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ABSTRACT

Extended X-ray Absorption Fine Structure [EXAFS) has become known in
recent years as a technique for studying the environment of specific elements
in chemical systems. This has been related to the advent of synchrotron
radiation. The significance of the present studies is to find out how to
calculate the EXAFS spectra of our samples, otherwise called "model compounds"
(standards or calibrants) viz:

potassium bromide - KBr;

manganese( II) ammonium sulphate hexahydrate - MNnSOJNH ) SO .6H O;

and strontium bromide hexahydrate - SrBr,.6H O;

from the information available to us from their crystal structures. The EXAFS
data for the samples were obtained from the Daresbury Synchrotron Radiation
Source and analysed via appropriate UMIST computer programmes. We have

assumed that the scattering factors from the Daresbury MUFPOT programme

as used in our calculations in the EXAFS region beyond - 70 eV are reliable.

The first objective of the work involved carrying out calculations in the EXAFS

regime termed "short-range" refinements for convenience.

The second objective investigated the possibility of extending these calculations
to the inner region called XANES (X-ray Absorption Near Edge Structure).
Although these calculations gave a fit in the EXAFS region, the fit in the

inner region was not satisfactory. The final objective was to attempt to

modify the scattering factors in the XANES regime and termed "long-range"
refinements. The computer programme involved employed curve fitting by
Least Squares, and Fourier transformation techniques. The attempts to modify
the scattering factors in the XANES region were largely successful and the
results obtained from these studies will be of use in refinements determining
unknown structures of compounds with similar atoms to those in the present

investigation.



CHAPTER 1

INTRODUCTION TO EXAFS




1.1 Historical Background of the Extended X-Ray

Absorption Fine Structure (EXAFS)

The discovery of x-rays by RmentgenI about eighty-nine years
ago led to a great popular and scientific interest in the penetrating
characteristic of x-radiation. Soon after the discovery by Friedrich

2 in 1912 of the diffraction of x-rays by crystals, Bragg3

et al
invented the first flat crystal x-ray spectrometer, using an ionization
chamber as detector, and started the analysis of x-ray diffraction

phenomena.

The first x-ray absorption spectrum was, however, observed by
M. de E’.ro'_:_liieu using film detection. Though no fine structure

was observed, these developments led to the absorption spectroscopy.

Soon measurements at the wavelengths of many absorption edges

(see 1.3 below) were made.

The first complicated structure was observed by Frickes, working
with K-edges of compounds of Mg, Fe and Cr and by Hertz6 for
L-edges of Cs to Nd.

Lindh’

took it up in his studies of absorption edge structure. Improve-
ment of experimental technique by Lindsay et alB and Coster et
al? showed that metals with the same crystal structure had similar

fine structure. However, both groups made fundamental mistakes

in their effort to explain the mechanism of x-ray quantum absorption.




Concurrently, Kronigw began development of a theory involving
Bragg scattering of the ejected photoelectrons by nearby atoms,
The theory was developed within the framework of Bloch waves |

and the then current electron diffraction work of Davisson and

Germeru and Rupp”.

The theory showed that an electron traversing a lattice array would
have permitted and forbidden zones depending on its wavelength
and even when the effect was averaged over all directions in the
lattice a residual structure was apparent. It was successful in
predicting many experimentally observed features of the fine struct-
ure and increasing energy separation of the fine structure features
with energy from the edge. A somewhat similar theory was later
developed by Hayasiw involving quasi-stationary standing waves

in the neighbourhood of the absorbing atom. However, it was

a long-range order theory and could not account, for example,

for the fine structure observed in solid/vapour polymorphs studied

by Hanawalt'”.

Recognising this, Krt:mig‘IE described a short-range order theory
later developed by Peterson'’ who treated the ejected photoelectron
as a plane wave and calculated the scattered wave from surrounding

atoms using perturbation theory.

Then began a long period of general acceptance of Kronig's lonc-
range order theory for explaining the results of the so-called Kronig
structure in solids. However, neither the experimental data nor

the agreement with the theory were sufficient to use the effect



for a determination of bond distance or structure.

Kostarev !t used the I(r\onigﬂPetert.aon19 short-range order (S.R.D)
model to extend the short-range order approach to solid materials.
Kozlenkovzo later built upon Kostarev's work with the result of

a2 quite satisfactory theory of fine structure,

Another short-range order theory was presented by Sawada et

21

al”™’, who calculated scattering from individual atems and included

a range term to account for inelastic scattering.

Lytle began measurement in 1960 with an initial goal of extending
Hanawalt'522 temperature effect to cryogenic temperatures to sharpen
the fine structure. The result was data sufficient to disprove

the wrong long-range order theory for the so-called Kronig structure
in solids. Thus a simple empirical short-range order model was
constructed which reduced the electron resonances within a sphere
defined by the first coordination shell. Although this theory ignored
all of the physics of electron scattering, it was successful in extract-

ing accurate first neighbour distances from fine structure data?3,

A conscious effort was made to break away from the Kronig theory
and Kronig's structure at the International Conference at [:relftzl‘L
under the editorship of Professor Prins. Professor Prins insisted

upon an accurate acronym, certainly not the obvicus x-ray absorption

fine structure {XAFS) which could include the near edge structure.



