling the data at each
temperature (black).

The square of the position of the resonance at approximately 330 kHz shows softening of the
elastic moduli on heating up to the transition at approximately 1097 K as shown in Figure 5.17.
Elastic softening is a typical property observed in structures as they approach phase
transitions.168171  These results are consistent with those obtained from the high temperature
synchrotron X-ray powder diffraction experiments where the transition temperature was found
to be approximately 1085 K. Similarly, these values are consistent with the those reported by

Kimura et al. (c.f. 1083 K), indicating that the high temperature phase transition temperature is

consistent across polycrystalline and single crystal Ba;TiGe;0s samples.
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Figure 5.17: The square of the position of the resonance at approximately 335 kHz from
resonant ultrasound spectroscopy data between 495 K - 1250 K indicating that the minima
in the elastic moduli occurs at 1097 K.

The inverse mechanical quality factor was determined for the resonances between 493 K- 1250 K
and plotted in Figure 5.18, demonstrating that a maxima in the acoustic dissipation of the

compound coincides with the high temperature phase transition.
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Figure 5.18: The inverse quality factor of the resonance at approximately 335 kHz from
resonant ultrasound spectroscopy data between 495 K- 1250 K.
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5.4 Summary

It has been shown that the refinement of the modulated structure of Ba,TiGe,Os against
synchrotron and neutron powder diffraction data collected from samples synthesised via
conventional solid state methods is not possible against the data collected in this project.
Moreover, the refinement of the average structure was also shown to be a difficult process
whereby the refinement of atomic positions produced unreasonable bond lengths and hence
unreasonable bond valence sums for the titanium and oxygen ions. The position of the titanium
ion was shown to be the most unstable parameter, producing an excessively short bond to the
axial oxygen ion and longer bonds to the basal oxygen ions in the square pyramid when refined
against synchrotron data, and conversely, a long axial bond and four short bonds to the basal
oxygen ions when refined against neutron powder data. This has demonstrated the high level of
difficulty in refining the Ba;TiGe;Os structure from polycrystalline samples that have been
synthesised via conventional solid state routes. The origin of these difficulties may be attributed
to the presence of inhomogeneous nanodomains as discussed by Wong et al.124 for Ba,TiSi»0s and
Sr;TiSi;0g that are more likely to occur in bulk polycrystalline materials over the single crystal

samples that have been investigated previously.

Calculation of the orthorhombic strain across the low temperature ‘lock-in’ transition from the
commensurate to incommensurate structures revealed a possible change in gradient in the
vicinity of the transition, however the lack of satellite reflections made the characterisation of this
transition impossible. High intensity neutron powder diffraction data collected in 2.5 K intervals
on heating and cooling across the transition showed an abrupt change in the position of the 004
and 1511 reflections at 220 K on cooling, however this behaviour was not reproduced when the
sample was heated through the transition, demonstrating that this may not be a real feature of the
sample. The changes in the resonant ultrasound spectra at 206 K on cooling and 268 K on heating

showed that there is strong coupling between the elastic moduli and the changes in structure
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from the incommensurate to the commensurate phase. This conclusion demonstrates how
resonant ultrasound spectroscopy is an excellent technique for the investigation of subtle phase
transitions that involve very small changes in the structure which can be difficult to identify using

diffraction techniques.

The phase above 1085 K was successfully refined against powder diffraction data using the X4bm
space group for the first time, establishing that the structure adopts the symmetry of the parent
fresnoite structure on heating. The Ba,TiGe;0s structure was shown to undergo constant volume
expansion occurs on heating, however, no formal conclusions could be drawn from the strain
analysis owing to the large uncertainty in the calculated values for eqrmo?. It was also established
that the structural changes that occur to reduce the spontaneous strain as the temperature
approaches the phase transition temperature are primarily in the b-direction rather than the a- or
c-directions. This is consistent with the optical birefringence measurements conducted by lijima
et al.57 where similar behaviour was observed. The softening of the elastic moduli from resonant
ultrasound spectroscopy as the structure approaches the ferroelastic transition occurred at
1097 K in reasonable agreement with the transition temperature determined from synchrotron
X-ray diffraction and previously reported single crystal studies (cf 1085K and 1083K,

respectively).
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Chapter 6 Formation and Phase Diagrams for the
Baszrz-ZXTiGEZySiz-zyOB System

6.1 Introduction

The work contained in this chapter investigates the structure of members of the
BaxSr2-2:TiGez,Siz2,08 (0 < x < 1; 0 < y < 1) system that contain more than one type of ion on
either the A- and/or M-site. The investigation of these compounds is of high interest because it
will develop an understanding of how substitutions on the A- and/or M-sites change the structure

and temperatures of the phase transitions of the end members.

At present, only a small number of studies have investigated the BaxSrz-2TiGez,Siz2-2,0s
(0=x<1;0<y<1) system. These include the variable temperature analysis of single crystals
using X-ray diffraction by lijima et al8 and the measurement of dielectric constants, optical
birefringence, and pyroelectric coefficients by Schmid et al.6 which have been used to construct a
composition versus temperature phase diagram describing the phase behaviour of the
Ba,TiGey,Siz-2y0s system. A discontinuity in the change in the unit cell parameters of samples
across the Ba;TiGeySiz.2,0s system has been used to establish that the morphotropic phase
boundary separating the tetragonal and orthorhombic phases at ambient temperature occurs at
approximately y = 0.5.88153 Changes in the physical properties of members of the system were
also used to infer the presence of the phase transition. The temperature of the transition was
shown to decrease linearly from 1103 K for the y = 1 (Ba;TiGe,0s) member to 400 K for the y = 0.6
(Ba;TiGe12Sios0s) member. The absence of any changes in the physical properties for the y < 0.6
members was used to suggest that the morphotropic phase boundary must occur between

0.5 <y < 0.6.6

In 2011, a study on the Bay,Sr2.2:TiSi»0s (0 < x < 1) system using diffraction from Cu K, radiation

was reported by Wong et al.12* Selected area electron diffraction patterns and high resolution
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transmission electron microscopy images collected from members of the BasSr2.TiSi20g
(0 £x<1) system were used to identify nanometric domain intergrowths where regions close to
the ideal stoichiometry exhibit commensurate modulations, and regions deviating from the ideal
stoichiometry exhibit incommensurate modulations. The results of this study demonstrate how
complex the formation properties of the BazSrz-2TiSi20s (0 < x < 1) system are, and why the
characterisation of polycrystalline samples within this system can be extremely difficult. Other
work contained in the PhD thesis by Wong has been conducted on the Ba;TiGe,Siz-2,0s (0 <y < 1)
system where an inflection in the trend of the unit cell parameters was presented to suggest that a

phase boundary occurs at Ba;TiGeSiOg (y = 0.5).153

In 1999, Hoche et al.5>® proposed that the relative sizes of the ions occupying the A- and M- sites of
the general A2M30s fresnoite structure type are important in determining which space group will
be adopted for fresnoite compounds of different stoichiometries (see section 1.5). A summary of
the different stoichiometries that are possible within the BaxSrz2TiGez,Siz-20s
(0=x<1;0<y<1) system and their predicted space groups at ambient temperature based on
the relative sizes of the ionic radii was provided in Chapter 1 and is reproduced in Table 6.1 for
reference in this chapter. The limits of the ratio of the ionic radii that were chosen by Hoche
et al>% to define which compositions may form with different symmetries were based on only the
formation of the four end members and one compound of mixed composition. Hence, the
synthesis and characterisation of selected members in the BaxSr2-2TiGezySiz-20s
(0<x<1;0<y<1) system will improve the understanding of which compositions do and do not
form, in addition to understanding where the compositional phase boundaries between
compounds of different symmetries may occur. Furthermore, the variable temperature
investigation of selected members within individual series will provide new information about
any changes in the phase transition properties or temperatures that have been discussed for the
three end members. These results will be summarised in new phase diagrams for the selected

series of interest within the Baz,Sr2-2:TiGez,Siz-2,0g system.
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Table 6.1: A summary of the various ratios of mean ionic radii for compositions in the
Baz,Sr2.2xTiGeyySiz.2,08 (0<x<1,0<y< 1) system as calculated using Equation 1.3. The
ionic radii used in the determination of these values were Ba =156 pm; Sr =140 pm;
Si = 40 pm; Ge = 53 pm from Shannon.8”

xin BaZXsrz,ZXTiGeZySiz,zyo‘g

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
3.50 3.90
0 (STS) 3.54 3.58 3.62 3.66 3.70 3.74 3.78 3.82 3.86 (BTS)

0.1 | 3.39 3.43 3.47 3.51 3.54 3.58 3.62 3.66 3.70 3.74 3.78
0.2 | 3.29 3.32 3.36 3.40 3.44 3.47 3.51 3.55 3.59 3.62 3.66
0.3 | 3.19 328 3.26 3.30 BSS 3.37 3.41 3.44 3.48 3.52 3.55
0.4 | 3.10 3.13 3.17 3.20 3.24 3.27 3.31 3.35 3.38 3.42 3.45
0.5 ] 3.01 3.05 3.08 3.11 3.15 3.18 3.22 3.25 3.29 3.32 3.35
0.6 | 2.93 2.96 3.00 3.03 3.06 3.10 3.13 3.16 3.20 3.23 3.26
0.7 | 2.85 2.88 2.92 2.95 2.98 3.01 3.05 3.08 3.11 3.14 3.18
0.8 | 2.78 2.81 2.84 2.87 2.90 2.94 2.97 3.00 3.03 3.06 3.10

09 | 271 2.74 2.77 2.80 2.83 2.86 2.89 2.92 2.96 2.99 3.02

2.64 2.94
1 (STG) 2.67 2.70 2.73 2.76 2.79 2.82 2.85 2.88 2.9 (BTG)

y in BaZXsrz_ZXTiGezySiz_zyOS
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6.2 Results & Discussion

This section will be divided into five parts where each will discuss the synthesis and formation of

systems of interest constituting individual rows or columns in Table 6.1.

