Chapter 2

Experimental Techniques

2.1 Introduction

Several experimental techniques have been usedhaoacterise the perovskite
samples studied in this thesis. These are X-raynaatron powder diffraction, X-ray
Absorption Near-Edge Structure (XANES), X-ray Flescence (XRF) spectroscopy,
Thermogravimetric Analysis (TGA), impedance spestopy, Ultra-Violet, Visible
and Near-Infrared (UV-Vis-NIR) spectroscopy and r8sag Electron Microscopy
(SEM) in conjunction with Energy Dispersive X-ragdX) analysis. Additionally
Density Functional Theory (DFT) and ISOTROPY caltigins were used to augment
different aspects of this study. This chapter dbssrthe various techniques used in
this work with a particular focus on the diffractidechniques and the Rietveld
method. The Rietveld method is the technique useckfine structures against an
experimental diffraction pattern, and thereby abt#hie optimal crystallographic

structure of a compound.

2.2 Diffraction Techniques

The powder diffraction techniques used in thisdgtean be separated into three
categories. These are conventional (laboratoryaydiffraction, synchrotron X-ray

diffraction and neutron diffraction. ConventionalrXy diffraction was used during

synthesis to monitor the progress of the reactams to determine when a reaction
had reached completion. This data was collectedgusivo instruments, a Siemens
D-5000 or a Shimadzu S-6000, both of which utiBsagg-Brentano geometry. Use
of these instruments was invaluable in determinirey correct heating procedure to
synthesise the highly pure and crystalline powden@es used in this study. Once
high quality samples were obtained, synchrotrora)X-aand neutron diffraction were

used to determine the structures of these matefifiksse two techniques each have

advantages and disadvantages, and are in manyooaydimentary; ideally both are
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used to fully structurally characterise a polycajiste material. A comparisoof

these two techniques will be described in Secti@m?2

2.2.1 Conventional X-ray Diffraction

The majority of laboratory powder X-ray diffractigratterns were obtained using a
Shimadzu Lab S-6000 Diffractometer (40.0 kV, 308, divergence and scatter slits
1.0° and receiver slit 0.3 mm) using Cy, = 1.5406 A Ap = 1.5444 A)
radiation. Finely ground samples were placed in@arholders with silicon sample
cavities. The silicon plates in the cavities awg¢ parallel to the (510) axis. This
results in “zero” background contribution from thample holder to the diffraction
pattern, allowing the use of small sample quamstitieGlass microscope slides were
used to obtain a flat sample surface. Diffractiaitgrns were initially collected in
steps of 0.02° @angle) from 10-80° @angles) for all samples using a continuous
scan rate of 1°minute §2ngle). Where necessary, higher quality patteresew
obtained by increasing the scanning time and/oredesing the step size. The other
diffractometer that was routinely used was a SieamBr5000 (Cu-Ki radiation
operating at 40.0 kV and 30.0 mA, divergence aradtscslits 1.0° and receiver slit
0.6 mm). Typically because of the poorer signahtdse of this instrument diffraction
patterns were collected using step scans in step02° with a collection time per

step of 2-3 seconds.

2.2.2 Synchrotron X-ray Diffraction

Synchrotron X-ray diffraction patterns were colégt at two beamlines. The most
commonly used was the Australian National Beamkaeility (ANBF) at beamline
20B at the Photon Factory, KEK, Tsukuba, Japans T&ia multipurpose X-ray
beamline that is used predominantly for X-ray pomdifraction, Extended X-ray
Absorption Fine Structure (EXAFS) and X-ray Absawpt Near-Edge Structure
(XANES). This beamline was used for collecting dymd¢ron X-ray diffraction
patterns of all compounds studied in this thesisoam temperature and in selected
cases, above room temperature, up to a maximumetatupe of 800 °C. The second
beamline used for X-ray diffraction was BL-02B2SRring-8, Synchrotron Radiation

32



Research Institute, Hyogo, Japan. This beamline wsesl to obtain diffraction

patterns of selected samples below room temperatutiee range of 90 to 300 K.

2.2.2.1 The Australian National Beamline Facility

In this thesis beamline 20B was used to colle¢h bGray diffraction patterns and
XANES spectra. This section describes the genguital setup of the beamline
followed by a description of the X-ray diffractoreét. A description of the setup
used for XANES measurements is described in Se@idrl. A schematic of the
beamline optics is displayed in Figure [3.1X-rays in the energy range of 4.5 to
20 keV are available using this beamline with tlemding magnet having a critical
energy of 4 keV when the ring is in its most comigamsed 2.5 GeV operating
modé®. After the X-rays pass through the radiation stiig] between the ring and
the experiment hall they are guided through bemilwindows, various slits and a Si
(111) monochromator in order to obtain a highly mawomatic (or more properly a
very narrow range of wavelengths i.e. a sM#8IE), focused beam. The beam then
enters the hutch where it can be used for measmtem®ne disadvantage of the
optical design of this beamline is the necessitgdtune the monochromator in order
to eliminate higher harmonics of the wavelengtmge2mployed in the experiment.
This is necessary to obtain a monochromatic X-ragn and results in an intensity

loss of about 50 %.
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Figure2.1: A schematic of beamline 20B, the ANBF at the Phdtantory, KEK,
Tsukuba Japah.
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Figure 2.2 presents a more detailed image of iffeactometer emphasising the
experimental setup appropriate for the use of inpdgie detectors. This configuration
was used for collection of diffraction patternsatlnghout this study. In the work
presented in this thesis X-rays with energies auatl5 keV & = 0.8 A) were most
commonly used. The diffractometer is a Debye-Seheamera (573 mm radius) that
employs reusable image plates (spatial resoluti®® @m) manufactured by Fuji
Photo Film Company Ltd. Each image plate is 2@@08& mm thereby covering a 40°
(206 angle) range with an X-ray image being stored usinBaFBr: Eu phosphor.
Image plates have a higher quantum efficiency, idveekground and a much higher
dynamic range compared to fffth The lower spatial resolution of the plates
compared to film is offset by the large camerauadiypically for room temperature
measurements three image plates are used for ddlection with data usually

collected over the range 5-125°.
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Figure2.2: Diagram of the diffractometer in image plate modée figure is
adapted from Barnest al.”l.
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Figure2.3: Photograph of the diffractometer at beamline 20Bhwhe custom

built furnace in place. The cassette is fully eghready to put the image plates in.