Finally, extended x-ray absorption fine structure {EXAFS) was
accepted as accurate and euphonious. Kronig was reported as

attending the same Conferem:ezs.

Lytle et al, beginning in 1968, improved measurements and also
improved thetheory of EXAFS2® confirming the short-range nature

of the effect.
In 1971 attempts at Fourier inversion27 of EXAFS data were success-

ful, providing a great improvement in extraction of structure para-

meters from the data.

Later developments of EXAFS are described in subsequent sections

of this dissertation,

1.2 Synchrotron Radiation in EXAFS Studies

The most dramatic development in the history of Extended
X-ray Absorption Fine Structure (EXAFS) was the employment of
the high intensity x-ray beams available from a synchrotron radia-

tionzs.

Synchrotron radiation arises as the major energy-loss mechanism
from electrons travelling in circular motion at relativistic energies

around a synchrotron storage ring.

Properties of synchrotron radiation utilised to advantage in EXAFS

experiments include the following:




(a) High intensity;

(b) Broad spectral range

{c) Sharply pulsed time structure and tunability of synchrotron
radiation offer unique possibilities for studying conformational
changes in biclogical materials on a subnanosecond time scale;
(not considered in the present work)

{d) Natura! collimation.

The application of the synchrotron radiation in EXAFS studies as

applied to this project is explained in Chapter 3.

1.3 The Phenomenon of EXAFS

X-radiation in passing through matter is absorbed. Extended
x-ray absorption fine structure {EXAFS) spectroscopy refers to
the measurement of the x-ray absorption coefficient u, as a function

of E - Eo, the photon energy, past the absorption edge at Ec.

Figure 1 shows a typical x-ray absorption cross-section and makes
a somewhat arbitrary distinction between x-ray absorption near
edge structure (XANES) and the extended x-ray absorption fine

structure (EXAFS).

The XANES region addresses the problems of multiple scattering
and poor scattering factors and can give details of the local symmetry
and other structural data once reliable methods of interpretation

have been developed.
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The interpretation of the EXAF5, on the other hand, is much better
understood and it is possible to determine radial distance between
the central absorber atom and its neighbour atoms, and other para-

meters. The spectra usually refer to the region 40-1000 eV above

the edge.

Normally g or ux is given by ux = In IOII or In T.’To
where V] is the linear absorption coefficient,
X | is the absorber thickness
lo is the incident x-ray intensity
| is the transmitted intensity and T and To are the

times for a preset count with the absorber in and out of the beam.




Figures 7 and 9 in the subsequent sections show the simple arrange-

ment for obtaining the transmission EXAFS spectrum,

The monochromatic incident x-ray beam has a fixed fraction of
its intensity I, sampled by a detector while another detector measures

the intensity ! that passes through the sample. Thus | = Io exp(-ux]).

EXAFS can also be defined as the normalised oscillatory part of

H and is given by » = (4 - uo]fuo, where is the non-oscillatory
smoothly varying portion of yu past the edge, i.e. the absorption
coefficient of an isolated atom. (Detailed explanation is found

in Chapter 2).

Figure 2 conveys the absence of EXAFS in the spectrum of an isofated
atom while Figure 3 shows its presence in the case of condensed
matter. For isolated atoms, the absorption coefficient decreases
monotonically as a function of energy beyond the edge {see Figure
2) but if the absorbing atom is surrounded by a neighbouring atom
{as in Figure 3), the outgoing photoelectron wave will be back-
scattered by the neighbouring atom, thereby producing an incoming
electron wave. The final state is then the sum of the outgoing
and all the incoming waves, one per each neighbouring atom. The
interference between these oppositely travelling waves gives rise

to the sinusoidal variation in absorption coefficient versus energy

known as EXAFS.
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The data as plotted in Figure 3 are called raw EXAFS data. The
“ripples" give, via computer analysis, quantitative information on
the distance between interacting atomic centres, and the numbers

of these atoms surrounding the absorber {central atom).
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2.1 Proposed EXAFS Studies and Literature Survey

The studies to be described in this dissertation were made
at the K-edjes of Manganese in manganese(ll) ammonium sulphate -
MnSOu(NHu)zsou.GHz(), and bromine in Potassium bromide - KBr
and bromine in Strontium bromide hexahydrate - SrBr,.6H,0. Al

the samples were powders.

Besides the advent of Least squares and the Fourier transformation
procedures, EXAFS has profited from several recent instrumental
and theoretical developmentszg. The EXAFS technique has found

good uses in a wide variety of materials such as amorphous solid530,

33, polymersBu and surface535

quuids:”, solutionssz, gases
Most work on EXAFS has tended to concentrate on solids or crystal-
line structure elucidation. The reason is possibly because solids
show more rigid structures than solutions or amorphous materials
and hence are capable of giving information up to the third neigh-
bouring atoms36. On the other hand, crystalline materials can
almost always be studied in greater detail by conventional x-ray
crystallography”, which cannot tackle solutions or amorphous mater-
ials easily. For this reason, the UMIST group has concentrated

its efforts on EXAFS studies of solutions and a brief literature

survey, largely of work on solutions, will now be given.