6.2.1 BazSr2.2TiSi>0s System

6.2.1.1 The Bay.Sr2.2xTiSi;0g System at Ambient Temperature

The synthesis of the end members of this system (Ba,TiSi20s and Sr;TiSi»0s) required a maximum
temperature of 1250 °C. However, the Sr;TiSiz0s end member required a greater number of
grinding and re-heating steps (six) compared to the Ba,TiSi.0s end member (four). Members
within this system were synthesised using the same method used for the end members, where
more heating steps were used for the Sr-rich end than the Ba-rich end to produce samples of the
highest purity possible. A small proportion of SrTiOz and SrSiO; was present in some of the
0 <x < 0.5 members of the system. The proportion of these impurity phases could be reduced
with continued heating at 1250 °C. However, they could not be completely removed. The use of
higher reaction temperatures was not beneficial because higher proportions of SrTiO; were

formed as was observed for the Sr;TiSi»Og end member.

No satellite reflections were observed in the synchrotron X-ray powder diffraction patterns
collected from the Ba,,Sr2.2:TiSi»0g system. Hence, only the average structures of each compound
have been considered. The main phase in all members of the BazSrz2TiSi20g system was
identified as displaying the same symmetry as has been previously reported.12¢ However, weak
reflections corresponding to an orthorhombic fresnoite phase were observed for the x<0.5
members of the system at approximately 16.1° and 16.2° two theta. These reflections indicate
that a two phase mixture of tetragonal and orthorhombic phases exists at ambient temperature

instead of only one phase as has been previously reported for this system.12¢ Although extremely
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weak, the reflections corresponding to the orthorhombic phase contained sufficient intensity to
justify their inclusion in the models for the x < 0.2 members of the system. It has been assumed
that the orthorhombic phase forms in the same space group as the Sr,TiSi.Os end member due to
the similarity in stoichiometry and the conditions of synthesis. The intensity of the reflections
corresponding to the orthorhombic phase in the x 2 0.2 members of the system were present as
tiny bumps that were barely observable over the background. Hence, only single phase tetragonal

models could be developed for these compounds.

The unit cell parameters (Figure 6.1) and volume (Figure 6.2) of the main tetragonal phases at
ambient temperature across the BazSr2.2TiSi20s system were calculated from Rietveld
refinement against synchrotron X-ray powder diffraction data. The linear increase in these
parameters shows that Vegard’s law203.204 js obeyed. This is a slightly different result to the work
contained in the PhD thesis by Wong!53 who observed a small inflection in the cell parameters
atx=0.5.153 The potential for order correlation and/or a change in the modulation were two
suggestions presented for this behaviour. However, no evidence supporting the presence of an
inflection was found in the current study. It is difficult to determine whether a true discrepancy
exists between this study and the study performed by Wong because the unit cell parameters
calculated by Wong were based on refinement against diffraction patterns collected using Cu K¢«
radiation rather than a synchrotron source. The high signal to noise ratio and excellent resolution
obtained from the Australian synchrotron provides a strong argument that the behaviour
observed in the current study is representative of the true behaviour of the samples synthesised
and investigated in this project. The structural data for each member across the system are

provided in Appendix B of the attached Appendix DVD.
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Figure 6.1: Unit cell parameters across the Baz,Sr:.2:TiSiz0g (0 < x < 1) system at ambient
temperature as determined from Rietveld refinement against synchrotron X-ray powder
diffraction data.
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Figure 6.2: Unit cell volume across the Baz,Sr2.:TiSiz0g (0 < x < 1) system at ambient

temperature as determined from Rietveld refinement against synchrotron X-ray powder
diffraction data.

Previous work has shown that the titanium ion in fresnoite compounds can exist in geometries

other than square pyramidal. For example, Farges et al.205 have shown that some “glassy”

fresnoite samples can contain a small proportion of titanium in tetrahedral and octahedral

geometries (~20% each) in addition to the square pyramidal geometry (~60 %), and

Coats et al.52 have reported that the titanium ion can occupy some of the tetrahedral sites of the

structure (rather than silicon) when additional titanium is available during the reaction. X-ray

absorption near edge spectra (XANES) were collected across the titanium edge at approximately

4980 eV from members within the BazSr2-2TiSi20g (0 < x < 1) system (Figure 6.3) to investigate
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whether any evidence supporting multiple titanium coordination environments could be
gathered. The absorbance of each data set was normalised in the pre-edge and post-edge regions
such that direct comparisons could be made between different samples. The x = 0.3 member has
been omitted from the figure because the signal to noise ratio of the spectra was very low. This

has been attributed to insufficiently small particle sizes as a result of poor sample preparation.

The pre-edge feature of the titanium K-edge (at approximately 4971 eV in Figure 6.3) provides the
most information about the X-ray absorption characteristics of titanium ions, where the line shape
is indicative of the coordination environment and the intensity is dependent on the degree of

mixing of the titanium d-orbitals and the orbitals of the neighbouring ions.205.206
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Figure 6.3: X-ray absorption spectra collected for each member of the Baz,Sr;2:TiSiz0s
(0 =x < 1) system. Note that the x = 0.3 spectra has been excluded due to a poor single to
noise ratio. The insert shows a close up of the pre-edge feature of the titanium edge for
each compound.
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To better understand the XANES spectra collected from the fresnoite compounds, a range of
titanium-containing materials with well defined titanium geometries were also investigated so the
properties of the pre-edge and edge features of the fresnoite spectra could be compared to known
standards. The spectra collected from the standards were also compared to spectra in the
literature to check they were an accurate reflection of the behaviour of each different type of
titanium geometry.205-207 The spectra collected from the standards are provided in Figure 6.4
where the geometry of the titanium ion in each standard is labelled in brackets. The distinctive
splitting of the pre-edge feature in the spectra collected from the standards containing titanium in
an octahedral geometry (SrTiOs; and TiO;) was absent in the spectra collected from the fresnoite
compounds. Similarly, relative intensity and splitting of the pre-edge feature in the standards
containing titanium in a trigonal bipyramidal geometry (K,Ti»Os and H>Ti,0s) did not match the
pre-edge feature observed for the fresnoite compound. The absence of the jump in the edge
feature observed for the standard with titanium in the tetrahedral geometry (Li4sTiO4) also did not
match the behaviour of the edge feature for the titanium in fresnoite. Hence, the absence of
splitting of the pre-edge feature of the spectra collected from the fresnoite compounds combined
with the absence of the jump in the edge feature meant that the fresnoite compounds could be
best described by the standard containing titanium in the square pyramidal geometry (In,TiOs). It
was therefore concluded that that the samples contain titanium ions in only the square pyramidal
geometry rather than a glassy mixture of multiple coordination environments or the titanium ion
residing inside the tetrahedra that normally contains the silicon ions. These observations are

consistent with previous XANES studies on the Ba,TiSi»Os and Sr,TiSi,0s end members.183,205,208,209

The most noteworthy attribute of the absorption spectra collected from fresnoite materials is the
very high relative intensity of the pre-edge feature even in comparison to other square pyramidal
compounds as described by Farges et al.205 The high relative intensity of this feature is indicative

of strong mixing between the occupied d-orbitals of the titanium ion and the neighbouring
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p-orbitals of the surrounding oxygen ions and is a direct consequence of the highly compressed

square pyramidal geometry of the titanium ion.
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Figure 6.4: Titanium K-edge XANES spectra for selected reference compounds containing
four-coordinated, five-coordinated, and six-coordinated titanium ions.

Although the line shape of the pre-edge feature is consistent across the entire system, the
intensity varies from sample to sample (see inset in Figure 6.3). The change in intensity of the
pre-edge feature of the titanium K-edge demonstrates that there is variability in the overlap of the
titanium d- and oxygen p-orbitals, suggesting that the bond lengths between the titanium ions and
the surrounding oxygen ions are not constant across the series. However, there is no systematic
change in the intensity of the pre-edge feature across the series and hence there is no evidence of
any trends in the degree of orbital overlap around the titanium ion. Similarly, no systematic trend
in the titanium to oxygen bond lengths were identified in the structures refined against the
synchrotron powder diffraction data. The apparent randomness in the intensity of the pre-edge

feature of the X-ray absorption spectra suggests that the degree of orbital overlap in the

219



BazSr2-2TiSi20g (0 < x < 1) system is either independent of stoichiometry, or that more complex
phase properties such as the inhomogeneous distribution of nanodomains within the sample may

be affecting the intensity of each spectrum.

6.2.1.2 The Baz.Sr2.2xTiSi;0g System at Non-Ambient Temperatures

Part of the interest in the Baz,Sr2-2,TiSi;0s (0 < x < 1) system is the potential to understand the
effect that mixing the proportion of the strontium or barium ions will have on the phase

transitions discussed for Ba,TiSi»0g and Sr,TiSiz0g in Chapters 3 and 4, respectively.

The Ba,TiSi0s structure is known to undergo a structural phase transition from the
incommensurately modulated X4bm(a, a, 0)0gg phase to the prototypic PAbm phase at 433 K.50.53
Clear evidence of this transition in Ba;TiSi,Os samples synthesised in this project was gathered in
Chapter 3 where the anomalies in the changes in the individual a and c unit cell parameters and

the elastic moduli coincided with the previously reported transition temperature.