The chamber is evacuated to a pressure of aroinBdl.for data collection in order
to reduce X-ray scattering and absorption bY'aifhese are the major contributors to
the background of the diffraction pattern. The lbackground in the diffraction
patterns allows weak features to be detected detpmtrapid rate of data collection (a
typical collection time is 10 minutes per difframtipattern). A translating image drum
and associated screen (also known as the imageqgalasette) allow different sections
of the image plate to be exposed, allowing up tali8@action patterns to be collected
on one image plate. Various sample holders cantteel,fwith the most commonly
used in this work being a sample spinner that accodates eight samples and a
custom built furnace that is suitable for heatimgle specimens up to a maximum
temperature of 800 °C (see Figure 2.3). It sho@dbted that where the furnace is
employed data can only be collected using the fiwstimage plates; that is over the

approximate range of 5-85°2ngles). The compounds under analysis are typically
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housed in a 0.3 mm diameter capillary. A small ditan capillary is preferred since
in most cases this is the limiting factor determéninstrumental resolutih Glass

capillaries are typically used for the collectioh mom temperature diffraction

patterns while quartz capillaries are usually used measurements at higher
temperatures. A diffraction pattern of a NIST (Mafl Institute of Standards and
Technology) Si 640c standard is initially recordedthat the exact wavelength of the
X-rays can be determined. Capillaries are rotatedughout the measurements to

reduce the effects of preferred orientation.

After exposure the image plates are scanned @wsiB§S2000 image plate scanner
using laser stimulated fluorescence, thereby caimgethe data to a digital format.
The image plate scanner produces 100 pixels and consequently the data is
collected with a step size of 0.019(angle). Data processing is carried out using the
program PPDA!, which is used to convert the data into the GS@8neral Structure
Analysis System) format. This format is suitable dige in most Rietveld refinement
programs. Several radioactive markers in the ciess®dke it possible to correlat® 2

angles with plate positions using the spots thesate on the image plate.

2.2.2.2 Beamline BL-02B2

Diffraction patterns of samples studied below rotemperature were collected at
BL-02B2 at SPring-8 (see Figure 2.4). In additian deing able to obtain low
temperature diffraction patterns at this beamlsmnething not readily done at the
ANBF, SPring-8 is a third generation synchrotromrse providing X-rays that are
more highly monochromatic, intense and higher iergy than can be obtained at the
Photon Factory (c.f. a critical energy of 29 keV foe BL-02B2 bending magnet to
4 keV at the ANBEY). This permits diffraction patterns to be colletteith a shorter
wavelength allowing peaks to be observed out toelodrspacings while still
obtaining diffraction patterns with very high resicdn and intensity. While BL-02B2
is also a Debye-Scherrer camera (radius 286.5 rhame tare significant differences
between this beamline and beamline 20B at the ARIB/hile BL-02B2 also uses a
silicon monochromator it has a Ni coated silicorrrori before the monochromator
that eliminates X-rays of higher harmonic frequesaf the desired wavelength. This

eliminates the need to detune the optical setup@sred at the ANBF and increases
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the intensity of the X-rays incident on the sarffhi@he higher energies of the X-rays
used at this beamline in combination with the sematmera radius also eliminates
the need to use a vacuum diffractometer becausabdwption and scattering of these
higher energy X-rays by air is significantly reddce

Figure2.4. Picture of the Debye-Scherrer camera at BL-02B2ingF8. The
image is reproduced from Takatzal ..

A single image plate (size of 200 by 400 mm witbpatial resolution of 5Qm) is
employed as a detector covering an 7@ #Rgle) range in a step size of 0.016 (2
angle}’. Similarly to the ANBF multiple diffraction pattes can be obtained on one
image plate using a long vertical slit to exposejppropriate region of the plate. Data
scanning and processing is done in a similar maaset the ANBF. There are three
sample attachments that are available; a high teahpe gas flow system that can
heat the sample up to 1000 K, a He cryostat capzfbdeoling the sample down to
15K and a cold N gas flow apparatus used for cooling the samplendtov a
minimum temperature of 90K The last of these attachments was employed in the
collection of diffraction patterns in this work. @awere collected using 0.6000(1) or
0.7750(1) A X-rays over the range of 5-750 ghgles). Samples were mounted in 0.2

mm diameter glass capillaries and were rotatechduhe measurements.
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2.2.3 Neutron Diffraction

There are two main methods of generating neutsangble for use in neutron
diffraction experiments. The first of these is frahe fission of a heavy nucleus,
typically 2, in a nuclear research reactor. The other mehgererating neutrons
involves the use of a spallation source where ayhaeetal target is bombarded with
high energy protons generated by a particle aatelerUpon collision enough energy
Is imparted to the target to produce spallationtmoms. Both of these methods
produce neutrons that are too high in energy tarimeediately used in a diffraction
experiment. Therefore the neutrons are passedghraumoderator, such as heavy

water, to reduce their energy, and hence incréasewavelength, to the order of 1 A.

Since particle accelerators produce protons irstbuneutrons made at this type of
source occur in pulses. This gives rise to the &anmehtal difference between the
types of neutron diffraction done at reactors apdllation sources. In the case of
diffraction at a reactor the Maxwellian distributiof neutrons has to be passed
through a monochromator to reduce the neutronsléntion a sample to a single
wavelength. Typically the detector is then movedrduthe measurement to collect a
diffraction pattern. By comparison, at spallatiamuices the bunched nature of the
neutrons arriving at the instrument allows the asa@eutrons with a wide range of
different wavelengths, with the neutrons being satea by their different velocities.
This allows diffraction patterns to be collectedhsut moving the detector because
each of the different neutron wavelengths will @ittt off (kl) planes in the structure
with differentd-spacings. Diffraction using this technique is kmoas time-of-flight
(TOF) neutron diffraction while neutron diffractiomsing a single wavelength is
known as continuous wave (CW) diffraction. In thieesis both types of neutron
diffraction are used. The High Resolution PowdeffrBctometer (HRPD) and the
Medium Resolution Powder Diffractometer (MRPD), whiboth operated at the
HIFAR (High Flux Australian Reactor) facility, anthe BT1 diffractometer that
operates at the NIST reactor, are good exampleseattor-based CW neutron
diffractometers. Polaris at ISIS on the other hamdn example of a TOF neutron
diffractometer. The use of these four diffractomet®m this thesis is described in
Sections 2.2.3.1t0 2.2.3.4.
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2.2.3.1 High Resolution Powder Diffractometer (HRPD)