EXAFS studies of dilute solutions have tended to be of first-row

8

transition metals and their t:om;:uounds3 . because the K-edges of

these metals occur at the most easily accessible x-ray wavelengths.



12

Addressing ourselves more to work of interest to this investigation,

Mn-0 interatomic distance has been widely investigated by EXAFS

technique in solution®”, The data for MnBr, and MnCl, studied

in solution gave an Mn-0O distance equal 2.200 ;uo' Additionally,
Beagley et aI“, studied EXAFS of aqueous MnBr, solution and

concluded that the complex possesses Mn-Br and Mn-O bonds in
solution. The structures of MnBr?_.HHzo and MnBr

been studied and are knownuz.

2° 2H20 have

EXAFS data have also been coliected by the UMIST group from
powdered MnX2.4H20 and anhydrous Mn)(2 (X = Br, CI) and a
wide range of related complexes, but the computational phase of

the work is not complete“.

M.Y. Ampte and C. Mandeuu also studied Mn-K edge x-ray absorption
in its oxides. Rable, Tolkiehn and WernerqB investigated the K-
edge absorption of MnQ, which they confirmed to have rutile struct-

ure with Mn being six fold cocordinated.

P. Rabe, G. Tolkiehn et alIus studied high accuracy bond lengths
from EXAFS of solid KMnOu and MnOu- in aqueous solution. The
discontinuity of the Mn K-edge in its oxides has been widely invest-

igated by EXAFS technique”.

E.D. Crozier et al® recently carried out EXAFS studies of bromo

manganate ions in molten salts.



13

Ciosely related to Manganese is Nickel, which also has six water
molecules coordinated to the metal in the double ammonium sulphate
belonging to the class called the Tutton's salts. Recent work

+ S .
(2+) co-ordination in aqueous solutlonug

using EXAFS include also Ni
Results showed, as assumed, [Ni(H20}6]2+, i.e. six water molecules

[ +]
were present at 2,04 A from the metal ion.

As a standard for Br-Br contributions to the EXAFS, Br, gas was
o
studied>?. The Br-Br distance was found to be 2.28 A, about

Q
0.03 A greater than the vapour value.

Bromine species have been extensively investigated in polymeric
compound551. They are particularly suited for EXAFS studies

since bromine K-edge is easily accessible. The same advantage

has been utilised in the present investigation, Further, the amplitude
of EXAFS in bromine molecules have alsoc been investigated by Stern,

E.A. et alsz.

A comparison between the calculated and the experimental spectra
of K and CI in their K-edges studies showed that distant co-ordination

spheres are important up to 30 eV above the edge53.

Qther works carried qut in EXAFS studies include those undertaken

54 55

on copper solutions™ ', on Zinc and Strontium™ and on Zinc Chloride

solutionsSG. The uniqueness of EXAFS technique in structure
investigation has been confirmed by T.M. Hayes®’ in his EXAFS

studies of disordered solids and later by V.L. Sukhorukov et al58
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in their fine structure of x-ray absorption spectra of ionic crystals.

2.2 Objectives of Present Studies

The EXAFS data were obtained in experiments carried out
at the Daresbury Synchrotron Radiation Source, Warrington. The
data for each of the samples were analysed via appropriate UMIST
computer programmes. The three materials selected for investigation,
viz. Potassium bromide - KBr

Strontium bromide hexahydrate - SrBrz.GHzo
and Manganese(ll) ammonium sulphate hexahydrate - MnSOQINHH)ZSOq.GHzo
were chosen as "model compounds" (standards or calibrants), whose
study would provide vital information to aid more advanced studies.
The methods of extracting structural data from EXAFS spectra
are still under development and the study of "model compounds"
of known structure will remain a vital part of EXAFS investigations

of unknown structures for some time to come.

Thus the over-riding aim of the present work is to find out how

to calculate the EXAFS spectra of the three materials from the inform-
ation available in the literature on their crystal structures. The
principal obstacle to be overcome is the lack of reliable back-scattering
factors (amplitudes and phases) and absorber phases for the near
edge (XANES) region of the experimental data. To make progress,
we shall make the assumption that the scattering factors obtained

from calculations (with the MUFPOT program) carried out at Dares-
bury, are reliable in the EXAFS region beyond 40-70 eV from

the edge.
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Proceeding on the basis of the above assumptions, the first objective
of the present work is to carry out calculations using only the

outer {EXAFS) part of the data beyond ~70 eV. In these "short-
range refinements” the need is to obtain a good fit between the
experimental (observed) and the calculated {theory} EXAFS curves

using the scattering factors available.