The unit cell parameters for members of the BazSrz.2TiSi»0s (0.5 <x<1.0) system were
determined from Rietveld refinement against diffraction patterns collected with Cu K, radiation at
temperatures ranging from 300 K to up to 1050 K (Figure 6.5). The change in the gradient of the
unit cell parameter a has been used to identify the temperature of the transition from the
X4bm(a, a, 0)0gg phase to the prototypic X4bm phase. This method was shown to be useful for
identifying the transition temperature for the Ba;TiSi;Os end member in section 3.3.2 despite the
absence of satellite reflections in the diffraction patterns. The black vertical black lines in Figure
6.5 represent the temperature of the phase transitions as determined from the intersection of the
linear fits of the unit cell parameter a for the high and low temperature phases, respectively. The
temperature of the phase transition increases as more strontium is substituted onto the A-site

until no phase transition is observed for the x < 0.4 members. The phase transition temperatures
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for each composition are provided, showing that the temperature of the phase transition from the

incommensurately modulated X4bm(a, o, 0)0gg phase to the prototypic X4bm phase increases

approximately linearly as strontium is substituted for barium on the A-site up to the x = 0.5.
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Figure 6.5: Unit cell parameter a for members of the Baz,Sr.2:TiSiz0s (0.5 < x < 1) system
calculated from Rietveld refinement against diffraction data collected with Cu K, radiation
between 300 K- 1050 K. The vertical lines represent the phase transition temperatures
from the incommensurate phase to the prototypic phase as determined from the
intersection of the lines of best fit for the high and low temperature phases, respectively.
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Figure 6.6: X4bm(a, a, 0)0gg —» X4bm phase transition temperatures for the
Bay,Sr3.2xTiSi20g (0.5 < x < 1) system.

It is also desirable to investigate the phase behaviour of members at the strontium-rich end of the
BazSr2.2TiSi20g system. The Sr;TiSi,Os end member was shown to exhibit complex phase
behaviour involving the coexistence of two incommensurately modulated phases at ambient
temperature that undergo a phase transition at approximately 567 K to a single orthorhombic

phase, followed by another higher temperature transition to a tetragonal phase at 1323 K.

The x= 0.05 and x=0.10 members of the system were further investigated using variable
temperature synchrotron X-ray powder diffraction to understand the effect that making small
substitutions of barium for strontium has on phase behaviour of Sr;TiSi,Os. The variable

temperature investigation of these compounds will now be discussed individually.
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6.2.1.3 Bay:Sr1sTiSi:0s (x = 0.05)

Synchrotron X-ray powder diffraction patterns were collected from BagiSri9TiSi20s between

150 K- 1221 K. Very weak reflections at 15.9° and 18.1° two theta were shown to correspond to

an orthorhombic phase (marked with asterisks in Figure 6.7) at ambient temperature.
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Figure 6.7: Close up of the observed, calculated, and difference plots from the Rietveld
refinement of the Bay.1Sr19TiSiz0s structure at ambient temperature against synchrotron
X-ray powder diffraction data collected at A = 0.82488(1) A. Green and blue reflection
markers identify calculated reflections corresponding to the tetragonal and orthorhombic
phases, respectively. Asterisks mark the positions of observed (but very weak) reflections

corresponding to the orthorhombic phase.

The intensity of the weak reflections at 15.9° and 18.1° two theta reduced to almost zero on

cooling to 125 K, indicating that the proportion of the orthorhombic phase is reduced on cooling

below ambient temperature. The intensities of these reflections below ambient temperature were

so small that insufficient information was available to reliably refine any parameters for the
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orthorhombic phase. However, the presence of a tiny proportion of the orthorhombic phase
indicates that the sample is a two phase mixture at low temperatures in a similar way to what was

shown for Sr;TiSi,0s in chapter 4.

Figure 6.8 shows how the intensity of the reflections corresponding to the orthorhombic phase
increase on heating, suggesting that Bao1Sr19TiSi20s undergoes a phase transformation from the
X4bm to the Cmm?2 phase on heating in a similar manner to Sr;TiSi»0s. Further evidence of this
transition was observed in the form of the splitting of the 220 and 310 reflections of the

tetragonal phase at 16.1° and 18° two theta, respectively.

The convergence of the 312 and 132 reflections and the loss of all intensity corresponding to the
220 reflection from the orthorhombic phase in Figure 6.8 shows that Bag1Sr19TiSi»0s adopts the
tetragonal space group at approximately 1221 K (c¢f. 1323 K for the Sr;TiSiz0s end member as
determined in section 4.3.3.2). It is proposed that the x=0.05 member adopts the prototypic
X4bm symmetry above this transition based on the increasing trend in the X4bm(a, a, 0)0gg to

X4bm transition temperatures in the barium-rich members of the Baz«Sr2-2xTiSi»0s system.
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Figure 6.8: Synchrotron X-ray powder diffraction patterns collected from Bao 1Sr1.9TiSi>0s
between 150 K - 1221 K showing peak splitting and recombination at 16.1° two theta.

The unit cell parameters were calculated from Rietveld refinement against synchrotron X-ray

powder diffraction data collected between 150 K- 1273 K (Figure 6.9). Although similar peak

splitting to the closely related Sr;TiSi.0s end member was observed, the specific behaviour of this

compound is not identical. The coexistence of the tetragonal and orthorhombic phases occurs

from ambient temperature up to 1164 K, indicating that an extremely large coexistence region of

these phases exists as the tetragonal phase transforms into the orthorhombic phase on heating.

This is in contrast to the complete conversion of the tetragonal phase into the orthorhombic phase

at 567 Kin Sr,TiSi,0s.
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Figure 6.9: Bao.1Sr1.9TiSi20s unit cell parameters between 150 K - 1373 K as calculated from
Rietveld refinement against synchrotron X-ray powder diffraction. Unit cell parameters a
and b for the orthorhombic phase have been converted into the tetragonal setting to allow
for direct comparison with the tetragonal phase.

The proportion of the tetragonal phase above ambient temperature is shown to decrease as the
phase conversion from the tetragonal to the orthorhombic phase occurs in Figure 6.10. The
change in the proportion of the two phases shows that the rate of conversion from the tetragonal
to the orthorhombic phase increases as the temperature is increased until approximately 80 % of
the sample has adopted the orthorhombic space group at 1164 K. Continued heating above
1164 K does not significantly change the proportion of either phase until a phase transition occurs

at 1221 K where the mixture of the tetragonal and orthorhombic phases transforms into a single

tetragonal phase.
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Figure 6.10: The proportion of the X4bm phase relative to the Cmm2 phase for
Bag.1Sr19TiSiz0s (x=0.05) as calculated from Rietveld refinement against synchrotron

X-ray powder diffraction data.

The spontaneous strain in the orthorhombic phase was calculated from the unit cell parameters

between 300 K - 1164 K using the equations and method discussed for Sr;TiSi,Os in section 4.3.3.2

(Figure 6.11). The linear reduction in the spontaneous strain on heating shows that strain is

driving the transition as would be expected for a continuous second order transition. Similarly to

the Sr,;TiSi,0s end member, the strain appears to drop to zero at the transition, however, the

magnitude of this drop is considered small enough as to not contradict the second order nature of

the transition.
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Figure 6.11: Spontaneous strain in the orthorhombic phase for Bao.1Sr1.9TiSi20s (x = 0.05) as
calculated from the difference between the a and b unit cell parameters relative to the unit
cell parameter a for the tetragonal phase at the same temperature.
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Resonant ultrasound spectroscopy data were collected between 300 kHz-1200kHz and
295 K-1295K from a ceramic parallelepiped of dimensions 2.723 mm x 1.960 mm x 1.529 mm
that was cut from a sintered Bao1Sr19TiSi>Og pellet (Figure 6.12). Large variations in the position
of many resonances and hence the elastic moduli are observed in the temperature range where
the phase conversion from the tetragonal to orthorhombic phase was shown to occur from

diffraction studies.
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Figure 6.12: A close up of the resonant ultrasound spectra collected from a Bag.1Sr1.9TiSi20s
parallelepiped between 376 kHz - 673 kHz and 292 K- 702 K. The black lines overlapping
the resonances at approximately 400 kHz represent the modelled peaks that were used to
determine the position of this resonance.

The resonances at 548 kHz and 663 kHz in Figure 6.12 were sufficiently well resolved from other
resonances and showed sufficiently large variations with temperature for further analysis. The
position of these resonances were modelled between 300 K- 1073 K to investigate the behaviour
of the sample as the tetragonal phase undergoes the gradual (and incomplete) phase
transformation to the orthorhombic phase. The square of the position of each resonance at each

temperature shows significant elastic softening to a minimum at 516 K as shown in Figure 6.13.

