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Abstract

This thesis presents the development and applications of the Diffraction Anoma-
lous Fine Structure (DAFS) technique for determining the site-specific structural
properties of a given metal ion. A graphical user interface has been developed to
extract anomalous scattering factors f” and £ from powder samples, based on an
iterative Kramers-Kronig algorithm described in the literature [1], [2], to improve
DAFS ’user-friendliness’. XAS extracted from DAFS are further processed using

typical XAS analysis software [3].

In the first instance, the optimal XRD data collection procedure was inves-
tigated using different detector systems, across a given absorption edge and data
collected using the Pilatus detector was found to be superior. Fe304, which has both
tetrahedral and octahedral environments located in different crystallographic sites,
was used to test the validity of the DAFS measurement. The investigation showed
that the conventional XAS data could be represented by a linear combination of
the individual site contributions extracted from DAFS. Further studies on ZnFe,;O4
revealed the presence of Zn>* ions in both crystallographic sites, with the tetrahedral
site dominating the sample. Zn>* ions doped in ZrO,, a prominent CO, hydrogena-
tion catalyst, was investigated by collecting diffraction data across the Zn K-edge
to understand the nature of Zn incorporation. Reflections in the XRD pattern of
tetragonal ZrO, were used to extract the DAFS, and it clearly shows that Zn>* ions
are substituted into Zr** sites. Further XANES simulations using oxygen-deficient
structures support the presence of oxygen vacancies. Finally, directional anisotropy
in the growth of nanocrystalline ZnO prepared from the decomposition of Zinc

peroxide was investigated using two prominent reflections in the XRD data, and
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extracted DAFS was again analysed via conventional XAS analysis procedures.
This project has established a method to simplify the DAFS measurement at a
conventional XAS beamline. Furthermore, the computational analysis procedures
generated as part of this work are also presented with the hope that DAFS will
become a more widely utilised structural technique in synchrotron light sources

worldwide.



Impact Statement

This thesis has presented a number of key findings and developments in the context
of x-ray based structural techniques for the improved understanding of structural
and electronic properties of a number of inorganic materials. The impact of the
work conducted in this thesis is therefore a manifold. Firstly, the findings of each
of the materials studied in this work improve the understanding of the function of
this material, and allow for potential innovation based on their new understandings.
In particular, the presence of Zn (and also Hf) in the Zr site of the Zn-doped ZrO;
catalyst, as well as the likely presence of another phase which may well be the
originally suggested hexagonal ZnO nanocluster, is a fundamental improvement on
the understanding of its structure. Since the doping of this material improves its
catalytic activity, we can understand more about the active sites for catalysis and
potentially further optimise the catalytic process of CO; conversion to methanol,

making it a more efficient and selective process.

Another development of this work is the use of DAFS in unconventional ways.
Firstly is the novel investigation of Zn absorbing atoms at ZrO, diffraction peaks,
which is a way in which DAFS has not been used before and could be used again
to confirm or deny the presence of any absorbing atom in any crystallographic site.
As well as this, analysing the anisotropic crystal growth of ZnO along different
reflections can also be extended to other materials in order to understand more about
the fundamental nature of its crystal growth, which would allow for the potential

optimisation of its function, especially if its function is directionally specific.

What is likely the primary impact of this work is the development of a simpler,

user-friendly method for obtaining DAFS data, firstly by simplifying and reducing
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the acquisition time of DAFS experiments, and secondly by developing a facile and
bespoke computational DAFS data analysis tool that allows a user to extract DAFS
data with minimal input, or even extensive knowledge of the subject. This technique
has extremely broad application - from catalysis, to solar panel materials, to frontier
battery materials - and so in the context of academia, this opens the door for many
materials to be studied in this way. In the context of benefits to the general public,
then, analysing any functional material in this way will provide new understanding of
the materials structure and function, and the optimisation of this function can benefit
the general public in any number of ways, from reduced environmental impact via
more efficient processes of generating and using catalytic materials, or for improved

and innovated battery material and solar panel material candidates, amongst others.
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Chapter 1

Introduction

1.1 The Characterisation Of Functional Materials

The applications of solid-state complex oxides in the modern world are both ex-
pansive and well-known. From their technological and environmental relevance in
battery material systems, to their importance in catalysis and beyond, understanding
the structural properties of these materials can allow us to gain insight into the
nature of their behaviour, and allow us to better understand the intrinsic relationship
between their structure and function, subsequently allowing us to innovate many
important processes and design new materials with an optimised functionality. X-ray
based characterisation methods allow us to investigate these functional materials,
and one vital analytical technique for understanding the structural properties of such

a material is X-ray diffraction.

1.2 X-ray Diffraction

X-ray diffraction is a structural technique that takes advantage of the long-range
order of a highly crystalline sample, utilising Bragg's law to obtain information about
the crystal structure of a given sample. This process measures the intensity of peaks
at varying angular @ values related to their d-spacing - the spacing between miller

planes in the unit cell that help to de ne the symmetry of the crystalline lattice.

nl = 2dsim (1.2)
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Because the spacing between atoms in the crystalline lattice is of a similar order
of magnitude to the wavelength of X-ray radiation, the incident photons diffract,
asin gure 1.1. The subsequent constructive interference occurs at discrete angles,
and from the resultant diffraction pattern one can extract information about the
crystal structure's long range order, allowing us to understand the physico-chemical

properties of a wide range of materials.

Figure 1.1: Demonstrates the interaction of x-ray photons with the diffraction planes in
a crystallite that produces scattering, resulting in constructive interference at
discrete angles, producing a diffraction pattern [4].

1.2.1 Single Crystal Diffraction Methods

X-ray diffraction methods can be categorized differently depending on the nature
of the sample. Where powder diffraction techniques are typically used to analyse
homogeneous microcrystalline samples with random crystallite orientation, if the
sample is grown as a single crystal then the ordered nature of the crystal produces
peaks of comparatively higher intensity. In addition, analysis methods are less
convoluted, and one can iteratively solve the crystal structure by computational
indexation. In such an experiment, a small single crystal is mounted on a 3-axis
goniometer, which allows for independent rotation in all directions, and this is placed
in the x-ray beam. Upon irradiation by characteristic wavelength, the resultant
diffraction pattern is comprised of spots, the positions and intensities of which

contain information on the atomic positions in the unit cell and the atomic number,
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respectively. The structure factor is computationally re ned, and the phase problem
is overcome typically using direct methods, which aim to use iterative re nement to
construct an electron density map, eventually generating a complete crystal structure.
The characteristic wavelengths used for the collection of x-ray diffraction data are
based on the characteristic uorescence wavelengths of metallic high melting point

anode materials such as Cr, Fe, Co, Cu, and Mo [18].

Figure 1.2: An example single crystal X-ray diffraction pattern M,(ArNC(H)NAr) 4
whereAr = MeOGHs
. The intensity and position of the 2-dimensional spots, which represent slices of
3-dimensional spheres, contain information on the atom position and atomic number

[4].

Due to the higher observed diffracted intensities of single crystal methods,
diffraction anomalous ne structure experiments have been conducted primarily on
single crystal samples in the past. The analysis of a single crystal via DAFS proceeds
by monitoring the variation in intensity of these spots as a function of incident X-ray
energy, as opposed to the peaks as one would in a powder experiment, quantifying
this variation as a function of incident energy. It is typically necessary to reposition
the goniometer at each incremental energy to ensure the diffracted intensity does not
vary as a function of this, as the incremental changes cause the diffracted angle to

vary slightly according to Bragg's law. While some earlier pioneering work such as
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that of Pickering et al. focused on polycrystalline samples, these works utilised more
basic proof-of-concept materials, and applied rudimentary methodologies which the
advancements in both synchrotron ux and computational analysis methods have
long since surpassed. Given the above, and given that single crystalline samples
are typically much more arduous to prepare, attention towards conducting DAFS of
complex powder samples would make this method a much more widely applicable

and facile one.

1.2.2 Powder Diffraction Methods

X-ray diffraction experiments conducted on a powder sample require further con-
siderations in terms of the analysis methods. Due to the random orientation of the
crystallite, instead of producing a series of spots, instead a conical shape is obtained
for each d-spacing from a set of Miller planes. This output data is interpreted by the
detector as a ring, and computationally converted to peak intensity. The resultant
pattern can be used as a ngerprinting tool, and structural information can also be
obtained through Rietveld re nement, although this method of structural elucidation
is a considerably more dif cult and time consuming computational procEgs [
relative to single-crystal-based structural elucidation methods.

Conducting an x-ray diffraction experiment for a powder sample is done with
random orientation of the crystallite, and the relatively low intensity signal that
results has meant that, of the small number of notable DAFS studies that have been
conducted since the techniques inceptibin [2], [20], [21], [22], [23], [24], [25],

[26], even fewer still have been conducted on powder samples, and none of this
small subset has exceeded proof-of-concept. The history of DAFS will be presented
later in this chapter, and background on powder DAFS will be included there. Given
the developments of synchrotron radiation since the beginning of the technique's
short history, a drastically improved photon ux and diffraction detector sensitivity
mean that it is now possible to conduct powder-DAFS experiments with relative
ease. Another contributing factor toward the minimal literature on powder-DAFS
is the dif culty of avoiding uorescence signal. Our methods have tested a number

of different more sophisticated detectors, and the uorescence can be discriminated
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Figure 1.3: An example powder X-ray diffraction pattern &30, collected using the
Mythen detector at B18. The apparent glitches in this spectrum are owing to the
fact that the Mythen has some small windows that are absent of detector pixels.

either directly using the detector, or indirectly in the data extraction procedure.

Whilst XRD as a structural technique evidently possesses numerous advan-
tages, a limitation of this technique is the inability to distinguish between atoms of
the same (or even similar) atomic number when they exist in crystallographically
inequivalent sites. Because the atomic scattering factor is proportional to atomic
number, atoms of the same Z in a molecule will be indistinguishable in an X-ray
diffraction data analysis process. It is therefore not possible to obtain information
on crystallographically inequivalent sites of the same atomic number when utilising
this technique in isolation. In addition, this technique is also unable to distinguish
between spatially inequivalent atoms of the same atomic number in different phases
of a multi-phase system. These limitations are overcome when taking advantage of
anomalous scattering to study powder samples via DAFS - a powerful application

that is unique to this structural technique.
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Figure 1.4: demonstrates a simple powder x-ray diffraction set-up [5], showing the diffrac-
tion of incident x-ray photons by randomly oriented crystallites, and the resultant
powder XRD pattern. While the photon source in lab-based XRD produces
xed wavelength radiation, typically corresponding to Cu or k&, incident
energy is scanned across a range at synchrotron facilities when conducting a
DAFS experiment.

Conventional lab-based powder x-ray diffraction patterns conducted in this
work were used only for initial phase identi cation and ngerprinting purposes,
and were collected in transmission mode on thin-foil samples, u§tgeaSTADI-

P diffractometer with either Cu or Mo& radiation, achieved using a Ge(111)
monochromator crystal. Both machines are equipped with Mythen 1k silicon strip
detectors for powder data collection. Some of the limitations of this structural
technique can be overcome using an alternative structural characterisation technique:

X-ray absorption spectroscopy.

1.3 X-ray Absorption Spectroscopy

When x-ray photons are incident on a sample, a number of possible interactions
can occur, as seen in gure 1.5. Where diffraction is one possibility, so too is
absorption. Absorption occurs when an atom in a molecule absorbs an x-ray photon
with suf cient energy to excite an electron from a core electronic orbital to a higher
energy unoccupied orbital that satis es the dipole selection rule (¥ for 3d
transition metals). Figure 1.6 shows the possible excitations of a core electron.
Depending on the principal quantum number of the shell from which the core
electron is excited, either K, L, or M labels are assigned to the transition energy. The

element-speci ¢ nature of the technique, as well as the fact that long-range order is
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Figure 1.5: Some of the possible interactions when synchrotron radiation is incident on a
sample. Rayleigh scattering is elastic, while Compton scattering is inel@ktic [

not required for analysis and local structure determination, can overcome some of
the limitations of x-ray diffraction.

As the energy is scanned, typically through a range of approximately 1 keV, an
average spectrum is produced. The transition edge feature occurs when an incident
X-ray photoelectron with characteristic energy E is absorbed, resulting in excitation
from a core level electron with binding enerBy, to a continuum level unoccupied
state above the Fermi energy with secondary quantum number |+1, as permitted
by the electronic dipole selection rule. This leaves a core-hole for a higher energy
electron to decay into, emitting a photon with enekgpEy. The XAS spectrum is
typically separated in energy relative to the rising edge: into the pre-edge and the
post-edge ranges, which relate to XANES (X-ray absorption near-edge structure)

and EXAFS (extended x-ray absorption ne structure) respectively.

1.3.1 X-ray Absorption Near-Edge Spectroscopy (XANES)

The XANES region of an x-ray absorption spectrum manifests as the energy pre-
ceding (I.E. the pre-edge) and including the white line. From this region of the
spectrum one can obtain information about co-ordination geometry, and oxidation
state of the central absorber. The intensity and position of the white line yields this

information. As the oxidation state increases, the transition occurs at slightly higher
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Figure 1.6: The possible excitations of core electrons by X-ray absorption, producing K, L,
and M edges.

energy, as seen in gure 1.7. An explanation for this is that, as the oxidation state
of the material increases, a highersZmeans more energy is required to excite the
more tightly bound core electrons. The reason why an octahedral complex has a
more intense white line than a tetrahedral complex, for example, can be explained
by multiple scattering theory, which describes the possible fates of the photoelec-
trons that backscatter from the central absorbers molecular environment before the

core-hole is lled.

One aspect of multiple scattering theory states that the multiple scattering effect
will be most prominent when the multiple scattering path lies at 180 degrees. Figure
1.8 illustrates some of the possible multiple scattering paths. Linear paths will have
the greatest relative contribution, and will manifest as an increase in white line
intensity. In addition, another useful aspect of the near edge region are pre-edge
peaks.(n)d (n+ 1)p orbital mixing may occasionally allow s-d transitions usually
forbidden by the orbital selection rule, as s and d orbitals are both symmetric with

respect to inversion, to be observed in the pre-edge region, and so these peaks can
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Figure 1.7: The effect of variation in oxidation state and co-ordination environment on the
position and intensity of the x-ray absorption edge for a series of Mn-oxide
reference materialdMnO, Mn,O3, andMnG;, [7]. It can be seen that the white
line intensity increases with oxidation state.

also be utilised to investigate the centrosymmetry and geometry of the absorbing
sites. The capability of XANES analysis methods to extract such information will
be explored and demonstrated at length in numerous examples across this work, the

rst being an example oFe3Q4 in chapter 4.