The second objective is to investigate whether or not the results
from the short-range refinements can be applied to give a fit in

the inner (XANES) region also.

The third and the final objective combines the first and the second
objecties in an attempt to find a fit for the full range of data,
by modifying the scattering factors (if necessary} for the inner

region ["long-range refinements"),

As mentioned earlier, computer programmes written in Fortran language
have been provided for carrying out the objectives. The computer
programme used for the third objective has extra functions in the
EXAFS equation employed. These then correct the scattering

factors in the low energy portion of the curves and improve the

fit near the absorption edge.

Refinement is accomplished by means of iterative least squares pro-
cedures. It is important to state here that the goodness of fit
has been measured by our visual judgement of the fit between observed

and calculated spectra as seen on line—printer plots, as well as by
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consideration of the quantity called the residual, given after each

circle of refinement.

The residual is defined as the measure of the similarity of the theoretical

{model) and the experimental results.

R =100 x ;lil— per cent

L|Xobs|

where 57 “obs T *cal

The lower the value of R the better the fit.

It is our aim to retain in the calculations the literature values of
interatomic distances extracted from x-ray crystallography studies
for each of the compounds. Any correction factors required to
cbtain a fit with experiments will be refined. The results will be
available for use in refinements determining unknown structures

of compounds having atoms similar to those in the present studies.

2.3 Current X-Ray Results for the Compounds

In this section, a literature survey of work on the crystal
structures of the selected compounds will be given, the structures
will be described briefly and the numerical results required for

the EXAFS calculations will be given.

The crystal structure of Manganese(ll}) ammonium sulphate hexa-

hydrate - MnSOH(NHu)zsoq.GH 20 has been determined by a three-
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dimensional x-ray analysis with Fe Ko radiationsg. The crystals

are monoclinic with 2 molecules per unit cell. The six water molecules
are arranged about the manganese ion in almost regular octahedron,

[}
the average metal-oxygen distance being 2.18 AGO.

These Mn-0 distances show the same pattern as in the other Tutton
salts; two pairs of equatorial bonds of 2.18 and 2.20 A and a
shorter pair of axial bonds of 2.15 2\ These are in agreement
with previously recorded Mn-0 bond lengths in MnCl

61
2. quo Fl

although the latter has an octahedron of uH20 and 2Cl around Mn.

The hydrogen bond network is essentially identical with that found
in the other Tutton's salts, that is, each water molecule forms

o
two hydregen bonds which range in length from 2.72 to 2.86 A,

Ammonium ions are hydrogen bonded to the oxygen atoms of the

sulphate group.

Herrmann opened an era of researches into the structures of

MXZ.GHZO compounds including strontium bromide hexahydratesz.

Jensen®? took up from Herrmann in 1940 in further investigation
of the function of water of crystallization in hydrates of metallic

salts which do not form "coordination compounds".

Strontium bromide hexahydrate's structure was described as being

monotonic, with one strontium bromide hexahydrate per unit celf.
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The structure of SrCI2.6H20 was described in detail by Jensen®®

as it is typical of the trigonal hexahydrates of alkali earth halides,
The Sr-0 interatomic distances in the chloride were established

L+]
= 2,62, Sr-0 = 2,80 A)

[+]
2. . i.e. -
as 62 and 2,80 A (i.e. Sr 0( (2)

1)
For the EXAFS study of the bromide which was at the Br K-edge,
the Br....X distances are required (X = O, Br, Sr). For the

o
chloride Jensen gives Cl....0 distances ranging from 3.11-3.57 A with

2} [~}
a mean of 3.28 A. The shortest Cl,...Cl is 4.12 A,

In the bromide the corresponding distances will be longer; as the
EXAFS data is very noisy, it is likely that only the mean Br....0
distance will be required. To estimate the lengthening on going
from Cl....0 to Br....0, the increases in the a and ¢ cell parameters

of the trigonal unit cell may be considered.

Parameter 'a' changes from 7,956 to 8.221 R (3.3%) from chloride
to bromide, while 'c’ changes from 4.116 to 4.15% A (0.9%). If
a 2% lengthening on going from Cl....0 to Br....0 is applied, a
Br....0 distance of 3.35 f\ is estimated and this wiill be used in

the EXAFS calculations,

There are two kinds of oxygen atoms in the MX2.6H20 structure
corresponding roughly in environments to the two types of water
molecules proposed by Bernal and Fowler55. 0“) is tetrahedral
and 0(2] is of planar type. Figure 4 shows the suggested structure,

which establishes that Sr has 9 oxygen neighbours. Two sets of
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3 0{2} are shared with 2 Sr in the column (Figure 4); 0“] is
not shared. Le Claire and Bonel (1':}',*’?}66 report the structures
of CaCIz.GHZO and CaBrZ.GHzo as isostructural with SrCIZ.ﬁHZO,

giving Jensen's early study modern support.