Figure2.5: Photograph of the High Resolution Powder Diffractben at HIFAR,

Lucas Heights showing the blue coloured detectakibh

The HRPD was located at the HIFAR facility opedatey the Australian Nuclear
Science and Technology Organisation (ANSTO) at kud&ights in Sydney (see
Figure 2.5). It operated from 1980 until the shwdoof the reactor at the end of
2006. When in operation, thermal neutrons cameobtie reactor face and passed
through a Soller collimator that limited the homal divergence of the beam to
0.20°, before passing through the monochrorfidtoiThe monochromator was a
germanium crystal mounted with th&J0] direction vertical to bring successivei)
planes into position and operated at a take-offeanf120° (B degrees). Odd index
planes of the monochromator crystal were usedderaio eliminate higher harmonic
contamination for the commonly employed wavelengthghis study neutrons were
then directed onto the sample with a flux of c&.5%10 or 7.2 x 18 neutrons.ci.s*

at 1.37 and 1.49 A respectively.

39



Figure2.6: Photograph of the cryofurnace attachment in opmratin the High
Resolution Powder Diffractometer at HIFAR

The samples were usually held in thin walled vamadcans of height 50 mm and
either 12 or 16 mm diameter. Several attachmenlisywiag a range of different
environments to be used, were shared between tiRDHRd MRPD. These included
a single sample spinner, a carousel capable ofirfglgp to 30 rotating samples, a
heliplex used to cool samples down to a minimumpterature of 5 K, a cryofurnace
capable of a temperature range of 15-500 K (sear&ig.6) and a P1100 furnace
designed to heat over the range of 300-1400 K umdeariety of atmospheréd.
Neutrons scattered from the sample were detectie) @asbank of 24He detectors
spaced 5° (@ angle) apart, each with their own Soller collimmatBatterns were
collected over a range of 5 to 150°0(Begrees) using a step size of 0.050 (2
degrees). In this study collection times per ddfien pattern were typically around 1-
2 days.
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2.2.3.2 Medium Resolution Powder Diffractometer (MRPD)

Figure2.7: Picture of the Medium Resolution Powder Diffractaene at
HIFARM],

The MRPD was located opposite the HRPD at the HRFAcility (see Figure 2.7).
The resolution of the MRPD was about a factor af tewer than that of the HRPD
when used in high resolution mode, as is the cagies stud*. Typically, however,

it had a neutron beam with 5 times the intensityhef HRPD and was capable of
collecting a typical diffraction pattern in 4 tohéd'”. The MRPD was therefore used
in this work to collect variable temperature difftian patterns in selected cases after
ambient temperature characterisation was carrietd wging the HRPD. The
monochromator consisted of 8 germanium crystals ainvertically focussing
arrangement operating at a take-off angle of #801n this study a wavelength of
approximately 1.66 A was used with a flux of ca 2.1¢ neutrons.ci.s® incident
on the sample. Samples were usually held in sirodais to those used for the HRPD
except where high temperature diffraction pattemese collected, where steel cans
were required. A bank of 3%He detectors, each with their own Soller collimator
allowed relatively rapid data collection over agarof 8 to 138° (2 degrees) using a

step size of 0.1° @degreed)’.
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2.23.3 BT-1

Figure2.8: Picture of the BT-1 High Resolution Neutron Powder

Diffractometel*®.

BT-1 is a high resolution neutron powder diffrantter located at the NIST Centre
for Neutron Research reactor Gaithersberg, Marylaride United States of America
(see Figure 2.8 ' It has a flexible experimental design with a cleobf three
monochromators, Ge(311), Cu(311) and Ge(733), wbahbe used with either a 7
or 15 arcminute Soller collimatot '®. This allows the user to optimise the choice
between resolution and the flux of the neutronshensample. In the work presented
in this thesis the Cu(311) monochromator was etljswith a take-off angle of 90°
(26 degrees), in combination with the 15 arcminutdimaltor. This is the middle
resolution setting of the instrument and providéz®@3(1) A neutrons with a flux of
approximately 4 x 10neutrons cm? on the sampl&!. During the experiment
samples were held at ambient temperatures in vamadans. Neutrons were detected
using a bank of 32 Hedetectors, each equipped with their own 7 arcreirsuller

collimator, with a separation of 5° §2angle) between detectdrs Patterns were

42



measured over the range 3 to 167 @2grees) with a step size of 0.058 (fegrees)

requiring a collection time of approximately 5 lpexr sample.

2.2.3.4 Polaris

e WG

Figure2.9: Photograph of the Polaris diffractometer at ISISigating the large

solid angle covered by detectdfs

Polaris is the medium resolution time-of-flightutn powder diffractometer at the
ISIS spallation neutron source, Rutherford Appletasboratory (RAL), Didcot,
Oxfordshire in the United Kingdom (see Figure 8%3°. The neutrons used by the
Polaris diffractometer are generated from a tantalarget and then moderated by a
pool of ambient temperature water followed by gadom poisoning®. The
neutrons are then guided down a 12 m primary flggth past the nimonic and,®
chopper, which rotates at a rate of 50 Hz. The phopliminates neutrons that are too
high or too low in energy to be of use for the nuieasient before they reach the
sampl&?. The sample is held in a vanadium can (50 to 75 bynb to 11 mm
depending on sample size) in a tank that is evaduiat a pressure of ~0.1 mbar in

order to reduce the attenuation of the incident szattered neutroi¥. This sample
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tank is capable of holding a large range of stathdRAL sample environments

allowing measurements over a wide range of temperaiand pressures.