Figure 1.8: Some common multiple scattering paths. The photoelectron is ejected from the
core of the central absorber, where it interacts with the local environment before
returning [8].
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1.3.2 Extended X-ray Absorption Fine Structure (EXAFS)

The oscillations above the edge denote the extended x-ray absorption ne structure
(EXAFS) region. These oscillations arise due to the short-range (up)tecattering
and subsequent interference of the photoelectron by the neighbouring atoms, as
represented in gure 1.9. The result of this scattering can be modelled using the
EXAFS equation:

(N9

c(k = SJ[WFJ(@G (
]

2R;

W)e (2¢sDsinf2kR; + f (K)] (1.2)

Figure 1.9: An illustration of backscattering of scattered photoelectrons by their near-
neighbours, manifesting as ne structure in the post edge region. [9]

Here k is the photoelectron wavenumb2p=l . A computational model to
experimental data can be t using equation 1.2, and subsequently extract a myriad
of useful structural information and quantitative parameters such as inter-atomic
distance and co-ordination number. Hoshells of atoms of a particular atomic

number:

* N;j is a degeneracy term to account for the fact that there may be scattering
atoms of the same Z at identical distances from the absorber in the same
co-ordination shell, which in turn allows us to discern information on co-

ordination number.

* The % term represents the amplitude reduction factor, which is an approxi-

mation of the effect of intrinsic losses. These are reductions in amplitude of
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oscillation due to the subsequent readjustments of electrons to the subsequent
core-hole remaining after photoelectronic emission, causing a relaxation of

the absorbing atom.

Extrinsic losses are modelled by thgk) function, which represents the mean
free path; a way of incorporating the average change in resultant amplitude
due to differing possible fates of the photoelectron, such as varying extents of
interference. These losses are strongly dependent on k where intrinsic losses
are not, and is a primary contributing factor to EXAFS being a short-range

local phenomenon.

R;j simply represents the inter-atomic distance between the central absorber

and the atoms in shejl

The F (k) term here is the backscattering amplitude term, which varies depen-
dent on the co-ordination shell and re ects the probability of elastic scattering,

which changes as a function proportional tdR3.

sj2 represents the Debye-Waller factor, a term to account for small amounts
of disorder in a system, of which there are two types. Static disorder pertains
to local differences in the absorbing atom environment, such as defects, and
thermal disorder relates to the disorder due to the relative core-hole lifetime

and the frequency of molecular vibration.

Finally, the sinusoidal terrsin[2kR; + f j(K)] is used to account for phase

shifts as a result of scattering.

This equation allows us to extract NRj ands j for a small number of paths,

knowing the scattering amplitudg &) and the phase shift, and subsequently infer

information about the structure such as co-ordination geometry of the central absorber

as well as local structural environment, inter-atomic distances, and the extent of the

systems disorder. To obtain quantitative information about the bond distances, the

oscillatory ne structure in EXAFS can be Fourier transformed to R-space, and the

resultant partial pair distribution function27] can be interpreted analogous to a
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Figure 1.10: demonstrates an example setdk);c (k) andc(R) functions corresponding
to mE), k-space, and R-space transformations for the,Teof a 5-percent
Ta-dopedSrTiO; sample.

radial distribution function, and information about bond distances can be readily
obtained by tting a computational model based on the EXAFS equation to the
experimental data. The nature of both EXAFS and post-edge XAS-extracted-DAFS

analysis methods will be discussed in more detail in section 2.3.

1.4 Diffraction Anomalous Fine Structure

Diffraction anomalous ne structure, or DAFS, is a structural technique that draws
much of its basis from these two aforementioned x-ray-based structural techniques.
By measuring the variation in elastically scattered diffraction peak intensity in the
vicinity of an X-ray absorption edge, one can obtain a DAFS spectilnThe infor-
mation content of DAFS is similar to that of X-ray absorption spectroscopy (XAS)

in the sense that one can obtain information about the local structural environment
surrounding a resonant atom, as well information about its electronic con guration

and oxidation state?]. However the key difference in collecting DAFS data is that,
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by combining the crystallographic structure dependency of x-ray diffraction with the
energy variation of XAS, one can obtain this structural and electronic information
with site- or spatial-speci city. In other words, it is possible to obtain X-ray absorp-
tion spectra that have been fully separated between inequivalent crystallographic
sites (E.G. octahedral and tetrahedral) of a resonant atom of the same atomic number,
within a complex oxide structur]]. The x-ray absorption spectrum of a resonant
atom from that of a coexistent material which also contains resonant sites can also be
separated, in order to achieve spatial-speci city. Quantitative DAFS analysis is made
possible by taking advantage of the phenomenon of anomalous scattering, which
occurs in the vicinity of an x-ray absorption edge, whereby photons involved in
absorption interact with scattered photons. This causes the atomic scattering factor

in the structure factor equation to adopt anomalous terms.

f= fo+ fO+ if” (1.3)

Here fg denotes the Thomson scattering, and f' & f’ are the real and imagi-
nary anomalous contributions to the scattering factor. By isolating and separating
these anomalous terms, one can obtain a site or spatially-speci ¢ X-ray absorption

spectrum.

While the knowledge of this technique has been present for over 30 years
[20], the number of systems for which quantitative DAFS has been successfully
recorded is limited, and the true power and capability of this technique has yet
to be fully harnessed, especially for purposes of obtaining novel structural and
electronic information in the context of functional materials. This is especially
true when one considers the technological advancements since the inception of
the technique, that will contribute to facile DAFS data collection and analysis.
Improving the facility and user-friendliness of DAFS, and ultimately broadening
the application of the technique as a whole is the primary goal of this project. This
thesis therefore presents developments of this under-utilized structural technique,
attempting to collect the rst quantitative DAFS data recorded in the UK, for a

range of polycrystalline functional materials varying in application from battery
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materials taCO, hydrogenation catalysts. The way in which one can use DAFS
shall also be innovated, using it in promising new ways in attempts to understand
more about the nature of the crystal growth mechanism in ZnO. Attempts to collect
L-edge DAFS were also made, as well as efforts to collect DAFS data of dopants
in order to understand more about the nature of dopant incorporation in a range
of materials, which, as far as it can be gathered, has never been explored. While
most DAFS data has been recorded for single crystals in the past, this work focuses
exclusively on powder samples, which improves the facility of the experimental
method considerably. Likely the most notable development of the technique in this
work is the generation of a bespoke python-based graphical user interface for the
computational analysis of DAFS data, making simple the extraction, separation and
isolation of site-speci ¢ X-ray absorption spectra which was once considered an

intimidating and uninviting prospect.

1.4.1 A Brief Introduction To DAFS

While these commonplace structural techniques of x-ray absorption and diffraction
possess many strengths in isolation, such as the ability of absorption to inform us
about the sample's short-range structure as well as details of its electronics, and
diffraction’s capabilities with regards to elucidating long-range order of a crystalline
sample, neither technique possesses the capability to distinguish between atoms of
the same or similar atomic number when they exist either in crystallographically
inequivalent sites of a material, or exist in two phases of a coexistent multi-phase
system. This is because in a conventional XAS experiment, the observed signal of
an X-ray absorption experiment will be mixed according to the number density of
the central absorber in each of the sites for the electronic transition, and exist as a
linear combination of the respective signals. However, in a DAFS experiment, the
variation in diffracted peak intensity as a function of energy is measured instead, and
therefore the signal is mixed according to the crystallographic structure factor, for a

given re ectionhkl and central absorber of atomic numiper
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N .
Fua = @ fiel i+ ky+iz) (1.4)
i=1

When a given re ection is contributed to by only one site, the re ection-speci c
nature of the structure factor's variation enables us to obtain a DAFS spectrum from
this site. If the intensity of the re ection is not contributed to by a single site, but
is instead a combination of multiple sites, then these relative contributions must be
separated. This ratio of inequivalent site contributions can vary dramatically from
re ection to re ection, and so can be separated by discerning the linear combinations
of site contributions for a series of re ections. A more speci ¢ explanation of mixing
coef cients and separating individual site contributions will be presented later in this
chapter, in section 1.4.2. however it is rst important to discuss the foundational

concept of anomalous scattering.

Typically, in XRD experiments, the atomic scattering factor is a value used
to describe the scattering amplitude of an incident photon by an atom. It can be
used as a component in calculating the structure factor and therefore intensity of a
given Bragg peak. In such cases, the contribution to the total scattering factor due to
anomalous scattering is minimal. When the energy of incident photon energy is near
an absorption edge of a constituent atom in a sample, there is an interaction between
the photons emitted as a result of scattering and of absorption that causes the atomic
scattering factor to then be comprised of the conventional non-resonant Thomson
scattering,fo, as well as the energy-dependent anomalous scattering terms f' and
f’, which denote the real and imaginary components of the anomalous components

respectively.

f(E)= fo+ fYE)+ f"(E) (1.5)

When not surrounded by a local environment that would give rise to oscillatory
ne structure, the absorber can be considered as atomic and these anomalous terms
are energy dependent but smoothly varying spectral pro les. However in the context

of a crystalline lattice, short-range structure surrounding the central atom causes ne
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structure due to the backscattering, and subsequent interference of the backscattered
photoelectron by its surrounding local environment. The ne structure of XAFS
and DAFS both arise from the quantum mechanical interference of photoelectron
scattering from neighbouring atomg]. The difference being that in XAFS the
incident X-ray is absorbed, whereas in DAFS the incident photon is elastically
scattered in the vicinity of the absorption edge. This leads to the atomic scattering
factor adopting anomalous terms. For a more in-depth non-relativistic quantum
mechanical derivation of these terms, early literature by Stragier et al., or the thesis
of Julie Cross?2)], [20] provide a more detailed discussion. The imaginary component

of this term, denoted by f”, is proportional to the X-ray absorption cross se@f@dn [
according to optical theorem as represented by eq. 1.6, and the real component is
related to this by their respective dispersion integrals, as described by their mutual
Kramers-Kibnig relation. This concept will be discussed in more detail in chapter
1.6.

.,_ E
= opest() (L6)

The goal of a DAFS experiment and its subsequent analysis is to obtain the
fully separated complex resonant scattering amplitudes, f' and ultimately f’, for
inequivalent atoms of the same atomic number, by measuring the DAFS signal at
a series of Bragg re ections. The resultant imaginary component f’ can then be
analysed analogously to conventional XAS absorption methodologies, and so site- or
spatially-speci ¢ structural and electronic information can be extracted in the same

way.

1.4.2 DAFS In The Literature

It is important to contemplate how DAFS data collection and analysis methods have
been developed over the past 30 years, in order to understand its past limitations,
and to recognise areas for improvement. This section therefore aims to present a

literature review of DAFS experiments and theory since its inception.

From initial derivations of the dispersion relations between the real and imagi-
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nary components of the anomalous scattering factor by Dirac in 122 //liferature
has been published on anomalous scattering factors for a handful of transition metals
as early as 1970 by Cromer and Liberma&8]|[ which were in-turn expanded on 15

years later by David Liberman himself [31].

One particular instance of employing anomalous diffraction theory in the UK,
and on powder samples, is presented in a 1990 papAtt®td et al., [32], who
collected data on thel. edge ofEus04 andE w03, in the earliest noted attempt
to quantify f' and f” through resonant diffraction methods, in order to discern
the nature of cationic oxidation state distribution in the respective lattices. This
experiment, while notable, was extremely limited in terms of spectral resolution, and

the conclusions were subsequently limited as such.

It was not until 2 years later that more profound and in-depth analysis was
conducted in the eld. In 1992, Stragier et al. published a paper eniitifcaction
Anomalous Fine Structure: A New X-Ray Structural Techn[@0g which made
explicit reference to the unique capabilities of DAFS by describing speci ¢ Bragg
re ections of Cu metals from epitaxially grown Cu (111) and Cu (222) single crystals,
with reference to the atomic scattering factor in the context of anomalous scattering
as originally calculated by Cromer and Liberm&@][ This paper, whilst extending
the conclusions drawn by Att eld et al.3p], also presented a methodology for
relating the local structural information of DAFS spectra to XAS spectra. Many
accomplished and respected members of the XAS and DAFS community were
involved in publishing this paper - Julie Cross, John Rehr, and Larry Sorensen being
amongst the notable contributing authors, demonstrating the seminal nature of this

work.

The work discussed by Stragier con rmed that DAFS and XAFS contained
identical local structural information, though it was not until a year later that it
was utilised in context by Ingrid Pickerindg][to analyse numerous polycrystalline
samples with the ultimate goal of distinguishing between their local environments,
demonstrating both site and spatial selectivity, the former in the context of a phys-

ical mixture ofCr,O3 andNa,CrQOg4, and the latter with regards to the tetrahedral
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and octahedral Co sites in tka30,4 spinel. Though Att eld presented the rst
instance of applying DAFS theory to study powder samples, the publication by
Pickering presented quantitative results with much higher resolution. Perhaps even
more crucially, this paper also highlighted the rst use of an iterative dispersion
analysis methodology for the separation of the real and imaginary components of
the anomalous scattering factors from the DAFS signal using the KrameérseKr
relation, highlighting an important advantage of the data reduction process that the
resultant spectrum of this process is an absorbance spectrum, that can be analysed
with well-established XAFS data analysis techniques. This iterative dispersion
analysis method involves calculating a relationship between the real and imaginary
components of the anomalous scattering amplitude, which will be discussed in more

detail in chapter 1.6.

The most extensive form of literature, an perhaps the most important, arrives
in the form of the thesis written by Julie Cross of Washington University in 1996.
Expanding on the work presented by Pickering, detailed explanation was presented
on the experiment and analysis process for DAFS spectroscopy, and it presented the
rst attempt to consolidate XAFS and crystallography into a single structural analysis
procedure. An iterative algorithm was developed for the separation and extraction
of f' and f”, and applied to the vacancy-induced inequivalent environments of Cu
in the high temperature superconduct@aCuwO; «. The algorithm itself takes
raw DAFS data oD0 re ections, and uses the experimental data to computation-
ally isolate ne structure functions,,(Q; E) from the complex resonant scattering
amplitudes. These complex ne structure functions represent the oscillations of
the ne structure in either f' or f’ in the absence of the smoothly varying atomic
component, and they are linear combinations of the individual site contributions and

their corresponding mixing coef cients, which can be alternately represented as:

€)= a W ftE) (L.7)
=1
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f"(E)= & W;fj"(E) (1.8)
=1

For n inequivalent sites and central absorber j. Though the mixing coef cient
W, is not energy dependent, it is dependent on momentum traQsfzy,

This literature demonstrated that, in the case of isolatable signals, and where
the intensity of a Bragg re ection is contributed to only by 1 inequivalent site, the
coef cient of mixing given by W is simply 1. In some cases, the contributions to a
given re ection by inequivalent sites in the crystalline lattice are not unique. In such
cases, the separation of f' and f” is complicated by the additional step of separating
the contributions from each site to that re ection. In such circumstances, the complex

ne structure functions can be tifrEFFIT XAS analysis software, constraining

the coef cients to obtain the fully separated complex resonant scattering amplitudes
for each site at a given re ection. This work presented by Cross demonstrated that
not only is this algorithm capable of extracting site separated absorption coef cients
from experiment, but also from theoretical simulations. The improved capability of
simulations will also be discussed, since the worklrgsswas conducted in 1996,

in the results chapters of this thesis.