Figure 4 Sr-H20 column

reported by Jensen for
SrCl,-6H,0

Two types of
oxygen atoms
suggested

The thermal parameters of KBr have been studied by several workers
using x-ray diffractionﬂ. Measurements using powder as well

as single crystals have been made. Also, there is considerable
disagreement between different experimentalists on the values of

the thermal parameters even at room temperature. However, KBr
has ben confirmed as having its stable modification with NaCl struct-

UI"EGB.



Potassium bromide has the NaCl, rocksalt, structure, with a cubic

o
unit cell having a = 6.5982 ASS' with four molecules in the unit

20

cell. The EXAFS calculations may require the distances Br-K

(first neighbour) = %a =

=]
3.299 A, next neighbour Br....Br =

o Q
a’/2/2 = 4.666 A and third neighbour Br....K = a/3/2 = 5.714 A,

Further distances are readily available if required.

Br

Figure 5(a) A side view of
the structure suggested for KBr

Br

Figure 5(b) A molecule
of KBr

Other possible interatomic
distances beside K-Br's
are masked by dotted

i lines in Figure (a) & (b)
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3.1 Theoretical Aspect of EXAFS

This phenomenon (EXAFS) has been known for half a century
as stated earlier in its background history. The basic physical
explanation for the theory has been provided by Kmnig-m as being
due to modification of the final state of the photoelectron by the
backscatterers. Recent work has established the adequacy of
a single scattering short-range order (S.R.0) theory, particularly

beyond 40-70 eV beyond the edge-”.

The oscillatory part of the absorption coefficient 2, normalised

to the background Xg is given byn:

(-20,7k? - 2r,/})

L. [2kr'i + 2éi(k) + 9(k)
-‘1—': - f 3(¢ .ri]2 F(k) sin kriz exp

for excitation of an s state in a system by x-ray polarized in the

-~

¢ direction.

For powders, this equation reduces to

! - % SF(k) _. &) - -
x(k) = L Fe T sin(2kr; + 281(k) + 6;(k)) exp(-20,7k? - 2r.,/})

(1)

Equation (1) describes the modification of the electron wave function
at the origin due to the scattering by Ni neighbours located at
a radial distance r; away. S = attentuation factor or the amplitude

reduction factor due to many-body effects at the central atom.
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The back-scattering amplitude F(k) and phase ¢{k)} are given by:

ig(k)

in

f(m) F{k)le

2.61
i

g L2 s e - uen
{

where ¢1 are the partial-wave phase shifts deduced from wave
mechanics and available in tabular form at various levels of approx-

imation,
The electron wave vector k is defined as:

k = 2m/h?{hv - Eo)? (2)
where h = %

v = x-ray frequency
Eo = threshold energy (depends on choice} of the edge
2kri + 8{k} arises due to the phase shifting of the electron

wave returning to the neighbour at a distance r,.

There is also a phase shift of the outgeing electron at the absorber
atom ﬁfl (the prime denotes the fact that the central atom is in
general different from the neighbour), '1' denotes the value of
1, (1 = 1}, The wave function at the origin is modulatedn; hence

the sinusoidal term in equation (1),
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One must account for the fact that atoms are not stationary, as
thermal vibration will smear out the EXAFS-N. This is accounted

for in equation (1) by a Debye-Waller type term exp(—Zcri’kz).

The term exp(—Zri!A} where A is the electron mean free path,

accounted for inelastic losses by electrons, though rather crudely-"s.

It is the limited range of the photoelectrons in the energy region
of interest (50-1000 eV) that permits a short-range order description

of EXAFS in materials’®.

Key features of concern in the last few years include the following

aspects:

{i) Consideration whether the simple formula given by equation (1)
is adequate;
(ii) How to perform the ab initio calculation of the functions F(Kk),

61[k) and 9(k) as contained in equation (1} for atoms throughout

the periodic table and test them against experiments.

This second aspect has been dealt with by Teo et al’’ based on

the theoretical developments of Lee and Beni78.

Finally, it was established that if the E, (threshold energy) is
allowed to vary as an adjustable parameter, the calculated phase
shifts are in good agreement with experiments”, thus enabling
nearest neighbour distances to be determined with an accuracy

of ca 0.02 A.
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It is now generally accepted that much of the inadequacy of equation
(1) is due to multiple scattering, which has its greatest effect
in the XANES region This and other sources of inadequacy

will now be discussed.

(i) Multiple Scattering

Equation (1) takes into account only a single back-scattering,
It is a fact that EXAFS is an interference phenomenon and obviously
related to Low Energy Electron Diffraction (LEED) and angular
resolved photoemissionso. In short, EXAFS can be likened to

LEED with a source and a detector located in the absorber81.

The fact that multiple scattering is known to be very important

in LEED makes single scattering formula inadequate in equation

(1}.

The clue to this problem is that one can account for multiple scatter-
ing events using equation (1) by adding all scattering paths that

originate and terminate at the absorber {see figure 6).

. X 32 _
Each of these events behaves like sm{2kreff] where zreff =

+ ry + rjis the total path length.  Thus multiple scattering events
give rise to rapidly oscillatory contributions in k space, and are
particularly important for backscatterers beyond the first neighbours
of the absorbing atom These distant backscatterers contribute

more in the XANES than in the EXAFS regions®-,
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Figure © Mustration of a multiple scattering event.