There are four banks of detectors, two low angleks (one wittfHe detectors and
another with ZnS detectors), a bank of backscattéte detectors and a 90° bank of
ZnS detectors. The wide range of solid angles eul/&rth detectors combined with
the high flux incident on the sample allows diffran patterns to be collected very
quickly or on very small sized sampiés Additionally because the detectors are
resolution focused they have approximately constasblution throughout their
d-space range. These detectors also collect datautd smallerd-values (~0.2 A)
than a continuous wave neutron diffractometer Ecilly capable of. This makes
Polaris ideal for studying oxygen vacancies in malg and was therefore the main
use it was employed for in this work. After a paités measured it is normalised
using the program GENIE to account for intensityiatéons in the incident neutrons
and background signal from the instrument and sarog@h before translation into the
GSAS formdt®. In the analysis presented in this thesis onlykthekscattered bank
of detectors was used, due to its higher resolyfioifd ~ 5 x 10))1%°,

2.2.4 X-rays versus Neutrons

While laboratory X-ray diffraction is adequate f@ssessing sample purity,
synchrotron X-ray diffraction and/or neutron diffteon are superior techniques for
the determination of structures of complex metatlex such as perovskites. In many
ways synchrotron X-ray and neutron diffraction a@mplimentary because they
provide different information about the structuré roaterials. These are costly
technigues and competition for use of these ingnimis very high, so it is necessary
to fully understand the strengths and weakness ath ltechniques in order to

understand when each of these should be employed.

The first aspect of each technique that shouléxaemined is the resolution. This is
illustrated in Figure 2.10. It can be seen frons tiat synchrotron X-ray diffraction
typically has much higher resolution than convemdioX-ray diffraction, which in

turn has higher resolution than a typical neutriffiasttometer. The higher resolution

available from synchrotron X-ray diffractometers & result of the highly
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monochromatic nature and, crucially, lower diveigenf the X-rays available from a
synchrotroff*. The higher intensity of X-rays available from sfgrotron sources is
important in regards to this as it allows the X-tagam to be highly focused and
monochromated while still maintaining sufficientil on sample to allow for rapid
data collection. The higher resolution of synchontiX-ray diffractometers results in
sharper peaks in the diffraction pattern makingpassible to resolve very small
distortions from a metrically cubic cell that coufidbt otherwise be observed in

conventional X-ray or neutron diffraction patterns.
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Figure2.10: Comparison of the resolution (measured as thewfdth of peaks at

half maximum intensity) available from differentfdiction source?.

There are also considerable differences betwesndhation of the resolution of the
various techniques with increasing values @, 2esulting from the different
diffractometer geometries. Since X-rays interadchvelectrons there is a rapid fall off
in scattering power at high angles in X-ray difffan®®. Clearly it is desirable for the
highest resolution to be obtained at lowest angMdgre scattering is strongest, to
maximise the quality of the data. It is importahgwever, to still have as high
resolution as possible at higher angles as thidblesamore precise structural
parameters to be obtained. With synchrotron X-rdfyagtion this can, in part, be

achieved by selecting a shorter wavelength anctiex obtaining lowed-values at
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the same @angle compared to those obtainable from a typicahventional
diffractometer. Using a shorter wavelength to aili@ synchrotron X-ray diffraction
experiment, however, also leads to less angulaaragpn between peaks in the
pattern so care must be taken to ensure that titengpof peaks, particularly at lower
angles can still be observed. On the other handeurtron diffraction the neutrons
diffract off the nucleus leading to their scattgriafficiency remaining essentially
unchanged up to highf2angle&?. In order to maximise the quality of data obtained
at higher B values and thereby obtain more accurate atomidtipos and
displacement parameters a diffractometer geomeitip & high monochromator
“take-off” angle is typically chosen. The “take-bfingle is the angle at which the
neutrons leave the monochromator, with a high anghimising the resolution at

higher D angles and leading to the angular variation inditén Figure 2.10.

It should be noted at this point that the abovecuBsion has only considered
continuous wave diffractometers and has negleatee-of-flight neutron diffraction.
In general the errors in the time of flight of theutrons used in this technique still
result in poorer resolution than available fronmyachrotron X-ray diffraction pattern.
While this is the case for Polaris, the High ReBoluPowder Diffractometer at ISIS
has comparable, and in many cases, superior resolaubmpared to synchrotron
X-ray diffractometers due to its significantly largflight path (~100 nf*. At
present, however, this instrument remains one-fid-and, while other comparable
diffractometers are being developed elsewhere,immbtatime on this instrument is

currently very difficult.

The second major advantage of synchrotron X-régadtion compared to diffraction
using conventional X-ray sources and neutronsesntiuch higher flux obtained on
sample. This results in diffraction patterns wiigpngficantly improved signal-to-noise
levels making it possible to examine weak featutlest can not be seen in a
conventional X-ray diffraction pattern. This highsignal-to-noise level is further
augmented by the higher resolution available frgmmckrotron diffractometers. This
leads to the total intensity of peaks being coneg¢ed over a narrower angular range
than is the case for lower resolution diffracticattprns, increasing the height of the

peak and hence leading to a higher signal-to-rieigd. The combination of this with
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the higher resolution and ability to tune to diéfiet wavelengths, as required, makes
synchrotron X-ray diffraction a superior technicfoe determining the structures of
materials compared to conventional X-ray diffractidhe interaction of X-rays with
matter is also much stronger than that of neutrohi further improves the intensity
of the beam diffracted from the sample in syncluotX-ray diffraction compared to
neutron diffractio>. This means that X-ray diffraction requires bothsmaller
sample size (50-100 mg compared to 5-15 g for pautliffraction) and shorter
collection time (~10-15 minutes per pattern foryachrotron X-ray diffractometer
using an area detector such as an image plate cethpa 2 hrs to 2 days for a

neutron diffractometer).

The faster collection time and smaller sample stziired makes synchrotron X-ray
diffraction the ideal technique to use to strudtyraharacterise a larger number of
samples and for variable temperature measurementssamples where fine
temperature steps are desired. This is the undgrlggason why in this study all
samples have been initially characterised by sytobm X-ray diffraction prior to
selected samples being characterised by neutrénaddiobn. It is also why almost all
the variable temperature diffraction measuremerasehbeen carried out using
synchrotron X-ray diffraction instead of neutrorffrdiction particularly in cases
where the main objective is to obtain precisedatparameters.