Cross's methodology of iterative Kramerséfig was adapted from powders,
and employed a few years later to understand more about phase transitions in single-
crystalline magnetit€e;Oq4, in a paper by Frenkel which also involved Cro2g][
Magnetite is an ideal candidate for DAFS. In this inverse spinel sydtef, ions
exist in tetrahedral sites, and octahedral sites are occupiffeebly; Fe* ] ions, and
Bragg re ections exist that are contributed to by only a single site. Therefore, one can
easily attribute the intensity variation of a diffraction peak to a single crystallographic
site, which simpli es the analysis procedure. A generalieglO4 spinel system can
be seenin gure 1.11. Frenkel measured the variation in intensity as a function of
energy at 4 different Bragg re ections for a single crystal of magnetite, representative
of 2 isolated tetrahedral peaks, an octahedral peak and a peak with contributions to
the intensity from both sites. The real and imaginary components were separated

for each re ection using Julie Cross' iterative dispersion integral algorithm, and the
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Figure 1.11: Diagram of the inverse spin€kes;0,4, demonstrating the different oxidation
states of iron in the inequivalent tetrahedral and octahedral environnig€hts [

local environments of these sites were rationalised primarily by their bond distances,
which were obtained by analysing their extended x-ray absorption ne structure
region and compared to results obtained from site-spdekd- R simulations.

Fe3O4 was later returned to as a candidate for testing the DAFS method between
the years of 2014-2018, by a group in Kyoto Univers2¥|[ This time investigating
powder samples, the group used the well-characterised material to present an entirely
new analysis approach. Termed the logarithmic dispersion relation, it involves
separating the structure factor into the product of its phase and amplitude in order to
generate the following relationship for polycrystalline samples. It should be noted
that the sinusoidal terms are equal to O for centrosymmetric systems, which makes

this method mathematically feasible:

JFnkiicos hia = Salf+ fXE)]el M cop (hx+ ky+ 12) w9)
Snfy"el Msinop (hx+ ky+ 12) '

iFrnkiisint pw = Snlf2+ FYE)]el M)singp (hx+ ky+ 12) (1.10)

Snfn el Mn)co2p (hx+ ky+ 1z)

The f” can be subsequently isolated by collecting data for multiple re ections,

including complementary re ections hkl arl over a large energy range either
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side of the absorption edge, to experimentally determine the left hand side of the
eguations above and ultimately isolate f’. As well as this, the group also improved
experimental aspects of DAFS, using a more advanced undulator synchrotron source
and area detectors that overcame the limitation of reduced signal in powder samples
arising due to the non-uniformity of the crystallites which induces an isotropic
scattering of incident X-ray photons. Powders are preferable not only for their
comparatively facile synthesis, allowing the technique to be applied to a broader
range of samples, but also as it removes the necessity in conventional single crystal
DAFS experiments of manually altering the angle of the sample at each measurement.
There has seldom been an effective and useful example of using DAFS on powder
samples, however this work, despite being limited to centrosymmetric molecules, is

a notable example.

Though the Kawaguchi group claim that the analytical method using LDR
proposed in this study yields a direct solution of the resonant terms readily without
the necessity for the iterative- tting method, it has proven dif cult to implement this
method in our DAFS data analysis methods, and the more conventional and well-
established iterative algorithm has instead proven to be a more reliable methodology
to implement. Despite this, it should be noted that it is possible this method may be
implemented into our DAFS data analysis software in future, if new evidence surfaces

of its advantages in comparison to the iterative Kramer#nky methodology.

Due to the absorption edge vicinity of DAFS experiments, re ections otherwise
forbidden by either translational symmetry elements or lattice centering in a space
group become symmetry allowed by relaxation of the Laporte selection rule, and so
a subsequent anisotropy in the structure factor may result in a non-zero intensity at a
given Bragg re ection. This may allow for this otherwise ‘forbidden’ re ection to
be studied via DAFS. An alternative perspective would be to consider that additional
anomalous contributions to the atomic scattering factor occurring in the vicinity of
an X-ray absorption edge change the intensity of these re ections that are typically
systematically absent. More information on this phenomenon is availalb3]in [

These 'forbidden' re ections have the capacity to expand the number of re ections
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at which DAFS data can be collected for a given sample. This phenomenon has
been utilised in 2001 foFe304 [23] where forbidden 002 and 006 re ections were
investigated in order to demonstrate isolated individual site intensities both above and
below the Verwey temperature. Either side of this phase transition temperature the F
type lattice centering results in systematic absences where h,k,| are all even, and so
these re ections which typically have 0 intensity could be measured by conducting
XRD measurements at the absorption edge. It should be noted that re ections with
small diffracted intensities does not imply that their DAFS signal will be worse.
Although their S/N may be somewhat reduced, the variation in intensity in the
vicinity of the absorption edge is related to the anomalous scattering, and so small

peaks may well produce a good DAFS signal.

The majority of DAFS studies in the past have been conducted on single crystals.
This is because the ordered orientation of the crystal allows for maximisation of
the observed scattered photon intensity, whereas in powder samples the situation
is contrary, as in this case the powder crystalline material has random orientation
and so incident X-ray photons are scattered in all directions, reducing the intensity
registered by the detector and therefore increasing signal/noise ratio. It is also typical
to collect DAFS data on centrosymmetric materials, as this will simplify the analysis

procedure by cancelling the sine terms in equations 1.9 and 1.10 [25].

One exception to this generality is presented by Meyer in 1298 yhere

they have conducted DAFS experiments on non-centrosymmetric crystals of epi-
taxial (Ga,In)P layers deposited on [001] GaAs at the Ga K edge. In this study it
was necessary to pay particular attention to the position of the goniometer at each
measurement so as to combat the issues arising due to a lack of centrosymmetry
- that is, an intensity variation with structures with no inversion symmetry, and
so sample alignment was required at each incident energy in order to satisfy the
diffraction condition, which lengthened experiment time considerably. Spatially
selective information on the (Ga,In) P layers was obtained, to understand more about
the nature of Ga-In ordering. Similar experiments were conducted by Proietti et

al.[13], applying post-edge DAFS analysis to this system to understand more about
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the effect of the strain on the ordering, and therefore the conducting properties of
the semiconductor material. Because single crystals are generally more dif cult to
grow from an experimental perspective than creating a powder, and for the issues
with experiment as discussed in relation to Meyer, one of our aims in presenting this

thesis is to conduct experiments exclusively on powder samples.

In recent years, the few DAFS studies that have been conducted have focused
on quantum dots, which are nanocrystalline materials, that behave non-classically
and whose electronic properties are governed by quantum pheno8#&na&his
is a rapidly growing eld, and the 2023 Nobel prize in Chemistry was awarded for
the discovery and development of these quantum particles. With wide applications
spanning from semiconductors to optics, as well as future potential applications in
thin solar cells and beyond, being able to analyse these nanoparticles via DAFS may

further illuminate many unknown aspects of this new and fascinating eld.

One of these quantum dot DAFS studies was conducted by Piskorskazfial. [
where they have used complementary DAFS and EXAFS techniques to prove the
differences in local structure for 2 different (fully relaxed and biaxially strained)
regions of a CdSe quantum dot nanoparticles in a Zn/Se matrix, conducting DAFS of
the Se K-edge and investigating the Se-Cd 1st neighbour bond distances, neglecting
the contribution from the substrate, to ultimately understand more about the nature of
straining as this will aid in the understanding of the QD formation mechanism. This
study also presented the rst instance of grazing-incidence DAFS, further increasing

the applicability of this technique.

All of the mentioned pioneering work has allowed for resonant X-ray diffraction
methods like DAFS to become more popularised and widely used in recent history.
Though despite DAFS having existed for the past 30 years, this technique is still
highly underutilised when considering its unique capabilities. One may speculate
that the unconventional data collection and complex data analysis procedures may
intimidate the average spectroscopy beamline user. However, technological advance-
ments such as improved photon ux at synchrotron facilities as well as improved area

detector sizes, sensitivities and capabilities have resulted in faster spectral acquisition
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and ease of data collection. From a fundamental perspective, one can relate the
improved understanding of a material's structure to a more informed view on the
subsequent function of that material, and how to optimise and apply it as a functional
material. This thesis presents the further development of diffraction anomalous
ne structure technique, both in terms of experiment and analysis, and applies the
technique to a number of these such functional materials to extract novel information
about their structure. The theory, data collection and analysis methods, and results
are to be presented here in a concise and clear manner, such that any interested
reader can understand and apply this methodology to their own materials of interest
with unprecedented ease. This will permit users to ef ciently harness the unique
capabilities of DAFS with the hope of ultimately increasing the applicability of the

technique.

1.5 The Structure Factor Model

Where most of the preceding sections of this chapter focus on developing the reader's
understanding of DAFS and its related x-ray based structural techniques on a fun-
damental level, the latter sections of this chapter aims to present some essential
background theory of extracting useful information from raw DAFS spectra. This
section will also discuss in more detail various dispersion relations that were touched

on in chapter 1, and the necessary considerations when modelling DAFS intensities.

In a conventional powder x-ray diffraction experiment, the structure factor
equation describes the way in which incident photons are scattered by a given

re ection.

N .
Fua= & el 2il+ky+iz) (1.11)
i=1

From this equation one can obtain the diffracted peak intensity by:

| = P (1.12)

Within the structure factor equation, the atomic scattering faGtegpresents
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the scattering power of a given atogmin the vicinity of an x-ray absorption edge,

the atomic scattering factor adopts additional terms as a result of a phenomenon
termed anomalous scattering. To describe this phenomenon, it becomes important
to recognise the possible fates of an x-ray photon incident on a sample. When
the photon has an energy greater than the absorption edge of the given absorber
in the sample, a number of eventualities are possible, as described by gure 1.5:
transmission, scattering, and absorption are of primary concern in this context. The
photon can be scattered, but with a phase shift due to interaction between the scattered
photoelectron and those re-emitted after absorption. This possibility is therefore
most prominent in the vicinity of the absorption edge, and the phase shift causes the
atomic scattering factor to adopt additional anomalous terms, resulting in equation
1.5. f’ can be related to the total absorption cross sedignand therefore to the
absorption coef cieninby equation 1.6, and so if the imaginary contribution to the
anomalous scattering f” can be extracted and isolated, then it is possible to obtain
an X-ray absorption spectrum for the given re ection. In order to separate this term,
one important aspect of the process is relating the real and imaginary contributions
to one another. One must therefore take advantage of dispersion relations in order to

do so.

1.6 Dispersion Relations

In a DAFS experiment, the ultimate goal is to separate and extract the imaginary
anomalous contribution to the atomic scattering factor f’. Because of the mixing of

these anomalous terms according to the crystallographic structure factor equation, it
is rst necessary to understand the dispersion relations that allow us to relate and

subsequently separate the real and imaginary contributions to one another.

1.6.1 The Kramers-Kronig Transform

The rst method of relating these anomalous contributions is the Krameisi(r
transformation, which has been employed throughout this work and is used to relate

the real and imaginary components of any complex function.
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Figure 1.12: The smoothly varying bare-atom Cromer-Liberman values for f’ (top) and
f'(bottom) for the Zn K edge, in the absence of any oscillations arising from
local molecular environment.
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fQE) = dE® (1.13)

f"(E) = dE° (1.14)

Where f”(E) atom and f{E) atom relates to the smoothly varying bare-atom
Cromer-Liberman values as seen in gure 1.12. By utilising this relation it thereby

simpli es the case of DAFS data extraction to solving for only one unknown function.

However, of course it is not possible to scan through an in nite energy range
when evaluating the integral, as inferred from equations 1.13 and 1.14. To overcome
this limitation, one must separate the function into 2 separate quantities, the rst
being the atomic contributions to the function. The second part of the function
therefore contains the ne structure only, and this component is known as the ne
structure function. As the ne structure tends to 0 away from the edge due to the its
dependence of=R?, this allows us to de ne the bounds of the ne structure integral
over our nite energy range of 100QV, as this variation is negligibly small at

E <<< Ep andE >>> Ej. Therefore, the mutual Kramers-#tig relations are
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given by:

Z ” ”
27 Emax f7(E) " (E)atom

fAE) = fYE)atom* = E@ g2 dE° (1.15)

min

Z
2_E Emax fO(E) 1:CKE)atom
p Emin EOZ E2

f"(E) = f"(E)atom dE® (1.16)

We now see a relation that not only allows us to reduce the DAFS method to
solve for a single function, but also allows us to do so over a nite energy range, thus
rendering it both experimentally and computationally feasible. The Krameisig(r
transform is employed in slightly different ways in the literature, rst by Ingrid
Pickering in 1993 and later by Julie Cross in 1996. In the former case, it is used by

alternatively expressing the structure factor as follows:

jFj2=(A%+ B%)+ 2(Aa + Bb)f{E)+ 2(Ba Ab)f"(E)

(1.17)
+(a%+ bA)[fYE)*+ f"(E)?]
where:
A= § focoq2pf ) anda = & coq2pf)
B= 3 fosin(2pf ) andb = & sin(2pf)
And which for a centrosymmetric unit cell can be reduced to:
| = jFj?= A%+ 2Aa fE) + a?[f{E)?+ f"(E)? (1.18)

In the context of initial DAFS work conducted by Stragi@f], the real and
imaginary anomalous contributions to the atomic scattering factors f'(E) and f’(E)
are calculated by rst using Cromer-Liberman bare-atom values as a starting point
to estimate the ratia=A. This is done by tting the equation above to the ends of
the experimental data using non-linear regression techniques, far away in energy
from any ne structure. Equation 1.18 is then solved for f'(E), and the f’(E) can
be readily obtained from the Kramers4{rig relations. These improved estimates

for the real and imaginary components are then used to obtain values fora and
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and this process can be iterated until the difference between the experimental and

calculated curves approach a minimum.

The nature of data analysis procedures in this case mean that data must be
collected over large energy ranges, which can be a time-consuming endeavour when
collecting full powder XRD patterns at each incremental energy. For this reason, the
methods employed by J. Cross were prefer@dA similar method is used here,
the primary difference being that the best t modelling of the intensity is conducted

instead according to the following equation:

Imodel= lo [(cod +(bfAE))?)+ sinf +(bf"(E)?)] A+ lors  (1.19)

Within this equation are 4 independently varying tting parameters. In order
to consider both their physical meanings and their effect on the model t, it is
important to rst consider the structure factor model for DAFS experiments. Due to
the resonant nature of a DAFS experiment, it is convenient to separate the structure
factor into resonant and non-resonant terms.

F(E)= R+ DF (1.20)

Considering the non-resonant component as comprising a magnitude and a
phase,

F(E)=jFoje™ (1.21)

The resonant structure factor equation can be written in terms of the change in

the crystallographically mixed scattering factior.