The sharp minima suggest that a distinct change in the crystalline structure occurs at this
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temperature. However, this does not coincide with a significant change in the unit cell parameters
or orthorhombic strain as determined from diffraction studies (c.f Figure 6.9 and Figure 6.11,
respectively). Comparison of the position of the minima in the elastic moduli (Figure 6.13) and
the change in proportion of the two phases on heating (Figure 6.10) reveals that the rapid
increase in the elastic moduli after the minima coincides with the increasing rate of phase
conversion from the tetragonal to orthorhombic phase. This suggests that the increasing elastic
moduli may be a key factor in the conversion from the tetragonal to the orthorhombic phase and
that the maxima in the elastic moduli at approximately 820 K may be related to the point at which

the rate of phase conversion suddenly reduces at approximately 895 K in Figure 6.10.
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Figure 6.13: Variations in the square of the frequencies for two selected peaks from the
resonant ultrasound spectra collected from a ceramic Bao1Sr1.9TiSi.0s sample between
292 K-1052 K. The minima in the position of the frequency of both peaks represents a
minimum in the elastic softening at 516 K. The small jump at approximately 805K is
caused by an uncertainty in the position of the resonances due to the convolution of the
overlapping resonance frequencies of the sample and the rods that hold the sample in the
instrument.
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The inverse mechanical quality factor was determined for the two selected resonances at 548 kHz

and 663 kHz between 292 K- 1052 K and plotted in Figure 6.14. The difference between the

changes in the mechanical quality factor calculated from the two resonances is distinct, but not

surprising, given that the different resonances are likely to be subject to different relaxation

mechanisms as the structure passes through the transition. This is particularly prevalent at

temperatures above and below the low temperature phase transition at approximately 516 K

where the 548 kHz resonance varies dramatically while the resonance at approximately 663 kHz

does not display any significant changes.
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Figure 6.14: The inverse mechanical quality factor of the two selected resonances at 548 kHz and

663 kHz from resonant ultrasound spectroscopy data between 292 K- 1052 K.
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6.2.1.4 Bap.Sr14TiSiz0 (x = 0.10)

Synchrotron X-ray powder diffraction patterns were collected from Bag2SrisTiSi20s between
125K -1221K at A=0.82488(1) A. Very weak reflections at 16.2° and 18.1° two theta

correspond to an orthorhombic phase (marked by asterisks in Figure 6.15) at ambient

temperature.
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Figure 6.15: Observed, calculated, and difference plots from the refinement of the
Bao:Sr1sTiSi;0s structure at ambient temperature against synchrotron X-ray powder
diffraction data collected at A = 0.82488(1) A. Green and blue reflection markers identify
positions of calculated reflections corresponding to the tetragonal and orthorhombic
phases, respectively. Asterisks identify the very weak reflections corresponding to the
orthorhombic phase.
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The weak reflections corresponding to the orthorhombic phase were observed in all diffraction
patterns collected at and below ambient temperature. Hence, unlike the x < 0.05 members of the

system, both phases could be modelled between 125 K - 298 K.

A close up of a region of interest from the synchrotron X-ray powder diffraction patterns collected
from Bag,Sr18TiSi20g between 125 K- 1221 K is shown in Figure 6.16. Although no obvious peak
splitting is observed, the broadening of the 220 reflection at 16.1° two theta (indicated by the
asterisk) provides evidence that phase conversion from the tetragonal to the orthorhombic phase
is occurring. This is supported by the increase in the FWHM of the 220 reflection up to a

maximum of 0.039° at approximately 1125 K in Figure 6.17.
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Figure 6.16: Synchrotron X-ray powder diffraction patterns collected from Bao »Sr1sTiSi,0s
between 125 K - 1221 K at A = 0.82488(1) A where the asterisk indicates the 220 reflection
that shows broadening on heating.
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Figure 6.17: The FWHM calculated for the 220 reflection in the diffraction patterns
collected from Bag:Sri1sTiSi0s (x=0.10) between 150 K-1221K. The vertical line
indicates the temperature at which the 310 and 310 reflections have converged,
representing the temperature at which the structure has adopted the high temperature
tetragonal phase.

The Rietveld refinement of two phase models against these data was used to show that the
broadening is a product of the 400 and 040 reflections from the orthorhombic phase increasing in
intensity on either side of the 220 reflection from the tetragonal phase. This is shown in the
observed, calculated, and difference plots for the structure at 1127 K in Figure 6.18 where the red
asterisks identify the 400 and 040 reflections corresponding to the orthorhombic phase and the
black asterisk identifies the 220 reflection corresponding to the tetragonal phase. No broadening
was observed in the reflection at 15.67° two theta because the separation of the 312 and 132
reflections from the orthorhombic phase is not large enough to make an observable difference
with respect to the 212 reflection from the tetragonal phase. The sudden reduction of the FWHM
down to approximately 0.0175° two theta at 1196 K corresponds to the convergence of the 400

and 040 reflections as the structure adopts the high temperature tetragonal phase in a similar

manner to the x < 0.05 members of the system.
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Figure 6.18: Observed, calculated, and difference plots from the refinement for the
Bay,Sr1sTiSi;0g structure at 1127 K against synchrotron X-ray powder diffraction data.
Red asterisks identify the 400 and 040 reflections corresponding to the orthorhombic
phase, and the black asterisk identifies the 220 reflection corresponding to the tetragonal
phase.

The unit cell parameters calculated for BagSr1sTiSiz0s from Rietveld refinement against
synchrotron X-ray powder diffraction data collected between 125 K - 1221 K are plotted in Figure
6.19. The coexistence of both phases occurs until 1164 K where the sample undergoes the phase
transition back to the tetragonal phase as has been shown for the x < 0.05 members of the system.

It can also be seen in Figure 6.19 that the difference in the ¢ unit cell parameters for the two

phases also gradually reduces to zero at the phase transition temperature.
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Figure 6.19: Bao:Sr1sTiSi20s unit cell parameters between 125 K-1221K as calculated

from Rietveld refinement against synchrotron X-ray powder diffraction.

Unit cell

parameters a and b for the orthorhombic phase have been converted into the tetragonal
setting to allow for direct comparison with the tetragonal phase.

The spontaneous orthorhombic strain was calculated from the unit cell parameters between

125 K-1164 K. As observed for Sr,TiSi»0s and Bao1Sr19TiSiz0s, the spontaneous strain linearly

decreases until a small drop to zero occurs where the orthorhombic phase transforms into the

tetragonal phase.
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Figure 6.20: Spontaneous strain in the orthorhombic phase for Bao »Sr1sTiSi»0g (x = 0.10)

as calculated from the difference between the a and b unit cell parameters relative to the
unit cell parameter a for the tetragonal phase at the same temperature.

The change in the relative proportions of each phase between 125 K- 1164 K in Figure 6.21 is
different to that observed for the x<0.05 members of the system. The Sr;TiSi:Os and
Bao.1Sr19TiSi208 members of the system both displayed a significant decrease in the proportion of
the tetragonal phase on heating, until the phase transitions at 1323 K and 1221 K converted all
the orthorhombic phase into the high temperature tetragonal phase. However, Bao,Sr1sTiSi»0g
displays significantly less phase conversion from the tetragonal phase to the orthorhombic phases
on heating. The minimum proportion of the tetragonal phase for Bag:SrisTiSi2Os reaches

approximately 70 % at 1270 K as opposed to approximately 20 % at 1164 K for Bag 1Sr19TiSi»0g or

0 % (full phase conversion) at 567 K for Sr.TiSi.0g as summarised in Table 6.2.
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Figure 6.21: The proportion of the X4bm phase relative to the Cmm2 phase for
Bao:Sr18TiSi;0s (x = 0.10) as calculated from Rietveld refinement against synchrotron X-
ray powder diffraction data.

Table 6.2: Summary of phase proportion information for x<0.10 members of the
BazxSr;.2xTiSiz0s system.

Minimum Temperature of
Composition Proportion of Minimum
X4bm Phase Proportion
Sr,TiSiz0g (X = 0) 0% 567 K
Bag.1Sr19TiSi0g (X = 005) 20 % 1164 K
Bap2Sr18TiSi20g (X = 0.10) 70 % 1270 K

The difference in the properties of the coexisting phases in members of the BaSr,,TiSi20g
system is not simple to understand. However, from the summary of the minimum proportions of
tetragonal phases and their corresponding temperatures in Table 6.2, it can be seen that increased
proportions of barium in Bay,Sr2.2:TiSi20g reduces the minimum amount of tetragonal phase that
will be retained rather than transforming into the orthorhombic phase on heating. Moreover, the
temperature at which the minimum proportion of the tetragonal phase occurs is increased by the
presence of more barium. Hence, it can be concluded that the inclusion of more barium in the

Bax,Sr2-2:TiSi20g structure suppresses the existence of the orthorhombic phase.

The x = 0.2 member of the Ba,,Sr,.2,:TiSi,0s system was also investigated using synchrotron X-ray
powder diffraction between 298 K- 873 K as shown in Figure 6.22. Although very weak

reflections corresponding to the orthorhombic phase were observed above the background
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(marked with red asterisks in Figure 6.22), their intensity was not sufficient to be included in any
refinement. The presence of a reflection corresponding to the SrSiO3 impurity phase very close to
the reflections corresponding to the orthorhombic fresnoite phase also made the identification of

changes in either of the fresnoite phases difficult to quantify (SrSiOs reflection marked by the

black asterisk in Figure 6.22).
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Figure 6.22: Synchrotron X-ray powder diffraction patterns collected from Bag.4Sr1.6TiSiz0s
between 298 K - 894 K at A = 0.82488(1) A. The red and black asterisks identify reflections
corresponding to the orthorhombic fresnoite and impurity SrSiOz phases, respectively.

No changes other than thermal expansion were observed over the temperature range
investigated. However, this is expected seeing as the temperature at which the proportion of the

orthorhombic phase increases as more barium is substituted for strontium. Collecting data at
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higher temperatures would be beneficial to determine whether the relative proportion of the
orthorhombic phase increases above 873 K. This was not performed in the current study because

of restrictions on beam time at the synchrotron during the experiment.