2 e S ¥y Tyt Ty (reff = effective path length)

(ii) Chemical Transferability of Phases

Effects such as chemical bonding, non-spherical potential,
atomic configuration and ionicity have a decreasing influence on
the phase shift functions for increasing energyau. Such effects
are ignored by equation (1); otherwise, E0 can change to mimic
them. This is the basis of the calculated phase shifts used
in bond-length predictions. This has been found experimentally
for a limited number of cases in the early years of development
of EXAFS as a tool for investigating structure by Stern et alas,
Lytle et al®®, A later, more detailed study on EXAFS theory

by Citrin et al87, Patrick Leeaa further confirmed an approximate

compensation of these effects by varying Eo'

26




Amplitude and phase transferability:

Equation {1} modelled inelastic losses by an exponential damping
term exp(-ZriM). This has been found to be inadequate. A
confirmed discrepancy between the calculated amplitude and the
experiment has been found to be due to the core hole relaxation
prcmces.ses89 in the central atom, Many investigations have been
carried out to confirm this, the best documented case being that

of Br in Br, molecule by Stern et aIgU, 1979, and later of CuBr

2
. 91
solid by Stern et al™, 1980.

(iii) Thermal and Static disorder

Equation (1) assumes that disorder can be accounted for by
a Debye-Waller type factor exp(-20?k?). This term assumes that
the disorder is harmonic in the case of thermal disorder. Systems
with large thermal disorder, e.g. Zn at high temperaturegz, super-

9 Other

ionic conductors of large intrinsic disorders are exceptions
"disorder" like cases where the absorber occurs in a variety of

. . . . 94
environments in the sample, is also important™ .

The effect of "disorder" tends to reduce the EXAFS amplitude rather

as a Debye-Waller factor. This can affect measurements of the
number of nearest neighbours. It is confirmed that deviation from

Gaussian behaviour produces phase shift correctionsgs.

An expression for o5 as a function of temperature was first given

by Schmidt 697

based on the debye approximation for lattice vib-
rations. This was later re-derived and somewhat generalised to

include anisotropy by Beni and Platzmangs. Going beyond the

27
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Debye approximation the exact expression for o in the harmonic
approximation was numerically calculated for several force constant
models of Cu, Fe and Pt by Sevillano et al°?. Rehr'%® simplified

this in 1979 to inciude amorphous solids. Further investigations

were recently carried out in this area by Rehrm], Rabe et alm1,

03 104

Bohmer and Rall:ue1 and Eisenberger and Brown
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Most recent EXAFS work is done using synchrotron radiation. The
growth of EXAFS has been closely tied to that of synchrotron radia-
tion sources because of the need for an intense, broadband source

of x-radiation.
Synchrotron radiation is emitted when relativistic charged particles
travel in curved paths in magnetic fields. Hence it arises as the

major loss mechanism from electrons in circular motion.

4.1 The Equipment

There are several well-developed modes of EXAFS measurements
most of which use photons as the primary source of excitation.
We shall, however, be concerned with transmission mode of the
EXAFS spectrometer as shown below in Figure 7.

lon Chamber lon Chamber 1
2 Sample

4 Lﬂ_[j__-—- ' 7 Stored

_:::J-UT-—_E INERT GAS MIXTURE | erbea{

B Storage
| i il bl
ﬁ mirror
|
L tOAV 2 channel ’ Figure 7 Schematic diagram of
ré Amp counte the EXAFS spectrometer

in transmission mode

—_— Stepping

Computer Motor Driver




The synchrotron radiation from the electron storage ring repres-
ented by a broken cycle at the upper right corner, is collected

by a toroidal mirror and monochromatized by a double crystal mono-
chromator. Alternatively, the radiation can be monochromatized
with a curved mirror monochromator. The chamber is filled with

rare gas mixtures to suit the spectra wavelength range chosen,

The configuration of a channel-cut crystal or a paralle! double-

crystal monochromator is shown in Figure 8.

For a selected Bragg spacing d, the central wavelength, ), of

the output beam will be

A= ZdhklsineB

When the input beam makes an angle 6g with the Bragg planes
(i.e. satisfying the Bragg reflection condition). the output
beam is displaced from the input beam by h = 2DcoseB where D
is the spacing - usually t cm, between the two crystals and g
is the Bragg angle for the chosen reflection. T he arrangement
ensures that the output and the input beams propagate in the
same direction. Furthermore, the position of the sample in the

beam can be maintained by the small vertical translation h.

The incident beam intensity is measured by the ionization chamber
1 and the transmitted beam intensity by the ionization chamber

2 (see Figure 7}.

K}
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Input
beam

Figure 8 Schematic diagram of a channel cut crystal monochromator

The energy of the beam is changed by changing the angle between
the monochromator crystal and the incident beam. Figure 9 shows

a general layout.