DF = aDfy (1.22)

wherea = S,cogQR,)e Mn. This allows us to write | as follows:
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a

JFoi D

| =jFo+ DF j>=jRpj? fo+ fu |2 (1.23)

| =j Fpj? ((cof o+ b Y%+ (sinfg+ bf')? (1.24)

Which resembles thk,gel €quation.f represents the phase, and: %
which can be considered as the ratio of amplitude of the resonant scatterers to the
squared magnitude of the non-resonant structure factor. Both function to control the
relative contributions of real and imaginary anomalous terms f' anth s a scaling
parameter related to the non-resonant structure fa&pj?, andlys is an offset
parameter to correct for any background in the data that the various corrections have
failed to account for. As well as this, the bare-atom Cromer-Liberman values for the
anomalous terms f'(E) and f’(E) are used as the starting points, and the absorption
correction, given by A, for which there is a dedicated subsection later in this chapter,
is also included. The result of this t, using bare-atom starting points for f' and f”, is
a smooth tto the experimental DAFS data. An example of how this may look can
be seenin gure 1.13.

It can be seen that the rst guess best tis reasonably similar to the experimental
DAFS data, which is advantageous as this means that the computational algorithm
will converge quickly. Once values for these parameters have been obtained, and a

rst guess best tto the DAFS intensity has been modelled as above, these parameters

can be used to calculate either f'(E) or f’(E) according to the following expressions:

r
fO(E):%( —'m"dle'A"’” [sinf +bf"(E)]2 cof)  (1.25)
0

r
f”(E):%( —'”‘"dle'A'O” [cof +bfYE)2 sinf)  (1.26)
0

Depending on the component of the anomalous scattering factor that dominates
the diffracted intensity, the resultant raw DAFS spectrum can have either a positive or
negative cusp. This may affect the sign of one or more of the independently varying

tting parameters, and cause their signs to change. It may therefore be necessary to
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Figure 1.13: An example rst guess best tto the experimental raw DAFS datafoFe 04,
using thelmeger€quation 1.19.

adjustthe symbol in the above calculation for ' (or ) to account for this, in order

to ensure that the resultant rst guess t aligns with the bare-af@momlineshape.

This can be easily done by the user, as there are only 4 possible permutations of the
two combined values. By visually inspecting the calculated rst guess best t for

the relevant anomalous contribution to the bare-atom lineshape, one can easily see

which signs are appropriate on a situational basis.

After calculating a rst guess for f', one must computationally relate the real
anomalous component to the imaginary using the Krameéstigrelation as in eq.
1.16. Better estimates for the real and imaginary components can then be reintegrated
into thelyogel€quation, iterating through this process until the parameters stabilise
and the t converges with the experimental data, at which point one must use
eq. 1.6 to convert our f’ to the total absorption cross-section, from which the
absorption coef cient and thus our fully re ection speci ¢ X-ray absorption spectrum
is extracted. If our re ection is contributed to by only one site, then this simply

represents our fully site- or spatially-speci ¢ x-ray absorption coef cient.
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However, this is not always the case. In cases where the re ection's intensity
is contributed to by more than one site, the total observed intensity is weighted
according to the relative phases of the atoms in each inequivalent environment. This
weighting is re ection speci c, and is different from the relative contributions to the
observed bulk average x-ray absorption spectral pro le. The relative contributions to

the diffraction peaks can be de-convoluted as follows.

The complex ne structure function originating from a Bragg peak is made up
of the linear combination of its individual site contributions and their corresponding
mixing coef cients. In order to separate these contributions, then, one must nd
sensible values for their mixing coef cients. If the user possesses ne structure
functions from multiple Bragg peaks, it is possible to generate a matrix of dimensions
No by Ni where these represent the number of Bragg re ections and the number
of inequivalent sites respectively. This produces the following matrix for a peak

contributed to by two inequivalent sites.

0 1 O 10 1
@CW(Ql; E)A - @W1;Q1 VV2;Q1A @Cl(E)A

cw(Q2; E) Wi, Woq,  C2(E)

(1.27)

Where W represent the mixing coef cients, aogdandc, represent the ne
structure functions for the individual ne structure contributions. The approach
that is adopted by Cross et ak] takes the weighted Kramers-Kronig extracted
cw nhe structure functions folNg re ections and ts them simultaneously using
conventional XAS tting software ARTEMIS to obtain the mixing coef cients by
tting a model to the experimental data and re ning tgq values. Fortunately,
in the context of this work all materials have at least 1 Bragg re ection that is
contributed to from a single site, and so DAFS of both sites may be separated at
the very least by effectively taking the DAFS of the single site re ection from a
re ection that is contributed to by both. This is possible as the average XAS is
a linear combination of contributions from its individual sites. It is important to
note that this method is only possible in cubic crystal structures, due to polarisation

corrections that will be discussed brie y at the end of this chapter. It is also worth
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noting that all materials presented in this work possessed diffraction peak intensities
that were contributed to exclusively by one crystallographic site, and so it was not
necessary to generate this matrix of mixing coef cients, though | have still opted
to include these for the sake of providing the interested user a comprehensive and

complete representation of the DAFS data analysis methodology.

1.6.2 The Logarithmic Dispersion Relation

An alternate method of isolating the imaginary contribution to the anomalous scatter-
ing is the logarithmic dispersion relation, rstimagined by T.Kawagustral. at

Kyoto university P5]. Here, the resonant terms f' and f” are extracted directly by
logarithmic dispersion relation for a single crystal of centrosymmé&ei©,. By
bypassing the conventional method of resonant term extraction, they offer an alterna-
tive that works instead by separating the structure factor equation into its constituent

phase and amplitude relations without iteration, and alternatively representing it as:

Frk = jFniijelm e (1.28)

The logarithmic dispersion relation (LDR) here is the Krameré+g rela-
tion between the phadey andinjF,j, and the energy-dependent phase can be

represented according to the LDR equation:

E+E 28" & IniFg(EY)

fh(E) = zInj
hki (E) 2INE—¢ o & E® E2

dE%+ xInj %j (1.29)
Here,E. andEy denote the low and high energy experimental limits, and P
pertains to the Cauchy principal value of the integral, which allows us to de ne
the otherwise in nitely bound (and therefore unde ned) integral within nite ex-
perimental bounds. The rst and third terms which includandz represent the
contributions to the phase arising from quantum mechanical interference of photo-
electrons far below and above the absorption edge energy, where contributions are
minimal and tend to O far from the edge. By separating the phase into 3 separate
terms and describing the phase as the difference between atomic and molecular

contributions, I.E. the ne structure function, one can solve these high and low
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energy terms for centrosymmetric systems by realising that the phase shift is equal to
0 below the absorption edge. It then becomes possible to utilise previously described
equations 1.9 and 1.10 in order to isolate and separate the imaginary component
of the anomalous scattering for multiple re ections in a non-iterative way. While
this method was not favoured over the more conventional iterative methodology
employed by Cross primarily due to the limited research and literature employing
it, it remains an interesting and noteworthy alternative method for resonant term

extraction.

1.7 Considerations In Modelling DAFS Intensity

In DAFS experiments, in order to obtain energy-dependent variations in diffracted
intensity that are quanti able, accurate, and analysable, there are a humber of
analytical corrections and dependencies that one must rst consider. This section
aims to provide clarity on these considerations, for any user interested in conducting
DAFS in the future.

1.7.1 Absorption Correction & Film Thickness Variation

The absorption correction A pertains to the attenuation of diffracted photoelectron
intensity that occurs as a result of absorpti@h [This value, which is energy-
dependent and varies betwe@r A< 1, therefore depends on the absorption
coef cient m(E), and so contains ne structure itself and is therefore related to ”. It
must therefore be properly accounted for in DAFS analysis to ensure an accurate f’
extraction.

The calculation of the absorption correction in pioneering DAFS literature by
Pickeringet al. [1] and Cros<et al. [2] vary slightly, perhaps due to the medium
of the sample under study. Cross was utilising thin Ims as their object of study,
whereas Pickering was interested in the powder samples. Attempts have been made
in this work to model the DAFS data by accounting for the absorption corrections
calculated using both methods, and upon testing both methods the results are appar-
ently identical in terms of the effect of the correction on the model and the value

of subsequent resonant terms f' and f”. However, as Pickering is concerned with
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powder samples, it is their method that has been employed in the context of this
work.

The absorption correction as described by Pickering varies with respect to the

absorption and the diffracted angle according to:

1 €&
where;:
= M (2.31)
sing

and t is the thickness of the pellet that the diffracted beam passes through, and is

typically of the order of 0.1-2mm.

1.7.2 Lorentz Correction & Polarization Dependence

Powder X-ray diffraction peak intensities are also affected by the polarization of
the incident photons at different Bragg angl&8][ and their full-width at half
maximum FWHM varies based on crystallite size, which may be inhomogenous
in a polycrystalline material. The Polarization-Lorentz factor attempts to account
for and correct these observed variations, and it originates partly from the fact
that while conventional X-ray absorption intensity and ne structure are dependent
on the polarisation direction of the incident photoB§][ in resonant scattering
experiments like DAFS the interactions between scattered photons and the photons
re-emitted after absorption can cause the scattered photons to exhibit a rotation
in their polarization, especially in low-symmetry space groups. The Lorentzian

correction for powder samples is represented by:

1
4E

300

L=( sin2q

) (1.32)

Where E is the incident energy. More details on this Lorentz correction, includ-
ing a comprehensive derivation can be found here [37]. Polarization dependence in
powder samples also requires further consideration, as the scattered photons polariza-

tion directions are related to the orientation of the Miller planes in the crystlite [
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Because of the random orientation of the powder, as opposed to the average signal
observed in conventional x-ray absorption, there becomes a preferential variation of
the ne structure for bonds that exist within these planes. An enhancement factor is
derived by Pickering]] to apply to the amplitude reduction factor of the relevant

single scattering paths in EXAFS analysis, that is given by:

3sirz
€= 2

(1.33)

Where zeta is the angle between the diffracted angle and the normal to the
diffracting plane. While attempts were made to effectively apply these corrections in
the computational analysis procedures generated during this work, they seemingly
made no tangible difference to the extracted DAFS spectrum. | have still elected to
include these corrections on the basis of providing a comprehensive account of prior
DAFS analyses.

To summarise, this section has aimed to cover the introductions into the founda-
tional x-ray based characterisation methods upon which elements of DAFS is based,
as well as covering the fundamental principal of the DAFS technique, highlighting
dispersion relations and some important considerations when extracting DAFS inten-
sities. In addition, in highlighting the instances of DAFS in the literature, both its
unique capabilities as well as its historical under-utilisation have been presented, as
well as the ways in which this project aims to heighten its future applicability. The

aims of this work are therefore as follows:

» Demonstrate the facile experimental method and necessary modi cations
to general purpose XAS beamlines in order to accommodate DAFS data
collection, along with any experimental considerations such that an interested
user can replicate the process, highlighting the ways in which the facility of

the DAFS method has been improved.

» Develop and implement a bespoke user-friendly DAFS data analysis graphical

user interface to be implemented by future users.

» Use the above experimental and analytical methodologies to study a range of
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functional materials via DAFS, to extend this beyond 'proof-of-concept' for
polycrystalline samples and generate meaningful, sophisticated and replicable
DAFS data for such functional oxide samples, extracting site-speci ¢ XAS
to ultimately understand more about their structure and increase the facility,

user-friendliness and applicability of the DAFS method in doing so.



Chapter 2

Experimental Methodology

The following chapter aims to describe the methodology and instrumentation required
for collecting DAFS data as used in the context of this work, such that any interested
user can replicate the employed methods for their own powder DAFS experiments.
The chapter initially focuses on the synchrotron-based methodologies employed,
most of which are similar to conventional XAS analysis, though often with some
extra considerations which are noted. The different experimental considerations that
arise as a result of detector choice will then be discussed. Finally, details regarding
some of the computational XAS analysis tools utilised in this thesis will be presented,
and how they can be adapted from conventional XAS analysis to be applied in the

context of DAFS experiments.

2.1 The B18 Beamline At Diamond Light Source

Diamond Light Source is the UKs national synchrotron facility. This circular particle
accelerator functions by accelerating electrons centripetally at velocities close to the
speed of light, via a bending magnet. As these relativistic electrons are accelerated
they produce x-ray radiation of a varying and tunable frequency that is crucial for
conventional XAS and DAFS measurement. A schematic representation is described
in gure 2.1 below.

The linear accelerator, or LINAC, accelerates the electrons from the electron
beamto 100MeV, which are then further accelerated to an energy of 3GeV upon

injection to the booster ringlfl]. They are then sent to the storage ring, which
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Figure 2.1: Schematic representation of the Diamond Light Source synchrotron fadility [

Figure 2.2: Schematic representation of the optical layout within the experimental hutch at
B18 [12].

is made up of a bending magnet or insertion devices which are responsible for
increasing the brightness. It is within this ring that tangentially positioned beamlines
can take advantage of the high ux, high brilliance, and tunable x-ray radiation that
is emitted. B8]. B18 is one of 3 spectroscopy-oriented beamlines presently located
within the facility, and utilises a bending magnet to generate the high ux, high
brilliance photons used for data analysis, and is open to users focused on conducting
general purpose XASLP]. A schematic of the experimental hutch is demonstrated
in gure 2.2.

The two different monochromators present at this particular beamline are com-
posed of Si (111) and Si (311) crystals, for low and high energy measurements

respectively. This allows the beamline to operate over a large radiation range of
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2 - 35 keV, spanning the K edge of phosphorous up to the M edge of californium,
with a ux on the order of10*! photons per second.?]. The energy of X-rays
diffracted by the Si crystal is controlled by rotating the crystals in the beam. A series
of Pt/Cr coated mirrors focus the x-ray photons and facilitate harmonic rejection
before interaction with the sample, where a number of detectors can be utilised
to observe the relevant interaction of the photons with the sample. The ionisation
chambers or uorescence detectors can be used for XAS analysis, and a number of
different diffraction detectors can be mounted for collection of diffraction data as
discussed in the following section. This combination of detectors makes B18 the

ideal candidate for adapting to facile DAFS data collection.

2.2 Detector Considerations

Because DAFS experiments require simultaneous measurements of both the energy-
dependent change in Bragg re ection intensity and the conventional x-ray absorption,
we need a detector to measure the scattered photoelectrons, and a detector to quantify
the extent of absorption. For this reason some of the different detectors used in XAS
measurements will rst be described, before going into depth about the advantages
and limitations of utilising different XRD detectors. It should also be noted that, in
the past, DAFS experiments were conducted predominantly using single crystals.
Although this produced DAFS spectra with a high S/N ratio, it relied on a goniometer
for precise control over the angular orientation of the sample relative to the beam
path, which brought with it a number of experimental dif culties. As well as this, it
was necessary to ensure that the detector is able to discriminate between desirable
scattered X-rays and unwanted uorescence. The work presented in this thesis has
been conducted on powder samples, which was seldom conducted in the past due
to the random orientation of the crystallite resulting in scattering in all directions,
producing data of insuf cient intensity and resolution. Advancements in photon

ux at synchrotron beamlines have eliminated this requirement and simpli ed the

experimental process considerably.
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2.2.1 XAS Detectors

When an x-ray photon is absorbed by a given sample, a core electron is excited
via the photoelectric effect, and the absorption coef cierwhich represents the
probability of absorption is measured. For example, at discrete energies a 1s core
electron will be excited by the incident photoelectron to a 4p level, manifesting as a
K edge in the x-ray absorption spectrum. An illustration of all possible transitions

can be found in gure 1.8mcan be represented by the following equation.

m = |n('|—°) (2.1)

Where t represents the sample thicknégsepresents the incident and | the
transmitted beam intensity. The incident and transmitted intensities are monitored by
ionisation chambers either side of the sample. Direct measurement via transmission
is preferable where concentrations of samples are suf ciently high, as data collection
is more rapid. For transmission collection, particular care and attention must be paid
to the sample thickness as it is intrinsically related to the step jump of the absorption
edge as per the above equation.