The different phases present in the members across the BazSr;.TiSi20s system have been
discussed in this section. Firstly, the variable temperature diffraction studies of the barium-rich
members of the system showed that the phase transition from the incommensurately modulated
X4bm(a, a, 0)0gg phase to the prototypic X4bm phase increases approximately linearly up to the
x=0.5 member. No evidence of this phase transition was observed for the x < 0.5 members of the

system.

The identification of a two phase mixture at ambient temperature consisting of a main X4bm
phase and a very small proportion of CmmZ2 phase for the x < 0.5 members of the system also
provided important information about the complex phase behaviour of the BazSr;,TiSi20s
system. The decreasing proportion of the orthorhombic phase relative to the tetragonal phase at
ambient temperature as more barium was substituted into the Sr;TiSi»Os structure is consistent
with the results from the barium-rich end of the system where no orthorhombic phase was
identified. Some aspects of the complex phase behaviour discussed for Sr,TiSi»0g in chapter 4
were also observed for the x=0.05 and x = 0.10 members of the system. The proportion of the
tetragonal phase relative to the orthorhombic phase in these compounds was shown to decrease
on heating as the spontaneous strain of the orthorhombic phase approached zero. However, the
minimum proportion of the tetragonal phase remaining was found to increase with higher barium
content, suggesting that more barium in the fresnoite structure suppresses the existence of the
orthorhombic phase. This is also supported by the observation that the x = 0.5 members of the
system show the X4bm(a, o, 0)0gg to prototypic X4bm phase transition without the need for the

intermediate orthorhombic phase to form.
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The x=0.05 and x=0.10 compounds were also both shown to undergo structural phase
transitions to a high temperature tetragonal phase at 1221 K and 1196 K, respectively. The
presence of a modulation in the high temperature phase could not be determined because of the
difficulties associated with observing satellite reflections in the powder diffraction patterns and
the inability to conduct electron diffraction at such high temperatures. However, extrapolating
the trend in the X4bm(a, a, 0)0gg to X4bm phase transition temperatures from the barium-rich
end of the series suggests that the adoption of the prototypic X4bm phase for the strontium-rich
members of the system is a plausible conclusion based on the information available. The phase
behaviour of the BazSr2-xTiSi;0s (0 < x < 1) system that has been determined in this section is

summarised in the phase diagram in Figure 6.23.
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Figure 6.23: Phase diagram for the Ba;,Sr;.2:TiSi20s (0 < x < 1) system. Solid lines represent
experimentally determined phase boundaries. The dotted line represents the hypothetical
phase boundary separating the two phase (tetragonal and orthorhombic) region from the
single phase (tetragonal) region.
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6.2.2 SI‘zTiGEzySiz.zyOB System

The Sr,TiGe,Siz-2,0s system is an appropriate choice for investigation because the Sr,TiSi»0s end
member has been shown to exhibit complex and unusual phase behaviour over a wide range of
temperatures, while Sr;TiGe;0s does not form a fresnoite phase at all. Members of the
Sr;TiGey, Siz-2y0s system were synthesised and characterised to determine the range of
compositions that form fresnoite phases, and how the substitution of germanium for silicon

changes the phase behaviour that was observed for Sr,TiSi,Os.

Members of the Sr,TiGe,),Siz.2, 08 system were synthesised using a method based on the synthesis
of the Sr;TiSi»,0s end member. The synthesis of pure fresnoite compounds containing germanium
was more challenging than for the Sr,TiSi,Os end member because the inclusion of germanium in
the reaction reduced the melting point of the mixture. Samples that melted during synthesis were
found to form a SrTiOz main phase rather than the desired fresnoite phase. Longer reaction times
(=3 -5days) and lower reaction temperatures (between 1100 °C and 1200 °C) were used to
reduce the proportion of the SrTiO3z phase in each sample. However, a small proportion of SrTiOsz
was still evident in the diffraction pattern collected from the y=0.2 member after multiple
heating steps at 1100 °C. The y > 0.2 members formed significant proportions of SrTiO3z when the
reaction temperature was above 1100 °C, and a mixture of reactants and other non-fresnoite
phases were formed when the reaction temperature was below 1100 °C. Figure 6.24 shows that
the proportion of SrTiOs increases with increasing germanium content for the

Sr;TiGey,Siz-2,08 (0 < y < 0.4) system.
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Figure 6.24: X-ray powder diffraction patterns collected from members of the
Sr;TiGez,Siz.2y0s (0 <y < 0.4) system at ambient temperature using Cu K, radiation. These
are the best samples synthesised for each composition. Asterisks identify reflections
corresponding to the SrTiOz; impurity phase.

It can hence be concluded that fresnoite structures form for the y < 0.2 members of the system,
while mixtures of other non-fresnoite phases form for the y = 0.3 members. A summary of the

most appropriate reaction temperatures used for the successful synthesis of members of the

Sr,TiGey,Siz-2,08 system is provided in Table 6.3.

Table 6.3: Summary of the maximum heating temperatures, heating durations, and melting
points for members of the Sr;TiGe;,Siz.2,0s system.

S(:r(:Tm‘il();Zj;tS:li:.r:yl(;lg ,Il\,/le?llprz:::ul::%t:;% Heating Time Melting Point
y=0.0 (STS) 1250 °C 6 x 20 hours 1300 °C
y=01 1200 °C 5x 20 hours 1250 °C
y=0.2 1100 °C 5x 20 hours 1200 °C
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6.2.2.1 SrsTiGey2Si1s0s (y = 0.1)

The synchrotron X-ray powder diffraction patterns collected from the y=0.1 member of the
Sr,TiGez,Siz.2,0s system between 298 K - 1323 K at A = 1.15864(1) A are provided in Figure 6.25.
No evidence of an orthorhombic phase coexisting with the main tetragonal phase was found at

ambient temperature.

Similarly to the Sr;TiSi»0s end member, peak splitting that indicates the increasing proportion of
the orthorhombic phase is evident on heating. The separation between the split reflections
reduces as the structure approaches the maximum temperature investigated using the hot air
blower at 1209 K. Given that the Pt-strip furnace was useful in showing that the Sr;TiSi»Os end
member undergoes the orthorhombic to tetragonal phase transition at 1323 K, this attachment
was used to collect diffraction patterns from Sr.TiGeo:Si1s0s at higher temperatures. The
difference in the background for the patterns collected using the Pt-strip furnace and the hot air
blower can be attributed to the different signal to noise ratios due to differences in the beam

widths and geometry of the sample required for the two apparatus.
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Figure 6.25: Synchrotron X-ray powder diffraction patterns collected from Sr,TiGe(.Si1s0s

between 298 K-1209K (hot air blower) and 1273 K-1323 K (Pt-strip furnace) at
A=1.15864(1) A.

The unit cell parameters calculated for the y = 0.1 member from Rietveld refinement against the
synchrotron X-ray powder diffraction data are plotted in Figure 6.26. The refinement of models
against the data collected above 1209 K (from the Pt-strip furnace attachment) was not possible
because a significant amount of preferred orientation of crystallites was evident in all diffraction
patterns collected from samples mounted on the Pt-strip. This has been attributed to the growth
of small crystals on the Pt-strip at high temperatures which can dominate the diffraction statistics
when insufficient sample rotation or rocking is used during the collection. This produced large

variations in the relative intensities of each reflection in different collections from the same
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sample. The samples were rocked back and forth between 7° - 8.5° to the horizontal at a rate of
approximately 1.5 Hz. However, the evidence suggests that although these were the largest steps
that could be taken to minimise the preferred orientation, they were insufficient to produce data
suitable for Rietveld refinement. The cell parameters determined from the sample while on the
Pt-strip furnace were determined to be significantly larger (approximately 0.3 %) than those
determined when the sample was in capillaries (including patterns collected at ambient
temperature). Hence, the cell parameters calculated from these data cannot be directly compared
to those determined using the hot air blower and have not been shown in Figure 6.26. However,
the convergence of the 312 and 132, and the 400 and 040 reflections in the diffraction patterns
collected at 1273 K and 1323 K demonstrates that the structure has adopted the high temperature

tetragonal structure in an analogous way to the Sr,TiSi,Os member.

Single phase tetragonal models were refined against the synchrotron X-ray powder diffraction
data between ambient temperature and 495 K. Although no evidence of the orthorhombic phase
was identified within this temperature range, it should be noted that the orthorhombic phase may
still be present in small proportions that cannot be identified using powder diffraction techniques.
The satellite reflections in electron diffraction patterns collected from Sr2TiGeo2Si180s would need
to be investigated to establish whether any of the orthorhombic phase coexists with the
tetragonal phase in polycrystalline form at ambient temperature in an analogous way to

SI‘zTiSizOg.

Continued heating of Sr,TiGeo2Si180g induces a phase transformation from the tetragonal phase to
the orthorhombic phase in a similar manner to the Sr;TiSi;0s end member. The two phases
coexist at 539 K and the phase transformation is complete by approximately 597 K. Continued
heating up to 1273 K confirmed that the 132 and 312 reflections converge above 1209 K,
indicating that the structure has adopted the tetragonal structure as was shown for the Sr,TiSi»Os

end member.
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Figure 6.26: Unit cell parameters for Sr.TiGe,.2Si1.80s between 298 K - 1323 K as calculated
from Rietveld refinement against synchrotron X-ray powder diffraction data. Unit cell
parameters a, b, and c for the orthorhombic phase have been converted into the tetragonal
setting to allow for direct comparison with the tetragonal phase.