At this point it may seem that synchrotron X-rajfrection is a better structural
characterisation tool than neutron diffraction dwethe higher resolution, lower
background and shorter collection times availaldmgi this technique. As already
mentioned, however, the way that X-rays and nestromieract with matter is
fundamentally different and this gives rise to @iéint trends in the sensitivity of each
technique with different elements. Since, in X-tifyraction, the interaction between
the elements in the sample and the X-rays is ptapal to the number of electrons
an element has, heavier atoms scatter X-rays fae stoongly than lighter atoms (see
Figure 2.11). Conversely, in neutron diffractitwe interaction between neutrons and
the atomic nuclei has no clear relationship withnmdat number since it depends on
short range nuclear forces and resonance scatteeegrigure 2.1, This can lead
to significant variation in nuclear scattering beem elements next to each other in

the periodic table or even isotopes of the sameaie This can make neutron
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diffraction useful for examining structures contag two or more elements with

similar atomic numbers.
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Figure2.11: Comparison between the change in scattering striengt X-rays
(squares) and neutrons (circles), as measuredeby4tay form factor and neutron
scattering length respectively, with changing atomumber. This figure has been
generated from data contained in €RC Handbook of Chemistry and Physicg?..

Since the neutron scattering strength of an elérdeas not increase strongly with
increasing atomic number, as is the case for X;ragatron diffraction is relatively

more sensitive to lighter elements in the presevickeavier elements. This was
particularly useful in this study where the struets of heavy metal oxides are
examined. The presence of cations such as thealaidts, barium and tantalum
makes X-ray diffraction “insensitive” to the oxyganions in the structure. There are
two reasons why neutron diffraction was of greatdbe for studying the perovskite

structures examined in this thesis. The first adsthis that the tilted perovskite
structures have additional reflections, compareth&cubic structure, that have an

intensity that depends primarily on the oxygen arpositions. Secondly, and most
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importantly, neutron diffraction provides more a@te information about the oxygen
anion positions and occupancies in the structuiné [Bads to a more accurate model
of the bonding environments and, crucially, in ter half of this study the amount

and crystallographic positions of any oxygen va@sm the structure.

2.3 Structural Analysis

Solving the structure of a completely unknown cood directly requires either
single crystal X-ray and/or neutron diffraction ahere only a powder sample of the
material is available, very high quality synchrot@nd/or neutron diffraction patterns
in combination withab initio solution methods, which are extremely time consigmin
complicated and often difficult to use correctlyther of these approaches essentially
consists of four stages; determining the appropridtavais lattice, followed by
selecting the correct space group, calculating @pprate positions for the different
types of atoms present and finally refining all thetrumental and sample parameters
to determine an accurate structural model for tbhkected compound. Where,
however, a material belongs to a large family aihpounds for which the possible
structures are well known, it is possible to essabivhich of these possibilities is
appropriate for the diffraction pattern of a newngpmund and then fit this model to
the pattern, thereby obtaining accurate and pretisetural parameters.

The many different structures adopted by peroeskiand in particular perovskites
that are only distorted from the ideal cubic pekaesby octahedral tilting and cation
ordering, are well known. This knowledge comes frdmth experimentally
determined structures and the group theoreticalysisaof Howardet al.?® 2! that
was outlined in Chapter 1. In this work the firsage of structural analysis was to
determine which of the well known variants of therqwskite structure matches the
diffraction pattern collected. This was done byusaity inspecting the diffraction
pattern of a sample to determine both the naturergf peak splitting and any
additional weak peaks that may be present. Sucimspection greatly reduces the
number of possible structures that need to be deresl; in ideal cases only one space
group is possible.
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Once the correct variant has been selected tlendestage of the structural analysis
was to refine a model of the selected variant ajdime diffraction pattern using

Rietveld refinement and thereby obtain an accisttetural model of the samf#fé.

At this point both the quality of the fit to theffdaction data and the chemical

reasonableness of the refined model are inspeotelktermine if the refinement is

successful and, in the case where from visual otgpeit was not possible to narrow
down the list of perovskite structures to one, Whod the possible symmetries the
structure adopts. This approach allows the streatfira compound to be determined
from a polycrystalline sample and is simpler andlégs computationally expensive
than the use ddb initio techniques. Both steps of this structural analysiisnow be

described.

2.3.1 Visual Inspection

Visual inspection of a diffraction pattern of argeskite can reveal additional peaks
in the pattern compared to those expected fronpthmitive cubic structure. These
can take the form of either peak splitting or add@l peaks that are at significantly

different positions to those expected for the piiveicubic perovskite structure.

Peak splitting indicates a deviation from the matly cubic structure and
identifying the peaks that are split can provideirgight into which of the seven
possible crystal systems the structure belongsDiffierent crystal systems have
different diagnostic peak splitting. Consider, fekample the (222) and (004)
reflections of the primitive cubic structure. Ifett{222) peak is split into two peaks
while the (004) peak is still a single peak theicture is rhombohedral. On the other
hand if the (222) peak is a single peak while @4} peak is split a tetragonal
structure is indicated. The ratio of the intensitt# these split peaks is also a useful
indicator of which structure is adopted. This stugkamines the structures of both
ternary and double perovskites. Following the grthgoretical analysis of Howast
al?® 2" the compounds of interest could adopt any one tdtal of 27 different
structures. By visually determining the correctstay system for a compound the
number of likely structures can be reduced to alhdnThis minimises the number of
Rietveld refinements that need to be carried outlétermine the correct structure.

Perovskites are, however, often pseudo-cubic argdabnsequently necessary to use
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high resolution synchrotron X-ray diffraction patte to establish this peak splitting.
Even using synchrotron X-ray diffraction, some alitdd structures still appear,
metrically, to belong to a higher symmetry unitlc&herefore, while an examination
of peak splitting is very useful, it is not necegdgaonclusive.

Additional peaks in the diffraction pattern, comgmh to those expected in the
primitive structure, can also be used to assidatermining the correct symmetry.
Whether these additional peaks are due to a dtart the structure or are caused by
the presence of impurities in the sample can ugtmEl determined relatively easily
because those peaks caused by a structural distadin be indexed with one or more
indices being a reciprocal integer on the primitiu@t cell. For tilted perovskites
additional reflections that correspond to strudtalistortions areR-, M- or X-point
super-lattice reflections and relate to the typdildhg in the structuré”. For both
single and double perovskitBspoint reflections indicate the presence of oupbése
tilting, M-point reflections indicate in-phase tilting aKepoint reflections indicate a
combination of both. These reflections are nameer dhe boundary points of the
Brillouin zone where soft mode vibrations (phonofre€eze in order to create the
octahedral tilting observed in the structtf€® M- and R-points correspond to the
centre of an edge and a corner point in the pramitiubic perovskite respectively and
freezing of the vibrations at both of these poicasises the additional freezing of a
vibration at theX-points (these are at the centre of a fa¢é}.