Alternatively, one can indirectly measure the absorption by using a uorescence
detector, measuring the intensity of uorescence as a direct result of an absorption
event. An advantage of uorescence detectors is that one can collect data for low
concentration samples, such as dopants for example, or low concentration phases in
mixed-phase powders. However, it should also be noted that self-absorption is to be
considered when measuring in this mode, where uorescence x-rays are re-absorbed
resulting in attenuation of the observed uorescence intensity when concentrations
are too high, or when samples are too thick. Fluorescence detectors are situated
orthogonal to the beam path to avoid any unwanted contribution from elastically
scattered photons. The uorescence detector choice varies dependent on the energy
of the incident beam. At the B18 beamline at Diamond speci cally, the 4-element Si
drift Vortex detector is used for uorescence data collection at low energy ranges
(2-15 keV) [L2], and a 36 element Ge detector for higher energy ranges (5-35 keV).

In terms of energy calibration, B18 utilises an ingenious motorised reference wheel
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mechanism, that can be programmed to collect data for a metal foil of the same
energy as the sample atom of interest simultaneously, resulting in a constant energy

calibration reference.

2.2.2 XRD Detectors

In a DAFS experiment, it is necessary to record incremental XRD patterns concurrent
to the conventional XAS data collection. Along with the advancements of photon
ux at radiation sources and computational analysis software over the last 30 years,
improvements of diffraction detector capabilities allow us to advance the applica-
bility of DAFS even farther. A number of detectors are possible with vargong
ranges, sensitivities and energy discriminating capabilities, and those that have been
used to collect DAFS data throughout this work have been detailed in this chapter,
highlighting some of their advantages and disadvantages such that the reader can
make a more informed decision about which detector they may want to use when
conducting experiments of their own, or indeed how best to take advantage of their

respective diffraction detector.

2.2.2.1 MYTHEN

The MYTHEN (Microstrip sYstem for Time-rEsolved experimeNts) 1-dimensional
XRD detector has been conventionally used at the B18 beamline at Diamond Light
Source. This is largely due to the fact that the quality of the data obtained is
comparable with that of traditional high-resolution point detectors in terms of full-
width at half maximum (FWHM) peak resolution and peak pro le shape. It functions
by absorbing X-rays in the silicon sensor, and the resultant charge generated is
collected at the electrodes and read out. The intensities of the signals as a function of
diffracted angle can therefore be obtain8d][ | direct any interested user toward the
2003 paper by Schmitt for further and in-depth information about how the diffraction
detector converts scattered photelectrons to a diffraction pattern [40].

One key requirement of the detector in a DAFS experiment is its ability to
discriminate between uorescence and scattered photons, as above the absorption

edge the sample will uoresce. The MYTHEN detector employs a threshold discrim-
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Figure 2.3: Demonstrates a single re ection from the diffraction patterns collected as energy
is scanned through the Fe K edgd~e04, using the Mythen detector, capturing
only the variation in scattered intensity of the 311 re ection. It should be noted
that, for clarity, only 1 in every 10 XRDs are shown.

inator for each channel (or strip) that can be adjusted to Iter out photons based on
their energy. This is crucial because X-ray uorescence photons have lower energy
than the incident X-ray photons used for scattering. By setting an energy threshold
slightly below the energy of the incident beam, the detector can effectively ignore

lower-energy uorescence photons while still detecting the higher-energy scattered
X-rays. |1] The threshold settings can also be optimized based on the speci c ex-
periment and the energies involved. For instance, in experiments where uorescence
background is expected to be signi cant (e.g., when using high-Z elements), the
threshold can be set higher to reject more uorescence photons. This exibility

allows for better background suppression and higher-quality diffraction data to be

collected.

Though the Mythen achieves accurate and well resolved peak intensities and
FWHM, the Mythen detector'2q range is quite small. It functions by mounting and
scanning across2y arc, and programmed computationally to move incrementally
S0 as to capture a given diffracted angle range. The diffraction angle will also change

as a function of the wavelength according to Bragg's law, and so the position of the
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diffraction peaks corresponding to different re ections will change as a function of
energy according to Bragg's law.

We can obtain from this detector a series of .xy les that, once we focus on one
peak, can be processed to give a series of diffraction patterns making up a DAFS
spectrum representative of the variation in peak intensity as shown in gure 2.3.
However, because we have to program the change in position of the Mythen due to its
limited range, and so this presents the possibility of temporal discontinuities between
the movement of the monochromator as it scans through the edge energy range,
and the movement and subsequent data acquisition time of the Mythen detector,
which introduces experimentally derived noise into the observed DAFS spectrum. In
addition, the point-by-point incremental method of XRD pattern collection results in
reasonably long data acquisition time. Therefore, although DAFS experiments were
attempted using this detector, results were found to be sub-optimal. If any interested
user can nd a way to overcome these limitations, however, then this method of

DAFS data collection may well be a plausible one in future.

2.2.2.2 VORTEX

The above experiments provoked the exploration of alternative methods for DAFS
data acquisition. The high resolution 4-element Si-drift VORTEX detector is one
typically used for conventional x-ray absorption data collection, speci cally in
uorescence mode. However, if we can discriminate between the energy of the
photons that arise as a result of uorescence and those of interest arising from the
scattering, then one may focus only on scattered photons and collect the variation in
intensity of a Bragg re ection. In an energy dispersive detector like the VORTEX Si-
drift, one can exclude the uorescence contribution by computationally programming
an energy window to reject low-energy undesired photon energies arising from
uorescence. Another advantage of this method would be that we can obtain a
continuous DAFS spectrum for a given peak, which would be a relatively small data
le, with reasonably small data acquisition times, and thus lead to considerably more
facile subsequent data processing. However, it was found during our attempts to

make use of these advantages that the data still exhibited considerable noise, despite
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switching to longer acquisition times, and the uorescence still inevitably contributed
to the overall spectral pro le of the raw DAFS spectrum to some extent. Despite our
early experimental efforts to accommodate this detector, and while the use of energy
discriminating detectors offer an interesting alternative in the context of DAFS data
collection that may be preferred as in early pioneering DAFS work by Picketing [

for example, the capabilities of B18 beamline in our case meant that it was optimal
to instead utilise a PILATUS detector. A comparison of the results of each detector

are explored in the following chapter, in gure 4.3.

2.2.2.3 PILATUS

The PILATUS3 300K-W area detector at B18 is a conventional XRD detector that
converts incident x-rays to electrical output using a CdTe semiconductor area surface.
Under this layer exists a number of detector pixels of the proportions 1475 by 195,
with each pixel functioning as a separate detector to convert the electrical signal
to an intensity at that small area, allowing for very accurate photon count that has
resulted in the detector becoming commonplace at B18 as a diffraction detector,
largely replacing the Mythen. The output is presented as an image, corresponding to
the series of pixels which, in turn, represents a slice of the diffraction pattern of the
same dimensions. An example output of a PILATUS detector can be seen in gure
2.4. In a DAFS experiment, we collect this pattern at incremental energies, resulting
in somewhere in the region of 500-2000 images depending on the energy step size
and the energy range. All of these images are automatically stored in the same .hdf5
le using the AreaDetector plug-in that is built into the generic data acquisition
(GDA) client at B18 [L2], and this output can then be analysed more conveniently
than the 2 prior detectors.

Another advantage of the PILATUS detector, other than accurate and highly
sensitive photon count and relative ease of data analysis, is the rapid and simulta-
neous acquisition of all peaks in the diffraction pattern upao12@ [41]. For
DAFS measurements this is particularly advantageous as we can collect data for
all peaks and process their independent intensity variations, in order to compare

contributions from inequivalent crystallographic sites to multiple different Bragg
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Figure 2.4: Demonstrates a section of the circular diffraction pattern collected by the Pilatus
detector, in the pre-edge energy region of the Fe K edgeZofr, 0,4 sample.
Brighter pixels indicate higher intensity. The raw data were processed using the
data analysis GUI created as part of the work presented in this thesis.

re ection intensities, ultimately allowing the user to obtain important structural
conclusions about their material by comparing the relative contributions by different
inequivalent sites to each re ection and ultimately separate and isolate the individual
site x-ray absorption spectra.

Combining all of the advantages of modern detector methods allows us to
obtain DAFS data for powder samples, and at much improved scanning times. For
reference, the experiments conducted by Julie Cross in her seminal 1996 thesis on
DAFS analysis quoted 2 minutes of data acquisition time per x-ray diffraction pattern
at each incremental energy, with a resolution of 2 Vv To scan across an entire
energy range, this manifested as a 4 x 4 hour scan time for a single Bragg re ection,
totalling 16 hours. Conversely, in this work we have been able to collect data for an
entire diffraction pattern, and for a data acquisition time of just 1 second per energy
point, resulting in a scan time of around 40 minutes on average, across an absorption

edge energy range of around 800eV with a resolution of 0.5 eV.

2.3 Computational Analysis Methods

As well as describing the experimental methods employed at the synchrotron beam-

line, it is also useful to elaborate on some of the computational analysis methods
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employed in this thesis. While a detailed explanation on bespoke DAFS analysis
methods has been dedicated to chapter 3, there are other computational methodolo-
gies typically employed for conventional XRD and XAS in isolation that are also

important for DAFS analysis.

2.3.1 Re ection Selection

Prior to conducting a DAFS experiment, it is important to understand the site
contributions to each individual diffracted peak intensity, as different crystallographic
sites in the unit cell contribute toward this intensity to varying extents depending on
the re ection of interest. Though one of the advantages of the PILATUS detector
is that it allows for collection of a wid@g range at each incremental energy in
the scan, it is important to have an understanding of which peaks to focus on. The
PILATUS has 2 small windows where strips of Si connect to one another, and along
these small windows no data can be collected. As we scan, the diffracted angle
will change with the energy, and so it is crucial to understand which re ections we
are interested in so as to ensure these peaks of interest do not pass through these
windows during the scan. In the DAFS experiments presented throughout this work,
we have preferentially selected peaks that have contributions from only a single site
wherever possible, as this simpli es the analysis procedure considerably. This may
not be possible for some materials, in which case one can separate the relative site
contributions as described in section 1.6.1.

In order to select the most appropriate re ections, we can rst obtain a .CIF le
from the inorganic crystal structure databag# which contains the crystallographic
co-ordinates of the atoms in the unit cell, and we begin by visualising the molecule
using CrystalMaker softwareB] in order to understand the position, co-ordination
and local structure surrounding the different inequivalent environments. Once we
have gained insight into the proposed coordination geometry and local structural en-
vironment from CrystalMaker, it is then necessary to explore the second component
of the CrystalMaker software package, CrystalDiffract. This is an x-ray diffraction
pattern visualisation software that allows the user to plot and compare both experi-

mental and simulated XRD patterns. It is also possible to simulate the removal of a
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Figure 2.5: ZnFe 0O, as visualised as a normal spinel in CrystalMaker X software, using a
.CIF le obtained from the online Inorganic Crystal Structure Database. Note
the tetrahedral Zn and octahedral Fe environments.

particular site from the crystallographic information le - all the octahedral atoms for
example - and subsequently observe the diffracted peak intensities for a theoretical
pattern with absences in those sites, which will allow us to understand more about
the contributions from each site to each diffracted peak intensity. Understanding
more about these contributions will allow us to discern the appropriate Bragg peaks

to focus on when extracting the DAFS.

2.3.2 ATHENA
The DEMETER package by Bruce Ravel & Matt Newville is a tool for processing

and analysing both experimental and simulated conventional XAS 8latal[HENA

is one component of DEMETER that allows the user to obtain fully background
subtracted and normalised XAS spectra. The XANES region of these spectra can
then be compared to draw conclusions about the oxidation state and co-ordination
geometry, and the post-edge region can be subsequently analysed in the second
component of the package 'ARTEMIS', which is a post-edge EXAFS analysis
software used to extract quantitative structural parameters such as bond distance and
co-ordination number from the oscillatory ne structure using the EXAFS equation.
While a brief method for this process has been outlined below, | would direct any

interested party to the resources available online for a more rigorous exploration
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Figure 2.6: The simulated powder X-ray diffraction patternszofFe Oy, visualised using
CrystalDiffract software. It is important to note here that the 422 and 400
re ections are contributed to exclusively by the tetrahedral Zn and octahedral
Fe environments respectively.

into the data processing and analysis procedudls \vhere a comprehensive set of
videos explains these softwares in helpful and contextual detail.

In ATHENA, after ensuring th&,nsorberand the edge (K,L,M) are appropriately
selected, the next step in obtaining your background subtracted and normalised
spectrum is to t a spline to the pre-edge and post-edge of the data, by adjusting the
normalisation ranges. It is also possible to adjust the rigidity of the spline, affecting
how strict the spline models to the spectral pro le of the data at the upper and lower
limits by adjusting the rigidity of the spline clamps.

The data can be readily converted from energy space to k-space, and subse-
guently Fourier-transformed to R-space within the user interface using the relation

described in eq. 2.2 respectively.

_omE &)

k =

(2.2)

The short-range nature of XAS arises due to rapid dampening of oscillations
in ¢ (k) with increasingA 1, caused primarily by increasing Debye-Waller factors.

In order to compensate for this dampening effect, it is commonplace to introduce



2.3. Computational Analysis Methods 80

Figure 2.7: An example of background subtraction and normalisation in ATHENA. Here
we can see both the pre- and post-edge normalisation.

a k-weighting, which multiplies (k) by eitherk: k?; or k® so as to accentuate the
amplitudes at higher oscillations, allowing for farther-neighbour distances to be
better understood when transforming k toHgkq is another parameter affecting the
accuracy of the subsequent R-space data. The valRgg@fepresents the value
below which Fourier components are neglected. The default value is 1, but can
be modi ed to minimise non-physical intensities in R-space data beldwhile
simultaneously maximising® neighbour intensities. While ATHENA possesses
many other capabilities, we are adapting this XAS data processing and analysis
software for DAFS application, and so special attention must be paid to the above

parameters in DAFS as well as XAS.

2.3.3 ARTEMIS and FEFFIT

The second component of the DEMETER software utilised in this work is ARTEMIS,
which is responsible for importing the ATHENA-processed experimental data for
data analysis purposes. Once imported, the rst step of ARTEMIS is to run a FEFF
calculation, which uses a computational approach based on a Green's function, and

models the change in amplitude as the photoelectron propagates from a position r
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to a new position r' in the given molecular environment. This in-turn allows us to
calculate and separate the contributions to the k) by the individual single and
multiple scattering paths, which are separated by corresponding neighbour distance

and given a weighting of importance based on their relative contribution.