The calculation of the Sr;TiGe2Si180s orthorhombic strain from the a and b unit cell parameters
determined from synchrotron X-ray powder diffraction shows an identical trend to the Sr;TiSi,0s
end member whereby the strain decreases to zero occurs at the phase transition temperature of

1273 K (Figure 6.27). The refined parameters for this compound at each temperature are

provided in Appendix B of the attached Appendix DVD.
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Figure 6.27: Orthorhombic strain in Sr.TiGe(:Si1.s0s between 539 K- 1323 K as calculated
from the a and b unit cell parameters determined from Rietveld refinement against
synchrotron X-ray powder diffraction data.

6.2.2.2 SrzTiGeo,4Si1,508 (y = 0.2]

Synchrotron X-ray powder diffraction patterns were collected from the y = 0.2 member of the
Sr,TiGey,Siz2,0s system between 298 K- 1210 K at A = 1.15864(1) A (Figure 6.28). The y=0.2
sample was shown to contain a small proportion of SrTiOs as a secondary phase that could not be
removed during synthesis. No evidence of reflections corresponding to the orthorhombic phase
was found between ambient temperature and 523 K. Similar behaviour to the y = 0.1 member is
observed in Sr;TiGeo4Si160s where heating above 298 K induces a phase transformation from the

tetragonal to orthorhombic phase which is visible by 567 K.
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Figure 6.28: Synchrotron X-ray powder diffraction patterns collected from Sr,;TiGe(.4Si1.c0s
between 298 K- 1210 Kat A = 1.15864(1) A.

The unit cell parameters calculated for Sr;TiGeosSi160s from Rietveld refinement against the
synchrotron X-ray powder diffraction data collected between 298 K - 1210 K are plotted in Figure
6.29. The diffraction patterns collected between 617 K - 1182 K were modelled using single phase
orthorhombic models in a similar manner to the Sr;TiSi,Os end member and y = 0.1 member.
Further heating to 1210 K causes the structure to undergo another phase transition from the

orthorhombic phase to the tetragonal phase as observed for the y<0.1 members of the

Sr;TiGey,Siz-2,08 system.
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Figure 6.29: Sr:TiGe(.4Si160s unit cell parameters between 298 K- 1210 K as calculated
from Rietveld refinement against synchrotron X-ray powder diffraction data. Unit cell
parameters a, b, and c for the Cmm2 phase have been converted into the tetragonal setting
to allow for direct comparison with the X4bm phase.

The orthorhombic strain was calculated between 567 K - 1182 K from the unit cell parameters in

Figure 6.30. The strain in the orthorhombic phase significantly drops as phase conversion from

the tetragonal phase occurs, however, once the sample contains only the single orthorhombic

phase, the strain decreases to zero at 1210 K as the orthorhombic to tetragonal phase transition

occurs. The refined parameters for this compound at each temperature are provided in Appendix

B of the attached Appendix DVD.
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Figure 6.30: The orthorhombic strain in Sr;TiGeo.Si1s0s between 550 K-1210K as

calculated from the a and b unit cell parameters determined from Rietveld refinement
against synchrotron X-ray powder diffraction data.

The investigation of the Sr,TiGey,Siz.2,0s system has produced new information about the phase
behaviour of the fresnoite structure type. Firstly, it has been shown that compositions with
y < 0.2 form phases of the fresnoite structure type, while compositions with y > 0.2 form a main

perovskite phase in addition to other, unidentified non-fresnoite phases.

The variable temperature studies of the Sr.TiGez,Siz-2,0s system have shown that the complex
phase behaviour observed for the Sr;TiSi,0s end member is observed up to the y = 0.2 member. It
has been shown that increasing the germanium content in the Sr;TiGez,Siz.2,0s system increases
the temperature at which the orthorhombic phase forms. The temperature at which the fresnoite
structure undergoes the orthorhombic to tetragonal phase transition was shown to reduce from
1323 K from the Sr;TiSi20s end member to 1210 K for the y=0.2 member. This is similar
behaviour to that observed for the analogous phase transition in the BaSr,2«TiSi»0Og system as
discussed in section 6.2.1. The phase formation properties and phase transitions determined in
this section have been summarised in the new phase diagram for the Sr;TiGez,Si2-2,08 system in
Figure 6.31 where the four- and five-dimensional space groups have been stated based on the

evidence from the behaviour of the Sr;TiSi»0g end member.
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Figure 6.31: Phase diagram for the Sr;TiGezSiz2,0s (0 < y < 0.5) system. Solid lines
represent experimentally determined phase boundaries. The dotted line represents the
phase boundary separating the regions of compositions that form fresnoite phases and
non-fresnoite phases that has been determined to exist between 0.2 <y < 0.3.
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6.2.3 BazTiGEZySiz.zyOs System

The Ba;TiGez,Siz-2y0s8 (0 <y <1) system is relatively well understood due the interest in the
difference in symmetry of the structures of the Ba,TiSi,Os and Ba,;TiGe;0s end members. The
results from previous investigations of this system were summarised in section 6.1. This section
discusses the synthesis and characterisation of samples across the Ba,TiGe,Siz.2,0s (0 <y <1)
system at ambient temperature to provide further insight into the behaviour of the unit cell as

substitutions are made onto the M-site across the series.

Samples in the Ba;TiGe,Siz.2,0s system were synthesised using methods similar to the respective
end members. The y < 0.7 members of the system were synthesised using a procedure based on
the method used for Ba,TiSi»0s where stoichiometric ratios of the relevant oxides and carbonates
were heated for 20 hours at 1000 °C, 1100 °C, 1200 °C, followed by heating for 20 hours at
1250 °C up to four times with intermittent grinding. The y > 0.8 members were synthesised via
the melt method that was used for the Ba;TiGe20s end member where stoichiometric ratios of
precursors were melted in a platinum crucible at 1400 °C for one hour, pulverised, and heated at

850 °C for 20 hours up to three times with intermittent grinding.

Synchrotron X-ray powder diffraction patterns were collected from members across the
Ba;TiGe,Siz2-2,0s (0 <y <1) system at ambient temperature are provided in Figure 6.32. The
splitting of the 322 reflection into the 602 and 062 reflections (~25.4° two theta) and the 312
reflection into the 150 and 510 reflections (~19.8° two theta) suggests that the phase boundary

between the tetragonal and orthorhombic space groups occurs at approximately y = 0.6
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Figure 6.32: Synchrotron diffraction patterns collected from members of the
Ba;TiGe;ySiz-2y0s (0 <y < 1,y = 0.1 steps) system at ambient temperature.

The unit cell parameters calculated for members across the Ba,;TiGe,Siz-2,0s (0 <y < 1) system at
ambient temperature from Rietveld refinement against the synchrotron X-ray powder diffraction
patterns are plotted in Figure 6.33. The discontinuity observed by lijima et al.88 at approximately
y =0.55 is present in the trend in cell parameters determined from the current study. However,
despite the high quality of the data obtained in this experiment, the refinement of the a and b unit
cell parameters for the orthorhombic phase was not simple because the separation between the
split reflections differentiating these parameters was extremely low. This has been reflected in

the small variability in the cell parameters (Figure 6.33) and volume (
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Figure 6.34) across the series. However, a change in the trend of the parameters is evident
between y = 0.4 and y = 0.5 in agreement with the work conducted by lijima et al.88 and Wong.153
The change in the trend in the unit cell parameters between y = 0.7 and y = 0.8 suggests other
behaviour such as a possible additional phase transition may be present. However, this was

unable to be determined from the data collected in this study.
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Figure 6.33: Unit cell parameters for members across the Ba,TiGez,Si;2,0s (0<y<1)
system at ambient temperature as calculated from Rietveld refinement against
synchrotron X-ray powder diffraction patterns collected at A =0.82703(1) A. Unit cell
parameters a and b from the orthorhombic phase have been converted into the tetragonal
setting to allow for direct comparison with the tetragonal phase.
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Figure 6.34: Unit cell volume for members across the Ba,TiGe>,Siz2,0s (0 <y < 1) system at
ambient temperature as calculated from Rietveld refinement against synchrotron X-ray
powder diffraction patterns collected at A = 0.82703(1) A. Data points for the Cmm2 phase
have been converted into the tetragonal setting to allow for direct comparison with the
X4bm phase.

6.2.4 BazSrz.2:TiGe20g System

Until now, it has not been known whether any x < 1 members of the system will form structures of
the fresnoite structure type or which space group they may adopt. This section will discuss the

formation of fresnoite phases within this system.

The synthesis of compounds in the Ba,,Sr..2:TiGe,0g system was attempted using the two solid
state synthetic routes that have been utilised for Ba;TiGe;0s and Ba;TiSi,0s respectively. The
success in using the melt method to produce pure Ba;TiGe,0g samples suggests that this should be
the most likely method to produce fresnoite compounds for germanium-rich compositions. This
involved mixing stoichiometric proportions of the relevant oxides and carbonates, melting at
1400 °C for one hour, thoroughly grinding, pressing into pellets and heating for 48 hours at
850 °C. However, the diffraction patterns collected from all samples in the BaSrz2TiGe;0s
(x < 1) system contained a significant number of reflections that could not be indexed with a unit

cell based on a fresnoite structure type. The high number and different shape of the reflections
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suggests the compounds contain a significant proportion of at least one unidentified non-fresnoite

phase.