1 metre driven

- —— sSCrews

Figure 9 Experimental arrangement for measuring EXAFS in
transmission mode
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The synchrotroen source used in this investigation was at the Science
and Engineering Research Council's Synchrotron Laboratory at

Daresbury, Warrington,

The beam line 7 EXAFS station 7.1 is situated 16.5 metres from
the storage ring tangent point and may be used with the focused
or non-focused optics. Detector, exit slits and sample chamber

are mounted on a stepping-motor-driven table as in Figure 9.

The table follows under computer control the parallel shift of the
monochromatic beam as the monochromator crystal is rotated.

Channel cut Si(111) or 85i{220} crystals monochromators are used.

All the equipment shown in Figure 9 is situated inside a radiation
hutch fitted with interlocking safety equipment to cut off the beam

in any unsafe situation.

The step motors which rotate the monochromator, move the slits
and table, are controlled by an LSI/11/0, computer which also

accumulates the data and stores it on floppy disks.

The data so stored are transferred to the main frame via a data
concentration onto a magnetic disk for final transfer into files in

the University of Manchester Regional Computer Centre (UMRCC).
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4,2 Preparation of Samples

The absorbing samples were prepared by grinding to
pass 400 mesh and sandwiched between strips of sellotape for
support and thermal contact and attached to the sample holder.

This represents the sample cell.

(ii) Experimental Procedure

The sample cell is positioned in the path of the x-radiation

beam on EXAFS line 7 at Daresbury’®®

A standby laser beam set to coincide with the x-ray beam may

be used to align the sample cell well in the path of x-radiation.
When the hutch door was securely fastened and all safety proced-
ures satisfactorily observed, the scans were carried out. Suitable
wavelength range was selected to scan through the absorption edge

for a sample. A silicon (111) monochromator crystal was used.

For the MnSOq(NHHJZSOH.EHZO complex, for example, the Manganese
o +]
(absorber) K-edge was known to be at 1.896 A £ = 17.601

for Si(111) thus making the J, range selection easier as in Table 1.

The contents of each region are displayed on the VDU. These
scan parameters are for a single scan of two regions starting at
17.8 degrees and ending at 16.5 degrees. The number of steps
the monochromator moves before a reading is taken is determined
by incr (short for increment). Time is measured in milliseconds
and the values for the reference and signal are counts from the

ion chambers (see Table 1).
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TABLE 1
J

Region 1

Start 17800 100, 000
Incr. 10 8,000,000
End 17640 50,000
Region 2

Start 17640 100, 000
Incr 2 8,000,000
End 16800 80, 000
Region 3

Start 16800 100,000
Incr 5 8,000,000
End 16508 80, 000

With EXAFS equipment (Figure 7) set in transmission mode, the
monochromator was moved by varying the Bragg angle, and hence

the wavelength (1 = 2dsing ), whereupon the full EXAFS spectrum

Bragg
was obtained. More x-rays obviously passed through the sample

as angles were decreased, but the count Io is limited by a constant

I. More data points were recorded in the region close to the absorber

edge. The whole experiment is performed under the control of

the computer situated outside the hutch.

4.3 Data Processing

The first step was to condense the individual 1 and Io counts

that were collected on each sample into one final coded spectrum.
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The data are then expressed as a relative EXAFS modulation, gener-

ally defined by'%®;

x(k) = [ulk) - pge(k)1/p (k) (2)

where yx is the fine structure modulation (EXAFS)
M is the observed x-ray absorption cross-section
H, is the photoelectric cross-section for the free atom

Hpg is the experimentally derived background

In equation (2) the EXAFS modulation x is not expressed as a
function of the incident x-ray photon energy but as a function

of the resultant photoelectron wave vector defined by:

k = 2m(2m [E - E_1)¥/h (also shown in Chapter 3),

where k is the photoelectron wave vector which has units of
1/distance
E is the energy of the incident photon, Eo is the K-
shell binding energy,
m is the mass of the electron and

h is Planck's constant.

To obtain x(k) from an x-ray spectrum, a number of procedures

are utilised.

First, a pre-absorption edge background is removed from the spectrum,

Then the spectrum is divided by the free-atom photoelectric cross-



It is often very useful to create simulated data and compare the
Fourier transforms and the fitting results with the unknown system,

and this is what this study seeks to achieve.

The flow chart (Figure 10) from Cramer et at’0® suitably illustrates

a typical complete data processing procedures.
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4.5 Analysis of Data {Computing Procedures)

Quantitative treatment of raw EXAFS data is best handled by means
of computer programming, for accurate extraction of structural and

chemical information.

Computer treatment of the raw EXAFS data normally commences at Dares-
bury Synchrotron Radiation Laboratory with a programme called
EXCALLIB. This programme, starting with the experimental data file,
produces normalised spectra of absorption versus electron energy in

eV and Hatrees.

The next program EXBACK is an interactive programme available for
removing background from either absorption or fluorescence excitation

spectra.