The user interface then makes use of the EXAFS equation, allowing user-input
de nitions and constraints to be placed on the equation’s parameters, modelling a
best- t to the experimental data and evaluating parameter values for bond distances,
Debye-Waller factors, amplitude reduction factors and co-ordination numbers for
each scattering path in the process. In the context of DAFS analysis, the DEMETER
package as a whole is important as the nal result of DAFS analysis is a fully site- or
spatially-separated X-ray absorption spectrum, which can be subsequently processed
and analysed analogously using this software to extract meaningful structural and

electronic information.

2.3.4 XANES Simulations

As well as the conventional XAS data processing and analysis tools present within
the DEMETER package, XANES simulations are another computational tool con-
ventionally utilised for XAS that have the capability to be adapted for DAFS analysis.
With a set of user speci ed input commands, one can generate simulated XANES
spectra that can be compared to experiment, and this input can even be modi ed
to simulate theoretical site-speci ¢ spectra, making them a useful tool for compari-
son with DAFS experiments, while also highlighting the improved computational
capabilities that have assisted the facility of DAFS analysis since the techniques in-
ception. The 2 different programs for XANES simulations that have been attempted
throughout this work are discussed here, demonstrating the preferential capabilities
of each, as well as also attempting to highlight the developing possibilities of DAFS

computational simulation.

2.3.4.1 FDMNES

Finite Difference Method Near-Edge Structure (FDMNES) is one of many open-
source XANES simulation software4q], [46]. FDMNES makes use of a compu-
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Figure 2.8: Visual representation of a muf n-tin approximation for modelling atomic poten-
tials in XANES calculations using FDMNES [13].

tational method for calculating near-edge x-ray absorption spectra that is based on
Density Functional Theory (DFT) and on the Green formalism for multiple scatter-
ing, which has the advantage of speed, but not necessarily of precision, relative to
the full potential methods used in the nite difference methtd.[ The Green's
function solves the Schdinger wave equation for K edges as a sum of one-electron
systems for a given central absorber, in order to describe all the possible ways that
the photoelectron can scatter from its surrounding atoms before the core hole created
by the absorption eventis lled. In such calculations the atomic potential is modelled
using a muf n-tin approximation, which is illustrated in gure 2.8. Though it is less
precise to use the muf n-tin approximation, the error in the result is almost negligible
and the computational cost is far less relative to modelling spherical potentials, and
so is preferred. Using a main input data le, FDMNES takes the atomic co-ordinates
of the molecule and calculates the XANES spectrum for a given central absorber.
An example input le for FDMNES simulations can be seen in the appendix.

The convolution process that serves to smooth the data is of particular impor-
tance, as it can be run after the initial calculation very quickly, in order to optimise
the t of the XANES region further, especially in the pre-edge peaks arising from 1s
- 3d transitions for K-shell transitions. This convolution is based on the following

formula:

1 pPGn 1
G= + 0:5+ —arcta e — 2.3
Groiet Gn(05+ Sarctan(zz (e ) (23)
wheree= E Ffem
cent

Here,Gn; Ecent, andEjarg represent the maximum width of the nal state, the
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centre and the width of the convoluti@function respectivelyErermi denotes the
edge energy, anG e represents the core level width [45].

This evaluated functio®s has units of eV and is calculated at each energy
to generate the arctangent function that is the basis for the smoothing of the un-
convoluted spectrum. As a result, changing the parameters in equation 2.3 alters
the spectral pro le of the simulated XANES spectrum. Deciding appropriate values
for the parameters can be done by viewing the un-convoluted spectrum, which is
one of the default outputs of the FDMNES program. Here, we can see the relative
intensities given to transition probability as a function of energy before it is smoothed
to produce a spectral pro le reminiscent of conventional XANES. There are many
possible input commands, or ‘cards' that allow for a vast range of user customization
potential, and also allow for varying complexities of computational calculations.
For further information on these input commands | would direct any interested
reader toward the FDMNES user manu&b|| which offers a very comprehensive

explanation on the role of each individual card.

2.3.4.2 FEFR

FEFR, or simply FEFF, is an alternative XANES simulation software developed
primarily by J.J. Rehr. The code is written in FORTRAN and, much like FDMNES,

is also based on a real space Green's function approach, with options to model
inelastic losses and self-energy shifts, as well as the capabilities to include Debye-
Waller factors. #7] Calculations of atomic potentials are also based on a muf n-tin
approximation, though one of the most notable differences between FEFF and
FDMNES is the capability of FEFF to include different core-hole models. This
allows the user to modify the way in which the lifetime of the corehole, which is
created as a result of the promotion of a K-shell electron, is modelled. The optional
settings for modelling corehole lifetimes in FEFF and their subsequent effects are

outlined below:

* Final state rule method - The default in FEFF, and is most appropriate for
K-shell simulations. In this method, the core-hole is screened throughout the

iterative SCF calculation.
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* RPA - Based on the Bethe-Salpeter equat#ij,[an improved approximation

for some L-shell simulations [48].

* None - The RPA method breaks down for some L-edge calcuations. A third
option was therefore introduced. Here, the corehole lifetime is not considered,

and so any change in potential due to corehole creation is ignored.

While FEF R may possess capabilities for slightly more nuanced and sophis-
ticated simulations in some instances, | have personally found that the excess of
advanced options of customisation may lead to over-complication and therefore
confusion for beginner users, and therefore have found FDMNES to be easier to
grasp and more than suf cient in terms of the quality of both the computational
method and the subsequent simulated results, though this may be subjective and |
would encourage any user to consider both methods. Figure 2.9 has been included
in order to illustrate the difference in result for a basic XANES simulation between
FDMNES and FEFF. Both programs have used an identical cluster radius, and similar
input cards. Full detailed input les for these ts shown in gure 2.9 can be found in
the appendices.

As we can see from the gure above, while both programs generate comparable
pro les, the pre-edge features are modelled in more detail via FDMNES, while
features such as the shoulder in the A site simulation is more pronounced in the
FEFF simulations. In addition, the dif culty of including accurate Debye-Waller
factors in both cases result in generic and inaccurate post-edge oscillations, and so
these simulations are only accurate for XANES analysis. Ultimately, the simulations
are very similar and the primary differenceEFFy is that it is run from a Java-
based graphical user interface, which allows users a more accessible introduction
to XANES simulation software. While it is not my personal preference, | have still
opted to include it here on the basis that a user unfamiliar with such software may
prefer its more user-friendly interface, given its similarity to FDMNES in terms of
computational method and despite its more advanced capabilities that may intimidate

newer users.
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Figure 2.9: Simulation of the conventional XAS for the Fe K edgek#0, modelled
by FDMNES and FEFF, showing their differences. The input cards for these
simulations may also be found in the appendices.



Chapter 3

A Script For Processing DAFS Data

This chapter will aim to focus on the details of the bespoke computational software
that has been developed during the course of this thesis in order to process, analyse
and extract useful DAFS data. In order to maximise user friendliness and applica-
bility, the program is available as bothay le and as a graphical user interface.
Explanations will be referenced in the context of the user interface as opposed to
the .py le format, on the basis that this will likely be preferred by the user, and
accompany pseudo-code explanations with gures of code taken directly from the
program wherever relevant or useful. The program is also available on GitHub and
is executable on Windows, Mac and Linux systems alike. Due to the inherently
complex nature of DAFS data analysis, it is also necessary for this chapter to include
potential limitations associated with the analysis procedure, to present notes where
users should take care, and to provide useful advice for places where users may
run in to some common issues when troubleshooting. This chapter has also been
adapted to form a manual for the DAFS data analysis program, and there is current
correspondence with Matthew Newville, the creator of Larch, to integrate this f’

extraction procedure into Larch, a commonplace XAS data analysis tool [49].

3.1 Data Extraction

3.1.1 Creating An Interface

The rst step in processing DAFS data is to import the powder X-ray diffraction

pattern output from the detector at each incremental energy step in the energy scan,
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Figure 3.1: The graphical user interface built and used for DAFS data extraction, processing
and analysis throughout this thesis.

as well as the concurrent transmission x-ray absorption spectrum. In the event that
the data is collected in uorescence mode, the program can be adapted to account for
this simply by adjusting the column number that is imported, given that the detector
outputs data in a similar way. In any case, tailoring the method of importing the data
to a given detector should be a reasonably facile process. Explanations are restricted
to the context of the PILATUS detector on the basis that this detector was found to be
superior for our DAFS data analyses, however the method of importing diffraction
data for other detectors such as the Mythen and Vortex should be relatively simple to
implement if desired.

To create this user interfacByQt5[50] has been used, which functions by
generating a main window class, within which a series of 'widgets' are de ned which
generate the facade of the Ul. Each widget is linked to a button, which is linked to

a speci ¢ block of code that is executed when the corresponding button is pressed.
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The full source code in the context of an example dataset of tetrah&alra O, can
be found in appendix B. This is provided in the context of the non-GUI format on the
basis that the code is shorter and easier to follow, although the Ul-based source code

is available orGitHub, accompanied by the relevant supporting documentation.

3.1.2 Importing Diffraction Data

The explanations presented in the subsection attempt to illustrate clearly how the
program imports data for different detectors, and explain the rst section of the user
interface responsible for executing the rst stage of the DAFS analysis procedure: the
Experimental XRD Filsection, before going on to discuss the intricacies of obtaining
a DAFS spectrum from this data, and the subsequent resonant term separation and
extraction that follows.

To import the data, the program rst allows the user to locate the le in their
system using thémport' button. This works by de ning a le name usingyQt5
module componentFileDialogis rst called to open the window for the user to
search for their desired le, and th&FileInfoto relate the name of the selected le
to the' lename' variable. The PILATUS detector outputs XRD data abdf le,
which is a 3D array of z number of XRD patterns, each of pixel size x by y. The
program imports the data using théf5_lib module, as in gure 3.2.

The pre x 'self' denotes the class that is responsible for containing and execut-
ing the GUI. The number of energypoints are also de ned, as well as the size of the
rows and columns of the XRD patterns. While some code is omitted in these gures
for the sake of clarity, the full code is available in the appendices, or else on GitHub
under theDAFSGUI' repository. The 'for' statement on line 16 of gure 3.2 serves
to provide the user information on how best to select indices for the calculation of a
circle to linearize and index the XRD patterns sequentially, as explained in section
3.2.1 below.

3.2 Obtaining A DAFS Spectrum

There are many steps in proceeding from the raw data, a set of 500-2000 diffraction

patterns, to a nal DAFS-extracted-XAS derived from the site-separated f”. This
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#importing modules

import os

from hdf5_lib import *

from PyQt5.QtCore import QFile, QFilelnfo, QRect

filename = QFileDialog.getOpenFileName(MainWindow, 'Open File")
#opens a window allowing the user to select their desired
file.

self.filename = filename[0] #relates the first element of the
tuple (i.e. the XRD file name) to the main window class via
'self'.

self . XRD=hdf_get_item(filename,'entry/data/data') #self.XRD is
a 3D array containing an 'n_energypoints' number of images,
each image being an XRD at 1 energy

self.n_energypoints= shape(self.XRD)[0] # number of incremental
energy points
n_column = shape(self.XRD) [1] # The height of each XRD image,

195 pixels
n_row = shape(self.XRD) [2] # The length of each XRD image,
1475 pixels

# The following 'for' statement prints the row at which the
pixel generates the highest intensity at each column
for i in range(n_column):
buf=z[i,:]; indexl=np.where(buf==max(buf));
print(i, index1)

Figure 3.2: The rst block of code responsible for executing the importing of XRD data.

program attempts to present an intuitive step-by-step guide for doing so, with an
accompanied graphical user interface to improve user-friendliness. After importing

the data, the next step is to index the raw diffraction data.

3.2.1 Indexation

In order to extract the intensities, the circular XRD patterns must rst be linearized.
To do this, 3 points of a circle are de ned approximatelya§, and? of the rows

of pixels where the intensity is at a maximum. Since the Pilatus detector at the B18
beamline has 195 columns, the 97th column is selected, for example, as the index at
the middle column, as in gure 3.3, and the row at which its intensity is maximum is

also printed.

By printing each maximum index at each column, it can be decided which
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# The 3 columns for which the maximum intensity is taken to
calculate the centre and radius of a circle for
linearisation of the diffraction data

self.bufl = 33
self.buf2 = 97
self.buf3 = 169
buf=z[self.bufl,:]; indexl=np.where(buf==max(buf));
buf=z[self.buf2,:]; index2=np.where(buf==max(buf));

buf=z[self.buf3,:]; index3=np.where(buf==max(buf));

# The corresponding 3 rows at which the intensity is maximum
for the specified rows.
print(indexl,index2,index3)

Figure 3.3: The selection of 3 indices to be used for linearization.

columns to select and avoid any discontinuities due to bright spots or similar maxi-
mum intensities that would compromise the linearization of the data, with the goal
to reduce noise in the nal product of site-separated . Note that 33, 97, and 169
are example values and will be different for each dataset. Currently, it is necessary
to manually adjust these values as desired in the script itself, though in future it is
hoped that an option for the user to specify these values within the user interface can
be generated. Indices along the x axis for whichlibé values for the y axis are at a

maximum are then de ned from these y values, effectively generating co-ordinates.

These indices are used to calculate a circle, nd its centre, and then turn the
rectangular image into a cone-like shape such that the rings of the diffraction data are
linearized as opposed to curved. The method is based on 3 fundiiwiSircle
find_data_in_ROI andradial_profile . The rst function, findCircle , is
shown in gure 3.4 below. This function takes the 3 user speci ed rows, and the
corresponding columns at which those rows have a maximum intensity as input
parameters. This is the same as generating 3 points along the arc of the diffraction
ring of highest intensity, and so this function then uses these 3 co-ordinates to
calculate the radius and centre of a circle.

From here, thdind_data_in_ROI function takes 5 arguments. The rst 3
are the x,y,z values for each dataset, where x and y are the axes for each image,

and z is the energy point number for that given image. For example, these values
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1 def findCircle(x1, yl1, x2, y2, x3, y3) :

2

3 x1l2 = x1 - x2

4 x13 = x1 - x3

5 yl2 = yl - y2

6 y13 = yl1 - y3

7 y31l = y3 - vyl

8 y21 = y2 -yl

9 x31 = x3 - x1

10 x21 = x2 - x1

11

12 sx13 = pow(xl, 2) - pow(x3, 2);

13 syl3 = pow(yl, 2) - pow(y3, 2);

14 sx21 = pow(x2, 2) - pow(xl, 2);

15 sy21 = pow(y2, 2) - pow(yl, 2);

16

17 f = (((sx13) * (x12) + (sy13) *

18 (x12) + (sx21) * (x13) +

19 (sy21) * (x13)) /Il (2 *

20 ((y31) * (x12) - (y21) * (x13))));
21 g = (((sx13) * (yl1l2) + (syl13) * (yl12) +
22 (sx21) * (y13) + (sy21) * (y13)) /I
23 (2 * ((x31) * (y12) - (x21) * (y13))));
24 c = (-pow(x1, 2) - pow(yl, 2) -

25 2 *g *x1-2*fx*yl)

26

27 # eqn of circle be x"2 + y”"2 + 2*g*x + 2*f*y + ¢ = 0
28 # where centre is (h = -g, k = -f) and
29 # radius r as r*"2 = h"2 + k"2 - ¢

30 h = -g;

31 k = -f;

32 sqr_of_r = h *h + k * k - ¢;

33

34 r = round(sqrt(sqr_of_r), 5);

35 print("Centre = (", h, ", ", k, ")");

36 print("Radius = ", r);

37 return h,k,r

38

30 self.Cen_x, self.Cen_y, rad = findCircle(int(index1[0]), self.
bufl, int(index2[0]), self.buf2, int(index3[0]), self.buf3)

20 self.extracted_xrd = np.ones([len(self.x), np.shape(self.XRD)
[0]+1])

Figure 3.4: The series of code used to nd the centre and radius of the circle speci ed by
the 3 indices, using the FindCircle function.
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Figure 3.5: An illustration of the process for linearizing the diffraction data in the DAFS
data analysis software.