The second method of synthesis that was attempted was based on the slower route used for the
Ba,TiSi»0s and Sr,TiSi.0s members of the fresnoite family of compounds. Although the
crystallinity of the compounds produced was slightly higher than those synthesised via the melt
method, the diffraction patterns could not be indexed using a unit cell based on the fresnoite
structure type. Seeing as the x =1 (Ba;TiGe;0s) member is well known to form a stable fresnoite
phase5057, it can be concluded that a formation boundary exists between 0.9 <x<1.0 in the
BazSr2-2:TiGe20g system. The location of this phase formation boundary is in agreement with the
predictions that can be made based on the ratio of ionic radii in the fresnoite structure type as

presented by Hoche et al.50

6.2.5 BaSrTiGe;,Si; 2,05 System

Similarly to the BazSrz-2:TiGez20s system, work on the BaSrTiGe;,Siz.2,0s system has never been
reported in the literature. This system is of interest for multiple reasons. Firstly, it is not known if
or where there may be a compositional phase boundary between the tetragonal phase (known for
BaSrTiSi»0g) and a possible orthorhombic phase for members containing germanium at ambient
temperature (which would be predicted by the change in the ratio of the ionic radii). It is also not
known how much germanium can be incorporated into the BaSrTiGey,Siz.2,0s system before

non-fresnoite phases form preferentially over fresnoite phases.

Because the aim of studying this system was to identify potential phase boundaries dividing
fresnoite structures of different symmetries or compositions where fresnoite structures no longer
form, the y = 0.3 members were initially investigated. Seeing as the y = 0.0 and y = 0.3 members

were shown to adopt the same symmetry, the y < 0.3 members were not investigated. The y 2 0.3
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members were synthesised using procedures based on the synthetic methods used for the
BazSr2-2xTiSi;0g system whereby stoichiometric ratios of the relevant oxides and carbonates were
mixed and heated for 20 hours at 1000 °C initially, followed by heating at higher temperatures
with intermittent grinding. The presence of germanium reduced the melting point of the mixture.
Hence, to prevent the onset of melting and the formation of the perovskite phase, samples in the
BaSrTiGe,Siz-2,0s system were not heated above 1150 °C. After the initial 1000 °C heating step,
three further 48 hour heating steps at 1150 °C with intermittent regrinding produced samples of

the highest purity possible for the members that form fresnoite phases.

The y < 0.6 members of the system formed pure fresnoite phases. The y = 0.7 members contained
a mixture of many phases, including very small proportions of a fresnoite phase. However, these
proportions were so small relative to the other non-fresnoite phases that they did not warrant
any further investigation. Hence, it has been established that pure fresnoite phases can only be

formed for the y < 0.6 members of the BaSrTiGe),Siz-2,0s system.

Synchrotron diffraction patterns were collected from selected members of interest in the
BaSrTiGey,Siz.2,0s system to determine which space group could most correctly describe each
member (Figure 6.35). No evidence of an orthorhombic phase was found in any of the y < 0.6

members at ambient temperature. Hence, all compounds were modelled using the X4bm space

group.
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Figure 6.35: Synchrotron X-ray diffraction patterns collected from the BaSrTiGe;,Siz.2,0s
(0.3 <y < 0.6) system at ambient temperature.

The cell parameters for the 0 <y < 0.6 members of the BaSrTiGey,Siz-2y0s system at ambient
temperature were calculated from Rietveld refinement against synchrotron X-ray powder
diffraction patterns collected at A = 0.82647(1) A. The expansion of the unit cell as germanium is
substituted for silicon does not follow the expected linear increase as predicted by Vegard’s
law.203 Instead, a maximum in the unit cell parameters and volume occur at the y = 0.5 member,
followed by reduced values for the y = 0.6 member. The magnitude of the reduction of both the a
and c unit cell parameters from the y = 0.5 to the y = 0.6 member is too large to be considered
within experimental error (error bars as calculated from the refinement are smaller than the data

points). Additionally, the 0.3 <y < 0.6 members of the system were synthesised at the same time,
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under the same conditions, and data were collected from these samples sequentially at the
synchrotron. Hence, although it is uncharacteristic of metal oxide compounds, it is deemed likely
that the cell contraction observed from the y = 0.5 to the y = 0.6 member is a real feature of the
BaSrTiGey,Siz-2,0s system. It is possible that other factors could be contributing to this result,
such as a phase transition to another phase (such as a different tetragonal phase, or an
orthorhombic phase) between 0.5 <y < 0.6. However, no evidence such as the appearance of new
reflections, or reflection splitting could be gathered from the synchrotron powder diffraction data

to conclude that this is the case.
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Figure 6.36: Unit cell parameters a and b for the BaSrTiGe;,Siz.2,0s (0 < y < 0.6) system at
ambient temperature as calculated from Rietveld refinement against synchrotron X-ray
powder diffraction patterns collected at A = 0.82647(1) A.
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Figure 6.37: Unit cell volume for members across the BaSrTiGe;,Siz.2,0s (0 <y < 0.6) system
at ambient temperature as calculated from Rietveld refinement against synchrotron X-ray
powder diffraction patterns collected at A = 0.82647(1) A.

The variable temperature synchrotron X-ray powder diffraction patterns in Figure 6.38 were
collected from the BaSrTiGe(¢Si140s member of the system between 298 K- 1210 K to determine
whether any of the phase transitions that have been identified in the Sr,TiSi»0s or Ba;TiSi»Os

members may occur on heating.
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Figure 6.38: Synchrotron X-ray powder diffraction patterns collected from
BaSrTiGeo.cSi1.«0s between 298 K- 1210 Kat A = 0.82647(1) A.

The convergence of the 332 and 314 reflections on heating at approximately 26° two theta in
Figure 6.38 suggests that a phase transition may be occurring. However, Rietveld refinement
against these data established that a single X4bm phase was sufficient to index and model the data
across the entire temperature range investigated. The unit cell parameters and volume calculated
from Rietveld refinement against the synchrotron X-ray diffraction data collected between
298 K- 1210 K indicate that linear thermal expansion occurs on heating as shown in Figure 6.39,
confirming that the BaSrTiGe(¢Si140s structure is stable in the X4bm phase up to 1210 K. Variable
temperature studies were not performed on other members of this system due to only a limited

amount of synchrotron beam time being allocated to this project.
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Figure 6.39: BaSrTiGe.¢Si1.40s unit cell parameters between 298 K- 1210 K as calculated
from Rietveld refinement against synchrotron X-ray powder diffraction data.
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6.3 Summary

This chapter has provided new insight towards the formation and phase transitions in many of
the individual systems within the BazSr2.2:TiGe,Siz2-2,08 system. Firstly, the phases that form at
ambient temperature were investigated across the BajSrz.»TiSi;Os system, where it was
established that the x < 0.5 members contained a main tetragonal phase in addition to a very small
proportion of an orthorhombic phase. It was shown that the temperature of the transition from
the two phase mixture to the single orthorhombic phase in the Sr;TiSi,0s end member can be
increased by the substitution of up to 5 % barium on the A-site, and that the introduction of more
barium prevents the structure from forming a single orthorhombic phase until the prototypic
structure is formed at higher temperatures (c.f. 1323 K for Sr;TiSi»0s, 1221 K for x = 0.05, and
1196 K for x=0.1). The variable temperature studies at the barium-rich end of the
Bay,Sr2.2:TiSi20g system showed that the temperature of the X4bm(a, o, 0)0gg to prototypic X4bm
transition linearly increases with strontium content on the A-site. These phase transitions were

summarised in a new phase diagram for the Ba,,Sr2.2:TiSi»0g system in Figure 6.23.

The 0<y<0.2 members of the Sr;TiGezSi»,0s system were shown to form phases of the
fresnoite structure type, while the y > 0.2 members formed perovskite phases in addition to other
non-fresnoite phases. Variable temperature studies showed that the complex phase behaviour of
the Sr,TiSi20s end member occurs in members up to y =0.2. The inclusion of germanium into
Sr,TiSi20s was shown to increase the phase transition temperatures from the tetragonal to the
orthorhombic phase as was shown for the inclusion of barium ions into Sr,TiSi,Os in the
BazSr2.2xTiSi;0s system. The temperature at which the structures transform from the
orthorhombic phase to the high temperature tetragonal phase decreases from 1323 K for
Sr;TiSiz0g to 1210 K for the x = 0.1 member. The results from this section have shown that the

phase behaviour is more complex than would be predicted by considering only the ratio of the
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ionic radii in the structure. The phase transitions were summarised in a new phase diagram for

the Sr,TiGe,Siz-2,0s system in Figure 6.31.

The investigation of the BaTiGez;Siz-2y0s (0 <y < 1.0) system showed that the morphotropic
phase boundary between the tetragonal Ba;TiSi;0s end member and the orthorhombic
Ba;TiGe,0s end member occurs between 0.4 <y < 0.5 in agreement with lijima et al.88, Schmid
et al.s%, and Wong.153 A discontinuity in the unit cell parameters between 0.7 <y < 0.8 was also
presented. However, no further information about this observation could be deduced using a

powder diffraction approach.

It was shown that the x < 0.9 members of the Ba,,Sr2.2xTiGe20g system do not form structures with
the fresnoite structure type. The presence of the formation boundary between 0.9 < x< 1.0 is
consistent with the predictions that would be made based on solely the ratio of the ionic radii in

the structure.