Since the symmetry each tilt system belongs tobleas established, by the works of
both Glazef* ** and Howardet al.”® 2?7 using these additional reflections in
combination with peak splitting can provide morswaance that the correct space
group can be obtained by visual inspection of tliigadtion pattern. In this study,
however, there are two complicating factors in gdimese weak peaks as part of the
tilt system analysis. The first of these is tha gnesence of rock-salt cation ordering
in double perovskites also corresponds to Rapoint of the Brillioun zone and
therefore createR-point reflections at the same positions in théraition pattern as
does out-of-phase octahedral tilfity Hence in the compounds in this stuRhpoint
reflections can indicate out-of-phase tilting amdleat the structure is that of an
ordered double perovskite. Secondly, because ofht#ey metals cations in the

compounds studied in this project, the intensitytrifse super-lattice reflections in
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X-ray diffraction patterns are very weak when tlaeg caused by octahedral tilting.
This is because the majority of the intensity af guper-lattice reflections in these
cases is caused by the displacement of the mubtetiggxygen atoms with only a
smaller secondary contribution from the displaceinthe A-site cations, where
allowed by the symmetry of the structure. Therefaremany cases either synchrotron
X-ray diffraction patterns with very low backgrowndr neutron diffraction is

necessary to correctly identify these features.

2.3.2 Rietveld Method

The Rietveld method (also known as Rietveld refiart) uses a least squares fit
approach to minimise the difference between the ehednployed and the entire
diffraction pattern. This is a different methodojag earlier techniques that assigned
peaks to individual reflections and calculated teeucture based on those
assignments. The Rietveld method is a superioroggprsince it does not rely on the
splitting of overlapped peaks, which are very commio powder diffraction, to
correctly assign individual intensities. Rathereines a model featuring a number of
parameters against the whole pattern to obtaiopienum least squared fit. Equation
2.1 is the basis of the Rietveld method, deterngirthee calculated intensity at each
point of the pattern. The variables are definedotlews; yic is the net intensity at
pointi, yi, is the background intensitg is the normalised peak profile functidpis
the intensity of th&k" Bragg reflection contributing intensity at poinandp is the

number of phases present .

kg
Ye =Y t Z ZGiEI K 2.1

P k=kP

In a Rietveld refinement there are two categasigsarameters to refine; these are the
instrumental parameters that are determined bgxperimental apparatus employed
and the sample parameters, which depend on thetwteuof the compound.
Instrumental parameters include the zero offset,blckground parameters, the peak
shape parameters and where necessary absorptimttiex and preferred orientation
coefficients. The sample parameters on the othed neclude the lattice parameters,
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the phase scale (this relates to the amount ohaeppresent) and the atomic position,
displacement and occupancy parameters. It is tbgstallographic parameters that
provide the most meaningful information regardihg sample being examined. It is
important to note that in general it is unwiseableast initially, refine all the possible
parameters at once. Rather it is better to refismall number of parameters first and
then increase the number of parameters as theemedint progresses. In general
instrumental parameters are optimised first folldwéy the sample-related
parameters, although the phase scale and lattieenpéers are often refined early in
the procedure. Throughout this thesis refinemermgeveommonly carried out using

the program Reitid¥’ or, in the case of neutron time-of-flight data, ASS>.

The background parameters are one of the fitstdfitTwo main methods were used
to model the background. The first of these issilection of up to 50 points that are
interpolated to determine the background. This tyfebackground was most
commonly used to model the first histogram of syatrlon X-ray diffraction patterns.
This is because of the broad peaks in the patteusez]l by the amorphous glass or
silica capillaries used as a sample holder. Paraneackgrounds typically do not
provide an adequate fit to these broad peaks. &bensl type of background model
used is a & order polynomial (see Equation 2.2) wh&g is one of six refinable
functions. This type of background is used in thejanty of neutron diffraction
patterns and in the second and third histogramyottegotron X-ray diffraction
patterns. In the case of TOF neutron diffractic@hebyschev polynomial function is

used instead of the standard polynomial in ordebtain a better fit.

n
Yio = Z B, (26)™ 2.2

m=-1

Another critical set of instrumental parameters #ne peak shape parameters.
Throughout the present work pseudo-Voigt peak skagseemployed. This is because
of the superior fit obtained using this model atsl ability to fit both X-ray and
neutron diffraction patterns well by varying theréotzian and Gaussian components
of the peak shape. In the case of continuous wdfraalion experiments the pseudo-

Voigt function is as defined in Equation 2.3 wh&g= 4, C; = 4In2, Hy is the full
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width at half maximum (FWHM) of the" Bragg reflectionXix = (26; — 20,)/Hy andy
is a refinable “mixing” parameter with= 0 and 1 being the Gaussian and Lorentzian

limiting cases respectivefy.

1/2 1/2
Ccl : C

HkT[[1+ Coxii] 1 + (l+ V)Wexp[— Clxii] 23

Gy =Y

The FWHM function is defined by Equation 8% It should be noted that during a
refinement it is thel, V, W and y parameters that are refined when modelling a
continuous wavelength diffraction pattern. Whereassary an asymmetry correction
can be applied with the Howard asymmetry correcti@ing used in this study
because it is a more physically appropriate caoecfor peak asymmetry in

continuous wavelength measuremé&fits

HZ=Utan’8+Vtan6+W 2.4

TOF neutron diffraction patterns have a signiftbardifferent peak shape from
continuous wave measurements and therefore requiliferent type of peak shape
function, as is defined in Equation 2ccand[3 are exponential decay terms defined to
vary withd-spacingd, asa = ag + a:/d andp = B, + B./d*. The function€rfc andE,

are the complex error function and complex expdaknintegral function,

respectively and is dependant on the ratios of the Lorentzian ands&an FWHM
functions. The other terms are defined awi=05a(ac? +2X, ),
v=058(B0? +2X,, ), y:(a02+Xik)/(\/§0), z:(Bc2 —Xik)/(x/Eo),
p=-aX, +iay/2, g=-BX, +ify/ 2 andXik= (TOFR — TOR)/Hx where H is the
overall FWHM function. The overall FWHM function $iaa more complex
dependency on separate Gaussian and Lorentzianspepk functions (that are

proportional too andy respectively) than is the case for continuous wdiffeaction.
These three FWHM functions are described in LagswhVon Dreel&®!,
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G, = B [(1—r])(e“Erfc(y)+eVErfc(z))—2—Tr[]|m(epEl(p)"‘qul(CI))} 2.5