1 def find_data_in_ROI(x,y,z, Cen_x,Cen_y):

2 coeff_line_up = np.polyfit([Cen_x, max(x)],[Cen_y, max(y)
1,1);

coeff_line_down = np.polyfit([Cen_x, max(x)],[Cen_y, min(y)
1,1);

4 line_up=np.polyval(coeff_line_up,x); line_down=np.polyval(

coeff_line_down ,x);
reduced_data = z
for index1 in range(len(x)):
for index2 in range(len(y)):
if y[index2] > line_up[index1] :
reduced_data[index2,index1]=0;

© ® N o »

10 if y[index2] < line_down[index1] :
1 reduced_datalindex2,index1]=0;
12 return reduced_data

Figure 3.6: The function used to generate the data within the region of interest of the Pilatus
output necessary for subsequent radial integration.

for the Pilatus image extracted for the rst datapoint would be 1475 x 195 x 1. It
then takes the centre of the circle as the other 2 arguments, givE€eryxand
Cen_y The overall goal of this function is to calculate the equation of two lines,
using a linear regression from the centre of the de ned circle to the maximum
and minimum values of y at the maximum x, as in gure 3.5. These lines are
represented bine_up andline_down. It is within these bounds of these lines that
our region of interest is de ned, which is nally manipulated by t8& equation
radial_profile , performing the radial integration and extracting these linearized

peak intensities from their original radial format.

The radial integration functions according to data speci ed in gure 3.7, where
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def radial_profile(data, center):
y, X = np.indices((data.shape))
r = np.sqgrt((x - center[0])**2 + (y - center[1])**2)
r = r.astype(int)

tbin = np.bincount(r.ravel(), data.ravel())

nr = np.bincount(r.ravel())

radialprofile = tbin / nr;

return radialprofile

Figure 3.7: The radial pro le function responsible for performing the radial integration on
the region of interest to extract the linearized diffraction pattern.

the x and y values for each co-ordinate in the image are used to calculate a series of
radius values based on the distance between the co-ordinate and the center, using
equation 3.1. In this equationenter[0] andcenter[1l] representthe x andy

co-ordinates of the center.

q
r= ((x centef0))2+(y centefl])?) (3.1)

Finally, thetbin function uses theaavel numpy-based dot operator to rst
convert the x,y data to a single array, and also present the calculated radii as a single
array.np.bincount is then used to count the number of times that each intensity
value appears at that radius, and then calculates the average of these intensities to
produce an indexed powder x-ray diffraction pattern. The result of the linearisation
is shown in gure 3.8. A polynomial tis then applied in order to align the x axis
to 29 using a reference XRD pattern, and this can be converted to d-spacing values
to ensure there is no shifting of the data as the absorption edge energy is scanned.
Although the work to incorporate a customise-able Ul-based method of calibrating
the axis using a user-speci ed dataset, at present the calibration procedure generates
2q values that, while they may be slightly inaccurate, are comparable to the extent
that the user can relate the pattern to a reference. In addition, this current calibration
does not interfere with the reliability of the data extraction procedure in any way, as

the user speci es their own x-axis range for which to perform the data extraction.
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Figure 3.8: The result of linearizing output from the diffraction experiment fa@rde 0,
sample. Note that the high energy limit of the scan is shown here to demonstrate
the manifestation of uorescence on the intensity of the pattern as a whole. The
gure is without axis labels as these simply represent the x and y pixels of the
Pilatus detector (1475 x 195).

3.2.2 Peak Selection

Once the data is linearized, and have an understanding of our peaks of interest, one
can specify a d-spacing range for the program to focus on, as shown in gures 3.9
and 3.10. Itis also possible to plot the entire set of XRD patterns in the energy scan
using theplot XRD button. This is an interactive window where the user may zoom

in and gain a better insight into how the data is presented. This overcomes potential
limitations to do with inaccuracies in x-axis calibration and further increases the

robustness of the program.

3.2.3 Background Removal

While the data presented in gure 3.9 above has a primitive method of background
removal by subtracting the minimum value of intensity from each data point, it is
important to increase the sophistication of this method in order to minimise any
extraneous noise in the data arising from the program's peak integration method.
In order to do this, the program utilises a composite tting model based on a

psuedo-Voigt tting pro le for the XRD peak, and a linear model for the background,
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Figure 3.9: The data analysis program focuses on a user speci ed region of d-spacing where
1 peak exists, shown here, and extracts the background subtracted area under a
peak by tting a composite model based on a pseudo-Voigt tting pro le after a
linear background removal process.

Figure 3.10: A 3D representation of the speci ed peak window as shown in Figure 3.9. For
clarity, only 1 in 20 peaks are shown.



g A W N

© o N o

10
11
12
13
14
15
16

17

18
19
20
21

23
24
25
26

3.2. Obtaining A DAFS Spectrum 96

# define a d specific range for the np.where command to use
as its range

dmin = float(self.d_min.text())

dmax = float(self.d_max.text())

# store the number of values of d, that is, the index of d,
between the specified range, i.e. the 12th, 13th, 14th
value

index_d = np.where((self.d >= dmin) & (self.d <= dmax))
d_select = self.d[index_d[0]]

# repeat this for the y-axis values
y_select = I[index_d][0]]

#defining parameters for the first fit only
if i ==

n = len(d_select)

mean = sum(d_select) / n

bkg = min(j for j in y_select if j > 0) #A nested loop
to only take bkg values above 0 to avoid and account for any
glitches

sigma = np.sqrt(sum((y_select-bkg)*(d_select-mean)**2)/
sum(y_select))

amp = max(y_select)

area_guess = 0.5

#defining parameters for the rest of the fits so that they
start with the parameters calculated for the previous
iteration
elif i 1= 0:
amp = out.params.get('pv_height').value
area_guess = out.params.get('pv_amplitude').value
mean = out.params.get('pv_center').value
sigma = out.params.get('pv_sigma').value

Figure 3.11: First section of code responsible for tting the composite model to extract the
intensity under the peak at each energy. In this gure, the window is de ned
and the parameters for the t are created.

as seen in gure 3.13. The software then extracts only the single background-
subtracted pseudo-Voigt component of this model, and extracts the area under this
peak by trapezoidal integration using tinepz function. The program also uses

the shape of the previous peak as the starting point for the next energy point, which
reduces the likelihood of errors arising due to t failure from starting point tting
parameters being too far away for convergence to the data. Once the value of the area
under the peak is obtained, one can normalise this value with resggalitained

from the XAS ASCII le to produce a raw DAFS spectrum.
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# Lmfit built-in PseudoVoight Model, given a prefix to
distinguish from the background model components

mod = PseudoVoigtModel(prefix = 'pv_")

params = mod.make_params(pv_amplitude = area_guess,
pv_height = amp, pv_center=mean, pv_sigma=sigma)

# Lmfit built-in Linear Model, given a prefix to
distinguish from the background model components

mod_lin = LinearModel(prefix= 'lin_")
params.update( mod_lin.guess(y_select, x=d_select))
model = mod + mod_lin

# Fitting the model function based on the desired x, y data
and using the specified parameters

init model.eval(params, x=d_select)

out model.fit(y_select, params, x=d_select)

# 'comps' separates the two components of the model
comps = out.eval_components(x=d_select)
res = (out.best_fit) # overall 'total' best-fit

# Trapezoidal integration for the extraction of area under
the peak of the Pseudo-Voigt component of the model
area = (trapz(comps['pv_'])

# appends the value to form an iterative list for each
energy and presents this as an array.
area_arr.append(area)

area_arr = np.array(area_arr)

Figure 3.12: The second section of code responsible for tting the composite model to

extract the intensity under the peak at each energy. Here, the composite model
is generated and t to the experimental data speci ed by the user-controlled
window.

It should be noted that, in the t, the user speci es a window of d-spacing based

on inspection of the plot of extracted powder-XRD patterns. With this window,
the program selects all values of d-spacing and their corresponding intensities, and
generates the composite model. In order to do this, the parameters for the rst guess
composite tto the peak and background are generated based on some parameters,
such as the maximum and minimum values of intensity, the number of data points
in the user-speci ed d-spacing window, to generate initial values for the amplitude,
mean, and standard deviation for the tto begin from. This drastically improves the

robustness of the tting process.

Once this has been done for each incremental energsatheD AFSutton in the
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Figure 3.13: The process of composite tting to a particular peak of interest in the diffraction
data, for a single energy point in the scan only. Here, only the pseudo-Voigt
component (blue) is extracted.

user interface can be used to plot the raw DAFS spectrum, which is a representation
of the variation of intensity of the pseudo-Voigt integrated area as a function of
energy, and which resembles gure 1.10. Itis from here that the model of the data

begins to take shape, and the anomalous contributions can be subsequently extracted.

Another important aspect of the program is the processing of the x-ray absorp-
tion spectrum that is run concurrent to the diffraction. The GUI has a section marked
Experimental XAS Filevhich typically is of the formatdat, .txt or some similar
extension. This section allows us to import the energiesigthrend the transmitted
intensity, as well as ultimately allowing us to calculate the absorption correction
according to equation 1.30. It is important that the user imports the absorption data
prior to generating the raw DAFS spectrum to ensure the necessary parameters are
imported for calculation of the raw DAFS. In tliexperimental XAS File section
responsible for the calculation and plotting of XAS, the data is imported as described
for the XRD section above, and the user is able to manipulate the plot window to
zoom into the relevant features, as in the XRD section. The program also saves all
relevant data in the form of a .txt le at each step of the analysis procedure, so that

the user can view and manipulate the data to match their objectives, in ATHENA or
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Origin for example.

3.3 Resonant Term Separation And Extraction

Now the raw DAFS spectrum has been extracted, the next step is to separate and
extract the resonant terms - the real and imaginary components of the scattering
factor f' and f” - and ultimately isolate the f” via an iterative model. As discussed in
chapter 1, once a stable f’ function is isolated from the raw DAFS spectrum via the
iterative Kramers-Kinig transform algorithm, one can obtain a re ection-speci c
absorption spectrum, which can be used to generate information about the structure
and electronics of unique crystallographic sites. The rst step in the resonant term

separation and extraction process is to generate a model t to the raw DAFS intensity.

3.3.1 Programming An Iterative Model

The model can be de ned by equation 1.19, and is input intortbeel button
of the user interface. Here some of the variable names in the script have been
replaced with their corresponding parameters in equation 1.19, to improve clarity.
The starting values for atomic f' and f” values are obtained frondiffitk package
[51], which takes the conventional XAS as an input to calculate better guess starting
points for f' and f” that are based on the local environment of the central absorber, as
compared with the Cromer-Liberman starting values. It does so by rst performing a
differential Kramers-Konig transform on the difference between thige) obtained
from the XAS ASCII data le, and the Cromer-Liberman value of the atomic f”,
I.E. the ne structure functiort” as cited in the literaturel], [2]. The result is
then added to the atomic f'. The goal is to obtain anomalous scattering values that
contain ne structure, to subsequently allow the iterative model a better likelihood
of converging. Thigliffkk package has been recently integrated into Latdh [
a data analysis tool for XAS similar to the Demeter package already described.
Contrary to some literature published in 2012 on Bwolution of charge order
through the magnetic phase transitionlafFe,O4 [52], diffkk does not compute
the site-separated f' and f”, instead it merely acts as a starting point for these values

from which the iterative Kramers-kKnig based algorithm that has been developed
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# Define a model function based on the Imodel equation and

the absorption correction:
def intensity(en, phi, beta, t, exafs, sin_theta, fprime,
fsec, 10=1, slope=0, loff=0):

costerm = (np.cos(phi) + (beta*fprime))

sinterm = (np.sin(phi) + (beta*fsec))

return 10 * (costerm**2 + sinterm**2) * ((1 - e**
((-2*exafs*t)/sin_theta)) / (2*exafs)) + loff

# Importing modules

from larch.xafs import diffkk

from Imfit.models import PseudoVoigtModel, LinearModel,
Model

# Generating both atomic and molecular starting points for
f' and f"

self.dkk=diffkk (E, $\mu(E)$, z= $z_{absorber} $, edge='K",

mback_kws={'e0': $E_0$})
self.dkk.kk()

# Generate a model fit based on the starting guess
parameters set by 'make_params’.

imodel = Model(intensity, independent_vars=['en', 'fprime’,
'fsec', 'exafs', 'sin_theta'])
params = imodel.make_params(scale=0.2, offset=0.75, slope

=0, beta= 0.1, phi= 6.28, t = 1)

# Fitting a first guess and best fit model to the
experimental data

init_value = imodel.eval(params, en=ene, fprime=fl, fsec=f2
, exafs = exafs, sin_theta = sin_theta)
result = imodel.fit(experimental _raw_DAFS, params, en=ene,

fprime=fl, fsec=f2, exafs = exafs, sin_theta = sin_theta)
print(result.fit_report())

# Plotting the data, model and first guess fit

plt.plot(ene, (result.best fit), '--', label="best fit (
Imfit)', color = 'blue"’)

plt.plot(ene, (init_value), '--', label="init value (Imfit)
', color = 'black")

plt.plot(ene, experimental_raw_DAFS, label="exp. data’,
color = 'red")

raw DAFS data.

100

Figure 3.14: The generation of a model based onlhgyeiequation to tto the experimental
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Figure 3.15: The experimental data of ZnO for which the rst guess and model t are
calculated using Im t.

during this work may proceed. Tlsbope parameter of théygge €quation is an
optional energy-dependent tting parameter that may improve the model's t to
experimental data, but is typically set to 0. Once our initial values for ' and f” have
been obtained, a model is t to the experimental raw DAFS' data that resulted from
tting a composite Psuedo-Voigt model and integrating the area of the given Bragg
peak at each incremental energy, the Ilbdel package can be used to de ne our
own parameters and function, and t a model to this experimental data.