The BaSrTiGeySiz.20s system was investigated for the first time, establishing that y<0.6
compositions form fresnoite phases while y>0.7 members do not. The substitution of
germanium for silicon in the BaSrTiGe3,Siz-2,0s system produces unusual behaviour whereby the a
and c unit cell parameters expand up to the y = 0.5 member followed by a contraction for the
y=0.6 member. Variable temperature studies of the BaSrTiGeosSi1.40s member of the system
showed that the structure retains the tetragonal symmetry between 298 K- 1210 K, showing that
the behaviour of the BaSrTiGe(¢Si140s member is different from the Sr;TiSi,Os and Ba,TiSi,»0g

family members which both show interesting phase transitions on heating.
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Chapter 7 Conclusions

The BaxSrz-2:TiGez,Siz20s (0 <x<1;0<y<1) system defines a range of compositions between
four end members (Ba;TiSiz0s, Sr;TiSi;0s, Ba;TiGe;0s, and the hypothetical Sr.TiGe;0s). Before
this study, Ba,TiSi»Os, Sr,TiSi,0s, and Ba,TiGe;0s had been relatively well characterised at
ambient temperature and shown to display promising physical properties such as piezoelectricity.
Hoche et al.>° had proposed a stability field for compositions between these end members based
on the ratio of ionic radii of the ions on the A- and M-sites. This thesis has further investigated the
end members and members across five separate series within the BaxSr2.2xTiGezySiz-2y0s
(0=x<1;0<y<1) system to improve the understanding of this stability field. Members of this
system were also characterised over a wide range of temperatures to further understand the
known phase transitions and identify any new phase transitions. The conclusions drawn from

these investigations are presented below.

7.1 Synthesis and phase behaviour of the Baz,Sr2-2xTiGez,Si2-2,08

(0 < x<1) system at ambient temperature

7.1.1 BazSr;.2xTiSi20s series:

Synthesis of polycrystalline members of the BazSr;xTiSi20s (0<x<1) series requires
considerably longer heating times than have been previously reported. Compounds in this series
require between four and six 20 hour heating steps at 1250 °C to achieve the highest possible
purity. The use of synthesis temperatures close to the melting point can lead to the irreversible

formation of perovskite phases instead of fresnoite phases.

The absence of satellite reflections in all synchrotron X-ray powder diffraction patterns made the

characterisation of the modulated structures a challenging exercise. However, the presence of
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weak satellite reflections in neutron powder diffraction patterns collected from Ba,TiSi»Os and
Sr,TiSi20s meant that their modulated structures could be characterised using this technique for

the first time.

Complex phase behaviour with two phases coexisting (the main X4bm(a, a, 0)0gg phase and a
small proportion of a Cmm2(0, 3, 0)sO0 phase) is observed for compositions from Sr;TiSi,Os
(x = 0) to BaSrTiSiz0s (x = 0.5). The proportion of the orthorhombic phase reduces with increased

barium content.

The polycrystalline Ba,TiSiz0s and Sr;TiSi;Os end members were shown to display
piezoelectricity, but no ferroelectricity. This is in contrast to the previous work of Foster et al.,51
who predicted and demonstrated ferroelectricity in polycrystalline and single crystal Ba,TiSi»Os

samples that were synthesised using different methods to those used in this thesis.

7.1.2 Sr;TiGez,Si; 2,03 series

Complex phase behaviour with the two phases (the main X4bm(a, o, 0)0gg phase and a small
proportion of the Cmm2(0, 3, 0)s00 phase) coexisting is observed for compositions from
Sr;TiSi;0g (y = 0) to Sr2TiGe4Si1.60s (v = 0.2). In a similar manner to the inclusion of barium in the
BazSr2.2TiSi20g series, the proportion of the orthorhombic phase reduces for members
containing higher germanium content. No samples in this series crystallise with a main
orthorhombic phase, and the boundary separating phases that do and do not form fresnoite

phases occurs between 0.2 <y < 0.3.
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7.1.3 Ba;TiGez,Siz.2y0s series

The characterisation of the modulated structure for the polycrystalline Ba;TiGe;0s end member
was not possible despite strong reflections in the neutron diffraction pattern that could be
indexed as satellite reflections. This may be attributed due to the presence of an impurity phase
or chemical inhomogeneity complicating the structural determination. The boundary separating
the tetragonal and orthorhombic phases was determined to exist between 0.4 <y < 0.5. This is

consistent with the location of the phase boundary determined from previous studies.

7.1.4 BazSr22TiGe20s and BaSrTiGez,Siz-2y0s series

Members within these two series have been investigated for the first time in this thesis. The
phase boundaries separating compositions that do and do not form fresnoite phases in the
BazSr2-2<TiGe20s and BaSrTiGey,Siz.2,0g series were determined to exist between 0.9 <x < 1.0 and

0.6 <y < 0.7, respectively.

7.2 Phase behaviour of the BazxSrz.2xTiGezySiz2-2y08 (0 < x < 1) system at

non-ambient temperatures

Resonant ultrasound spectroscopy, X-ray powder diffraction, and transmission electron
microscopy investigations of the Baz:Srz-2:TiGez,Siz2-2,0s (0 < x < 1) system over a wide range of
temperatures have provided new information about known phase transitions in addition to

discovering new phase transitions.

Resonant ultrasound spectroscopy has shown for the first time that strong coupling occurs
between the elastic moduli of fresnoite samples and the subtle structural changes involved in

their phase transitions. This was particularly useful for the identification of the incommensurate
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to prototypic phase transition in Ba,TiSi2Os and the lock-in transition from the incommensurate
to the commensurate structures in Ba;TiGe;O0s. The data collected in this project have
demonstrated the appropriateness of this technique for the investigation of phase transitions with
subtle structural changes that can be difficult to determine from powder diffraction experiments

alone.

The change in the gradient of the unit cell parameters on heating Ba,TiSi»0s coincides with the
previously reported incommensurate to prototypic transition at 433 K. This was shown to be a
useful method for the identification of this transition in barium rich members of the
Baz«Sr2.2xTiSi20g (0.5 < x< 1) system using Cu K, radiation whereby the transition temperature
linearly reduces from 943 K for the x=0.5 (Ba;TiSiGeOg) member to 433K to the x=1.0
(BazTiSiz0s) end member. The phase transition was not observed for the x < 0.5 members of the

series.

The Ba;TiGe;0s structure has been characterised across the 1085 K ferroelastic transition using
synchrotron X-ray powder diffraction for the first time. The temperature dependent phase
transitions discovered for the Sr;TiSi»0s structure demonstrated that this compound exhibits
unusual and complex phase behaviour that is significant to any future investigation. Electron
diffraction patterns collected at elevated temperatures have shown for the first time that the
incommensurately modulated tetragonal phase converts into the incommensurately modulated
orthorhombic phase on heating and that both phases can be present in the same region of the
crystal after cooling back down to ambient temperature. Considering the information extracted
from the electron diffraction and X-ray diffraction experiments, the cooling of Sr;TiSi»0s from its
synthesis temperature at 1250 °C involves two phase transitions before reaching ambient
temperature. Firstly, the structure must transform from the parent X4bm phase to a single
incommensurately modulated Cmm2(0, 3, 0)s00 phase. This is followed by the more complex

(and importantly, incomplete) conversion of the Cmm2(0, 3, 0)sO0 phase into the higher
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symmetry incommensurately modulated X4bm(a, a, 0)0gg phase. The fact that this
transformation from the two phase mixture does not reach completion explains why two phases
are observed at ambient temperature and means that it may be impossible to synthesise “single
phase” Sr,TiSi»0g at ambient temperature. It may, however, be possible to conduct a single crystal
investigation of the intermediate orthorhombic phase of Sr,TiSi.Os above approximately 567 K

where the transition to the single orthorhombic phase is complete.

As was shown for the stable phases at ambient temperature, the inclusion of barium and
germanium have similar effects on the phase transitions in compounds with similar compositions
to Sr;TiSi»0s. Specifically, higher proportions of barium or germanium in Sr,TiSi»Os increase the
temperature of the phase transition from the two phase mixture to the single orthorhombic phase
and reduces the phase transition temperature to the high temperature tetragonal phase. The
maximum proportion of the orthorhombic phase that is converted from the tetragonal phase on

heating is also reduced by higher barium or germanium content.

In summary, it can be seen that the structural behaviour of the BaxSr2.2xTiGezySiz-2y0s
(0 <x<1;0<x<1) system is more complex than is apparent from the previously reported work
on these compounds. The phase behaviour of this system cannot be accurately predicted by only
considering the ratio of the ionic radii on the A and/or M-sites of the structure. While this method
is sufficient to predict the tendency of fresnoite compounds to adopt tetragonal space groups
when the ratio of ionic radii is reduced by substituting barium for strontium in the
Ba«Sr2.24TiSi20g series, it does not reflect that both phases may be present for many compositions.
Similarly, consideration of only the ratio of ionic radii does not explain the persistence of the
tetragonal phase as this ratio is lowered by the increased proportion of germanium in the
Sr;TiGey,Siz-2,0s and BaSrTiGey,Siz-2,0s series. The predicted boundaries separating compositions
that do and do not form fresnoite phases may also need readjusting. For example, while this

boundary is correctly predicted for the Ba,,Sr2-2xTiGe20s (0.9 <y < 1.0) series, a large discrepancy
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occurs between the predicted (0.5<y<0.6) and experimentally determined (0.2<y<0.3)

boundaries for the Sr.TiGes,Siz-2,0s series.

The coexistence of two phases at ambient temperature is an inherent property of compounds with
compositions close to that of the Sr,TiSi,0s member owing to the phase transitions on cooling
from the synthesis temperature. However, these properties may be advantageous given that
previous studies555659 have shown that physical properties such as the piezoelectric and
pyroelectric coefficients of some fresnoite compounds are improved at structural phase
transitions. With the improved understanding of the relationship between composition and phase
transitions in fresnoite compounds it is possible that specific compositions could be investigated
with the aim of tuning the transition temperatures so that optimised physical properties may be

observed at temperatures appropriate for specific applications.
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