Once the instrumental parameters have been refimedample parameters can be
modelled. Of these, the lattice parameters, in ¢oation with the diffractometer zero
offset, determine where the model peaks are in difieaction pattern. Atomic
positions, displacement parameters and occupamflasnce various aspect of peak
intensity. Atomic positions and occupancies affigw intensity of peaks while the
displacement parameters influence the rate that jpéensity decreases and broadens
at with decreasing-spacing. There is a strong correlation betweegettieree types
of parameters requiring data to be collected ovarge range ofl-space to determine
accurate and precise values for these parametarscyparly where information

regarding occupancies is desired.

After instrumental and sample parameters have befamed it is then necessary to
judge the quality of the refinement. This is paréely important in the case where a
comparison between a number of possible perovskigctures is required. The
quality of a refinement can be judged in two walke first is an examination of
various statistical measures of the quality of fite These measures include the
profile factor R, the weighted profile factor &8 and the goodness of fit ternt
(defined in Equations 2.6 to 2.8).

R, :M 26

Zyiobs

1
2
Rw - ZWi(yiobs_yicalc) 2 27
i YW, Yips

X2 = Z:Wi (yiobs - yicalc)2 28

N-F

Where: Yobs IS the set of observed diffraction intensitieslexled at each

step across the pattern,
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Yealc IS the set of corresponding calculated values,

Wi is the weight assigned to the individual stepnsity given by

1 : . .
W, =— wherea? is the variance at th® step

N is the number of observations, i.e. the totainber of yss
when the background is refined and

P is the number of refined parameters.

While ideally the lowest possible values of thdéaetors should be obtained, in
practise addition of more parameters to the refemmsuch as additional background
parameters and adding extinction and/or absorptmmections, to obtain a minor
improvement in the fit should be avoided in ordemptevent over-parameterisation.
Additionally it must be remembered that differeypds of diffraction patterns tend to
have widely varying values for these measurestoffigood example of this i%?,
which has a value greatly influenced by the sidoatoise of the diffraction pattern.
As a result of this while an acceptalfefor a synchrotron X-ray diffraction pattern
recorded at the ANBF may be in the order of a femdned, because of the very low
background obtainable using this instrument, suctalae for a neutron diffraction
pattern would be completely unacceptable, in thseca value in the order of one is
desired. Therefore statistical measures should loalysed to compare different fits to
the same diffraction pattern or the effect of addidditional parameters to a

refinement.

The second measure of the success of a refinemantisual inspection of the fit to

the pattern. The fit can be evaluated by examitiegdifference plot to ensure there
are no systematic discrepancies between the diffrapattern and the model fitted to
it. The fitted diffraction pattern can also be iasfgd to ensure that any subtle
splitting is replicated by the fitted model. Addttially the instrumental and structural
parameters should also be checked in order to matethey, and hence the model,

are physically and chemically sound.
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2.4 X-ray Absorption Near-Edge Structure (XANES)
Spectroscopy

The XANES experiments presented in this thesisehlagen obtained from two
different facilities, beamline 20B, the ANBF, PhotBactory and beamline 16A1 at
the National Synchrotron Radiation Research Ce(MSRRC) Hsinchu, Taiwan.

XANES obtained from both beamlines were used torema the oxidation states of
selected cations in the BaSnB'.«Ossseries (Lh = Pr, Nd or Tb and B' = Nb or
Sb). These two beamlines were used because of itftezedt range of energies
available from each. Beamline 20B was used wheghdni energy X-rays were

required to examine the Tb L-edge (7.5 keV) andrbe& 16A1 was used where
lower energy X-rays were required to examine theaseh Sb L-edges (3.9-4.7 keV).

Both beamlines were used to examine the Pr L-edge.

Subsequent to data collection the spectra weranaimed using either the
BACKSUB procedure in EXAFSPAR or SPLINE in XFIT*". Spectra normalised
using the two different procedures were not digecdmpared to each other. Spectra
were then plotted in Microsoft Excel or Microcali@n to allow a comparison of the
shape and energy of the absorption edges betw#eredi spectra. In the case of the
Pr and Tb L-edges principal component, target foansation and multiple linear
regression analyses of the XANES spectra wereethaut using the PCA, TARGET
and DATFIT programs in EXAFSPAR ! respectively to more thoroughly
characterise and quantitatively determine the diidastate of the lanthanides

throughout these series.

2.4.1 XANES at the Australian National Beamline Facility

The optical setup used for XANES measurement @atANBF is the same as the
apparatus required for X-ray diffraction mode uptiluthe sample reaches the
Debye-Scherre diffractometer and is described icti@e 2.2.2.1. In XANES mode

the diffractometer serves merely as a vacuum chamsbeeduce the background of
the spectra collected. After passing through this X-rays are incident on an ion
counter and then subsequently onto the sampleHigeee 2.12). In the case of these

experiments transmission mode was utilised withatisorption of the sample, diluted
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in boron nitride, being determined by measuringititensity of the X-ray beam both
before and after the sample using ion chambers. dilked samples were held
between Kapton tape in 1 mm thick sample holdeat ¢buld accommodate up to 12
samples. The Si (111) monochromator provides higiypochromatic X-rays giving
good energy resolution (a&H of 2400). Spectra were collected of the-édge of
Th and Pr with a count time of 1 second per stapastep size of 0.2 eV near the
absorption edge. The energy of the XANES spectthePr-l; edge were calibrated
using the Cr K-edge of a foil consisting of 10 %i&steel. The Th-l, edge XANES
spectra were not calibrated due to problems wighGb foil selected to be used as a

reference.

e

Figure2.12: Picture of the equipment used to measure the XANRS&ctra of

compounds at the ANBF in transmission mode.