Care must be taken by the user to ensure that the starting point value calculated
by theinit_value command is suf ciently close to the experimental data such that
a reasonable minimum is reached, with parameters existing within sensible ranges. It
is possible to constrain parameters using Im ts sophisticated modelling fun&pn [
Plotting the initial rst guess allows the user to inspect how changing the starting
point of parameters affects the t, and means that it can be sure the tis converging
toward sensible parameter values, meaning that the resultant calculated f' and f” will
be accurate. An example of a rst guess t can be seenin gure 3.15

The routine outputs parameters for the t, and an example of these can be seen

in table 3.1. These parameters are used to readily obtain f' and f” rst guesses
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Figure 3.16: The anomalous scattering factors determined for copper metal from a copper
foil, compared with the bare-atom, Cromer-Liberman values. Figure obtained
from the Larch diffkk webpage [14].

Table 3.1: An example of the resulting parameters obtained for the tin gure 3.15.

Parameter Value
f 5.72

b 0.022
loff -0.27
lo 3.96

t 0.39

according to the corresponding buttons in the user interface. The f' is easily obtained
by de ning a function as described in eq. 1.25 and adjusting tteégn as necessary

to produce an f' that contains ne structure as in gure 3.17. Itis also possible to
calculate a starting guess to f”, and transform to f' using the KK transform. This
may be useful if the f' produced is not as the user desires. At the time of writing,
this functionality is only compatible with the rayy le, and not yet with the GUI.
Using this method, although not preferred ®yoss did allow for the use of the
diffkk algorithm, applying it to the calculated f” to calculate the corresponding f'
via its built-in Kramers-Konig transform.

When coding the iterative Kramers-&mig algorithm to transform from the real
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Figure 3.17: The effect of tting f' according to equation 1.25 for the experimental raw
DAFS data of aznFe0O, system.The bare-atom lineshape obtained from
Cromer-Liberman values is shown for comparison.

to imaginary components of the anomalous scattering factor, a one line function
technically named in python as a 'Lambda’ function can be applied, as in gure 3.19.
This f' and f” are then input back into thig,qqe €quation, and the process can be
iterated as many times as desired usingtdwte button. This is the nal result

of the t, once the parameters converge and the model t matches the experimental

data, at which point the f” for the given re ection has been extracted.

There is an option to take advantage of a convolution in the t, and one option
is by using ATHENA's built in smoothing function to eliminate some noise from the
resultant raw DAFS spectrum, as the program automatically saves the lineshape in a
format that can be imported readily. A section for importing the resultant smoothed
data is therefore included, which can be treated analogously to above. Alternatively,
a convolution usingip.convolve is also possible, and this can be found in the
source code, contained within the appendix. This data smoothing process can be
necessary, especially for low concentration samples, as the signal to noise ratio is

more likely to be high.
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Figure 3.18: A ow diagram representing the necessary steps for the user to obtain a site-
speci ¢ absorption spectrum from the data output in a DAFS experiment.

ene = np.array(ene)

ene_dash = np.array(ene)

f2KK = lambda ene_dash : (f1_minus - dkk.fl) / ((ene_dash
-1)**2 - (enel[i])**2)

f2KK_arr = []

f2KK_arr = (quad_vec(f2KK,(ene_dash[0]),(ene_dash[-1])))
fsecond_KK = (dkk.f2 - ((2*ene/math.pi) * f2KK_arr))

Figure 3.19: The Kramers-Konig transform for the forward transform from f' to .

3.3.2 User Considerations For DAFS Data Analysis

The inherent dif culty of DAFS data collection, analysis and extraction means that,
although this chapter presents a bespoke data analysis software, it comes with its
limitations and considerations. The end of this chapter aims to present some of these
inevitable limitations in certain aspects of the program, that the user may wish to

explore to ensure accurate and facile extraction of f”.

1. Sample Thickness

One experimental parameter to which particular attention must be paid is
the thickness of the sample, as this affects the magnitude of the absorption
correction, given by eqg. 1.30. The intensity of diffracted X-rays are attenuated

by absorption in the vicinity of the absorption edge. This attenuation is
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Figure 3.20: The theoretical variation in Bragg intensity at an absorption edge for the 111
re ection of a Cu thin Im, as thickness is varied from 1600 - 2680A larger
absorption correction caused by a thicker Im results in the attenuation of the
diffracted intensity above the absorption edge. Taken from Grbak [2].

therefore dependent on sample thickness, and is modelled by the absorption
correction. The effect of pellet thickness on Bragg intensity is shown in gure
3.20. It was found after some experimentation revolving around the variation
of sample thickness that the optimal thickness was where a suf cient edge
jump of classica(E) was achieved, and with a concentration of sample thick
enough to achieve a pellet thickness returning a suf cient diffraction peak
intensity, but not so thick that the sample was dominated by absorption, so as to
minimise the correction applied, as the attenuation can cause discrepancies in
the diffraction peak intensity variation and therefore the DAFS if not correctly

accounted for.

To remove a consideration for the user, thickness has been included as a
variable parameter in tHg,oqel tting procedure, to ensure that the absorption
correction value is correctly applied. In the unlikely event that the user wishes
to control this parameter, they can simply constrain it as discussed below in

the model considerations section.

2. Window Selection And Other User De nitions

Within the GUI, there are user speci ed parameters, such as the edge energy or
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the Zapsorber ANOther optional parameter is the d-spacing window. The user
must ensure when selecting this window that the peak is reasonably central,
and there are no extraneous features within the window. This can be done
by simply inspecting the region of interest in the generated d-spacing XRD
patterns, and making sure there are no nearby peaks or glitches in the window
that will have an effect on the calculated background. In the regoyarle

a plot for eact20" iteration has also been included, to qualitatively inspect
the reliability of the t and subsequent intensity extraction. In any case, the
window selected will have an effect on the speed and accuracy of the t, and

so must be given adequate thought by the user.

. Diffraction Linearization

In the linearization procedure, the circular rings' generated by powder diffrac-
tion are effectively transformed to vertical lines, so that the intensity of the
given row can be accurately extracted. To do so, 3 indices are selected by
the user, which are used to calculate the centre and radius of a circle. It is
important to visually inspect the full list of indices, and select appropriate
values that are roughly 1/4, 1/2, and 3/4 of the way up the rows, and that
the corresponding column values are not more than 5 indices apart from one

another in the x direction.

. Misalignment

In the event that the user is facing stubborn adversity when attempting to
process their data using this program, this may be resolved by considering
interpolation. If the diffraction detector and ionisation chambers are not
temporally aligned, then the energy point of diffraction peak intensity may
not match the corresponding energy point of absorption. This may result in
a poor model t, or anomalous terms that do not converge to nite values at
every energy, or else exist with inaccuracies or artefacts, as a result of this

misalignment.

As a result of this, an optional interpolation function has been included to
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give the user the additional capability of controlling the shifting of the raw
DAFS, or them(E). As this is variable on a case-by-case basis, it is likely best
to consult the issues section of t@&hub page for the program, and post a
speci c query for which the issue can be troubleshooted accordingly. However,
one common solution is for the user to alter the energy of the DAFS spectrum
andm(E) such that the in exion point of the(E) is close to the minimum

of the raw DAFS spectrum. In addition, it may also be helpful to ensure the
energy of the edge is within reasonable distance from the actual edge energy,
as the bare-atom atomic anomalous terms used ihjhe t will be de ned

based on this edge energy.

. Model Considerations

In the generation of a model, the data analysis program usésfihie package

for the custom curve- tting procedure. In doing so, one must ensure the
generation of a curve that ts to the raw DAFS spectrum with reasonable
parameters, such that the subsequent f' and f’ calculation generates values with
the correct sign and magnitude relative to the bare-atom lineshapes. In order
to do so, one can take advantage of the sophistidatéti package, rstly to

gain a better understanding of the initial value t. Of course, parameters are
different on a case-by-case basis, and so plotting this initial value relative to
the experimental data and t, and modifying the individual starting parameters
should allow the user to generate an initial guess that is not far from the

calculated rst guess t.

Secondly, it is also possible to constrain certain parameters to ensure that they
remain within what the user dictates to be a reasonable range. The gure 3.21
demonstrates an example of tting the initial value to get an idea of reasonable

initial guess parameters, and constraining them to ensure an accurate tto the

experimental data is obtained.

. Generating f' & f”

The raw DAFS spectrum is generated as a result of the anomalous scattering
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# Defining the model fit equation

def intensity(en, phi, beta, t, exafs, sin_theta, fprime, fsec,
scale=1, slope=0, offset=0):
costerm = (np.cos(phi) + (beta*fprime))
sinterm = (np.sin(phi) + (beta*fsec))
return scale * (costerm**2 + sinterm**2) * ((1 - e**((-2*
exafs*t)/sin_theta)) / (2*exafs)) + offset

# Creating parameters for the model fit

imodel = Model(intensity, independent_vars=['en', 'fprime’, '
fsec', 'exafs', 'sin_theta'])
params = imodel.make_params(scale=1, offset=0.5, slope=0, beta=

0.135, phi= 2.258, t = 1)

# Optionally constrain parameters, for example to force 10 to
be positive, to fix the value of t, or for phi to exist only
within a specified range.

params['t'].vary = False

params['scale']l.min = 0

params['phi'l.max = 15

params['phi']l.min = 1

# Calculating the initial value and the fit

init_value = imodel.eval(params, en=ene, fprime=fl, fsec=f2,
exafs = exafs, sin_theta = sin_theta)
result = imodel.fit(y_new_shift, params, en=ene, fprime=fl,

fsec=f2, exafs = exafs, sin_theta = sin_theta)

# Plotting the experimental data

plt.plot(ene, (result.best_fit), '--', label="best fit (Imfit)’
, color = 'blue")
plt.plot(ene, (init_value), '--', label="init value (Imfit)',
color = 'black")
plt.plot(ene, y_new_shift, label="exp. data', color = 'red")
plt.legend()
plt.show()

Figure 3.21: Highlighting the model considerations, including initial value plotting and

parameter constraining, in order to ensure the generation of accurate parameters

during the t.
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that occurs when observing diffraction in the vicinity of the absorption edge.
This spectrum is a combination of real and imaginary components, denoted by
f' and f’ respectively. It is therefore possible that this spectrum is dominated
by one anomalous contribution over the other. The implications of this mean
that the parameters generated by the t may be much more well-suited to
calculate an f' over an f’, or vice versa. For this reason, in some contexts
it may be advantageous to rst calculate f’ over f'. The option to do so has
therefore been included in thpy le, although this ability is not compatible

with the GUI.

In addition, the magnitude and signs of the parameters generated from the t
mean that occasionally the generated anomalous contributions have an inverted
shape. In this event, the signs can be adjusted as in eq. 1.25 and 1.26 such
that the molecular f' or f” now matches the magnitude and sign of the atomic
bare-atom lineshapes. This often requires a small amount of trial-and-error
of adjusting these values by the user, in order to get the anomalous factor

magnitudes to match those of the atomic lineshapes.

Applying the above considerations, a user should be able to analyse their DAFS
data and return accurate site- or spatially-spean&) with ease, equipped with
only the XRD and XAS data, and just by modifying a few simple experiment-
speci c parameters: the central absorber and its edge, the d-spacing of the concerned
diffraction peak, the indices for diffraction linearisation and indexation, and the
starting point parameters for thgyqel t. Now that the reader is equipped with all
necessary information regarding the data collection and analysis procedures, the
results obtained from various DAFS experiments conducted during this work are
presented in the chapters that follow, all of which were analysed using this script as

described in this chapter.



Chapter 4

DAFS Study of Magnetite

The following chapters will aim to present the results and subsequent discussion of
DAFS experiments in the context of various complex oxides regularly utilised as
solid-state functional materials in various capacities. | will aim to touch brie y on
their history in the literature, as well as noting their technological, environmental
and functional relevance. Ultimately, these chapters will present information and
results so as to articulate the reasons why DAFS is a powerful technique in order to
obtain unique and novel information about such materials. The rst of these results

chapters is concerned with Ferrites.

Ferrites are functional ferrimagnetic oxides of the fokfre,O4, where A is a
transition metal. There have been many cited applications for ferrites, in catalysis
[54], as well as in electronic circuits as inductors, in power delivering devices, in
electromagnetic interference suppression, and in biotechnob&gyyThey are spinel
systems, and because of this they can exist either as a normal spinel with inequivalent
sites of the for Ze*t Bg" octO4 , Or alternatively as inverse spinels with tetrahedral
cations occupying half the octahedral sites. Because of this inequivalence, coupled
with the possibility of different oxidation states existing in different geometric
environments, one can use DAFS as a tool to improve our understanding of these
functional materials in a unique way, and subsequently establish a relationship
between the structure of a material and its function, with the hope of optimising and

even innovating the materials' function in the future.
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Figure 4.1: The crystal structure dfe30, demonstrating its site inequivalence, showing
both octahedrally and tetrahedrally co-ordinated environments. Obtained from
CrystalMakercrystal structure visualisation software and using a crystallo-
graphic information le (.CIF) obtained from the inorganic crystal structure
database (ICSD).

4.1 Material Relevance & Structural Analysis

The rst material of concern in this work iBesO4. In Fe3sO4, or magnetite, the
tetrahedral and octahedral cations have the same atomic number, but different struc-
tural and electronic properties. This makes the two co-ordination environments
indistinguishable via conventional X-ray absorption spectroscopy. Magnetite exists
as an inverse spinel. Though there is not necessarily novel information to be gained
from developing our understanding of the site inequivalence in this Haber process
catalyst p6), it presents a well-understood spinel system with the atoms of the same
atomic number in different co-ordination geometries and oxidation states, making it
a perfect candidate for DAFS. This is re ected in its relatively abundant reports as
the primary focus in DAFS literatur@]l], [23]. Because of this-e304 was used as

one of the systems for developing the foundations of the DAFS experimental and

data analysis methods used in this work.



4.1. Material Relevance & Structural Analysis 112

Figure 4.2: The stacked simulated powder x-ray diffraction patterns-&0,, demonstrat-
ing the A site and B site contributions to the diffracted intensity. Re ections of
interest - 220 and 400 - are highlighted.

4.1.1 Conventional X-ray Diffraction Analysis

Another reason that magnetite is the ideal subject can be found by inspecting the x-
ray diffraction pattern. By comparing the experimental XRD with@mgstalDiffract
simulated A-site and B-site XRD patterns in gure 4.2, it can be seen that there are a
number of re ections that are contributed to by only a single site, which of course
simpli es the subsequent data analysis procedure.

We have already described the relevance and prominen€es@f; in the
literature in section 1.4.2, where from the years 1998-2001, Magnetite was the focus
of many DAFS analyses. In 1999 Frenkel et &2][utilised DAFS spectroscopy
in Urbana, IL to investigate the low temperature (120K) 'Verwey' phase transition,
utilising a single crystal in order to understand the mechanism of the structural
transformation and the structure of the low temperature phase.aGdia. published
multiple papers on DAFS analysis of magnethié&][ [58], along with the Att eld
group who pioneered the rst attempts of DAFS in the U.B9|[and attempted to
expand on the DAFS analysis by Garto further understand the nature of charge
ordering in the low T phase dfe30,4 that exists below the Verwey temperature
[60], in collaboration with ISIS facility at Harwell and the European Synchrotron
Radiation Facility (ESRF).

In this work, this relatively comprehensive historykd;O, DAFS has been
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