2.4.2 Beamline 16A1 NSRRC

Beamline 16A1 is a medium energy X-ray beamlingigteed to utilise X-rays over
the range of 1-9 k&' “°. Once X-rays leave the ring shielding they passuth a
graphite filter and slit aperture before verticalllimation using a water-cooled
glidcop mirror. The X-ray beam utilised in the expeents presented in this work was

then monochromated using a Si (111) double crystalochromator before reflecting
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off a toroidal focusing mirror and then a high-artl@rmonic light rejection mirror
before reaching the sample. The samples were erdmising fluorescence mode
with the fluorescent X-rays being detected usirg/ide detector. Using the Si (111)
monochromator on the beamline provided excellesolttion (a EAE of 7000) with

an intensity of approximately 3 x f(hotons/second at the saniple Data were
collected over the L-edge regions of Sn, Sb anith Breps as small as 0.2 eV near the
absorption edges of interest with a count ratenaf $econds per step being utilised.
The energy of spectra were calibrated using aeiogllection of the K-edge of a Cr

foil.

2.5 Scanning Electron Microscopy (SEM) and
Energy Dispersive X-ray (EDX) Analysis

SEM was used to examine the morphology of selesémaples and, in combination
with EDX analysis, enabled the elemental compasitid the phases present to be
determined. In this context backscattered elecimages were particularly useful as
they provide a compositional contrast between lggit heavy elements as opposed to
the topographic contrast exhibited by secondargtielrd*!!.

Samples were prepared as sintered pellets producegplying 10 tons of pressure
onto a 13 mm disc. These pellets were then heatewchight at approximately 100 °C
less than the maximum temperature used in prep#n@gample. The pellets were
mounted on standard sample holders using a carbeadbpaint and then carbon
coated to prevent charging effects. The SEM andrapanying EDX analysis was
carried out using a Phillips XL 30 SEM, with a tsten filament operating at 25 keV,
a spot size setting of 5 and a working distancdd bfmm. The EDX analysis of
elemental composition, was performed in conjunctath the imaging process under
the DX-4eDX ZAF operating system (Version 3.3). Ass&s was performed using the
proprietary software in this system. EDX spectraevproduced with scan times
averaging 90 seconds. It should be noted that lidsaimples examined by EDX
should be fixed in resin and polished to make &silaface, however due to the large
number of compounds examined in this study this ma&sconsidered to be practical

particularly since these results were of seconddeyest to this work.
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2.6 X-ray Fluorescence (XRF) Spectroscopy

XRF spectroscopy was used to semi-quantitativelyjuantitatively determine the
bulk chemical composition of selected samples. &mesasurements were carried out
using an Oxford Instruments ED2000 using a stantesttiument setting appropriate
to the cations being analysised. All measuremergse warried out under vacuum
with each sample being analysised six times witbunting time of between 2 and 4
minutes per analysis. Where quantitative analysis vequired standards containing
an appropriate ratio of oxides and carbonates efctitions being analysised were
accurately weighted out and thoroughly ground foteast 30 minutes. Regression
analysis of these standards was carried out usmgroprietary operating system and
subsequently this analysis was used to obtain gadwe values of the cations

present.

2.7 Thermogravimetric Analysis (TGA)

Selected BAnSnB'1.4x0s5 (LN = Pr, Nd or Tb and B' = Nb or Sb) samples were
analysised by TGA utilising a SETARAM TAG24 simuleous differential thermal
and thermogravimetric analyser. Data were recotohetbr two types of atmospheres;
3.5% H in N, and pure MNin order to examine weight loss under reducing iaed
conditions respectively. Samples were analysisedoup maximum temperature of

960 °C using a heating rate of 5 °/minute.

2.8 Impedance Spectroscopy

Samples of BaNdSnSh.xOs.5 Wwere selected for analysis via impedance spectpysco
to determine their bulk conductivity. 6 mm diametgellets of these samples were
pressed under a mass of 2 tons and heated at C3@fF 60 hrs with the density of

the pellets being subsequently determined usingAtichimedes method. Gold was
then sputter coated onto both faces of the peliath,care taken not to coat the sides.
Pellets were placed into a purpose built samplddralith platinum sheet electrodes
spot welded to a gold wire. The gold-coated fadabe sample were held in intimate
contact with the platinum sheets of the holder. Wires were connected to a Hewlett

Packard 4192ALF Impedance Analyser that was used tfe impedance
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measurements. Measurements were taken at 50 “@alstdrom 400-750 °C, in air,
in the frequency range 1-1G1Z. Fifteen minutes stabilisation time was allowad

each temperature.

2.9 Ultra-Violet, Visible and Near-Infrared (UV-Vis-
NIR) Spectroscopy

UV-Vis-NIR spectra of samples were measured uangary 5E UV-Vis-NIR
spectrometer equipped with a diffuse reflectandachiment. Scans were usually
taken between 200-2500 nm, using a data interv@l@d7 nm and a scanning rate of
200 nm/minute. Polytetrafluoroethylene (PTFE) waedi as the background for
baseline scans with a standard correction beinfeabp

2.10 Density Functional Theory (DFT) Calculations

To verify the symmetry and geometry of the crystlicture of Bg.aTaQ; first
principles calculations were performed within thaniework of Density Functional
Theory (DFT). The projector augmented wave mettio@\)** ** as implemented
in the Viennaab initio simulation package (VASEJ **! was used with the Perdew-
Burke-Ernzerhof (PBIJ—i‘)G] form of the generalized gradient approximation £3G
Atomic positions, unit cell volume and shape wepiized using a plane-wave
energy cut-off 500 eV and the Brillouin zone samgliwith a 4x4x3 k-point
Monkhorst-Pack” mesh (24 irreducible k-points). The symmetry ursteined
optimization was carried out using a quasi-Newtoigohm until the
Hellmann-Feynman forces were less than 0.001 eWAaxh atom.

2.11 ISOTROPY

ISOTROPY*®! has been used to suggest possible space growgsithae adopted by

oxygen deficient double perovskites. It is desigteedisplay information about space
groups, their irreducible representations and datex isotropy subgroups. For
further explanation regarding the theory behind asd of ISOTROPY consult the
manual accompanying the softw/Afe
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