The final files of EXAFS curves were transferred to the University
of Manchester Regional Computer Centre (UMRCC} files for further
processing using UMRCC /7600 joint system. This system is linked
directly with UMIST terminais, thus enabling easy access via ROSCOE

on the AMDAHL computer.

Scattering factors (i.e. amplitudes and phases) assumed to be approp-
riate, obtained from quantum mechanical calculation {MUFPOT program)
at Daresbury, were available in files also containing raw EXAFS data

for each of the three compounds. Good scattering factors are required

to get a good fit between experimental and the model data.
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We have analysed the data using Fourier transform and the curve-~

fitting computer programs.

Curve fitting involves a best fitting of the data with a sum of individual
waves modelled by empirical equation (1), each of which contains approp-
riate structural parameters for each type of neighbour and the approp-

riate scattering factors.

On the other hand, the Fourier transform technique provides a photo-
electron scattering profile as a function of the radial distance from
the absorber, and help to provide starting parameters for the curve

fitting.

The problems of the Fourier transform technique include:

1. "side lobes" (due to nonlinear character of the phase and the
amplitudes)} which can interfere with the weaker peaks and

2, skewing of the transformed envelope {due mainly to structure)

which may affect the peak position.

The problems of curve-fitting methods include:
1. multi-dimensional parameterisation which can be very time-consuming;
and

2, correlations ameng various parameters,

In either method, the data used are the x{k) vs k curves from the
EXBACK programme. x{k} can be fitted without modification {our

standard method} or multiplied by some power of k so as to compensate
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for the diminishing amplitudes at high k values to give k" (k), for

which a weighting scheme n = 3 is commonly used.

Additionally, excellent standard computer programs of UMIST are avail-
able which make the two techniques quite automatic once the data are

provided.

The "model compounds" possess Sr-0 distances in SrBrz.EHZO; Mn-0

in MnSOu(NHQJZSOu.SHZO; and Br-K and Br-Br in KBr.

We have examined each of these interatomic distances present by
full-matrix least squares curve fitting calculations based on the original
EXAFS , -curves and refining a number of parameters until a fit was
obtained. Sometimes longer (second neighbour) distances were in-

cluded.

For the EXAFS region of each data we have refined the following para-
meters:

i. interatomic distance between the absorber and the scatterer repres-
ented by variable R, in the computer programme (and sometimes R2
for a second back-scatterer) or AR, the correction needed to make
the EXAFS data fit the literature distances;

ii. the zero energy correction represented as ZERO;

iii. the vibrational amplitudes U1 (and Uz} and

iv. we have modified the background treatment for a good fit.




Presence of large number of ripples in the printout have suggested
the possibility of other distances other than R1. In such cases, as
ocbhserved in KBr and MnSOu(NHu)ZSOq.GHZO; we have included dis-
tance R2 and its multiplicity. The effect of this procedure on the

fit is presented under results and discussion.

As for the XANES region, we have kept the parameters already refined
in the EXAFS region fixed, and refined only those parameters which
modify the scattering factors below an also refinable EXAFS/XANES

limit.

In short, we have applied equation (1) in our calculations at K (or

E) equal to or greater than the limit value from our assumption that
the scattering factors were known in that region (i.e. we have made
no correction in the scattering factors beyond and at the limit vaiue)

See Figure 11{a}.

However, the scattering factors below the limit value (inner region)
have to be modified as entailed in the new use function applied for
a goad Ifit in the XANES region. This users function contained modi-

fied amplitude and phase functions as:

Amplitude (F(Kk)}:

F(k) [1 + (limit - actual) * amplitude adjustment constant]
value korkE

43
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This modified amplitude function, applicable only if k (or E} is less
than the limit value, is represented schematically by the broken line
in Figure 11(b). This diagram implies that the correction needed for

a satisfactory fit increases the amplitude. This is normally so.

Phase {= 28" + 3{k}) = PH:
becomes [PH + (limit - actual } * phase adjustment constant]
value kor E
The diagram Figure 11{c) of the modified phase shows that the correct-
ion needed in the inner region for a good fit, reduces or increases

the phase. Either reductions or increases may occur.

We hoped the modified scattering factors would improve the fit in the
inner regions of the curves. In this technique we have treated the

following as adjustable parameters for each back-scatterer;

(i) limit of the EXAFS region with the XANES;
(ii) the Phase Adjustment Constant; and

{iii) the Amplitude Adjustment Constant.

With the above procedures well employed we have hoped for a better

fit between an experimental and the theoretical data.
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Figure 11

: Equation (1) applies here (EXAFS region)

. jr\l /\J/\/\/

LIMIT

(a) We assume the values supplied by quantum mechanical calculations
are correct in the EXAFS region.
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Linear corrections effected
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(c) Modified phase.
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CHAPTER 5

SUMMARY OF RESULTS

5.1 Introduction

Structural parameters extracted from the literature for each com-
pound were used as the initial values in the refinements. The early
part of the investigation involved the use of a computer program
{(Appendix 1) which has no refinable AR (DelR, the correction needed
1o make the EXAFS values fit the literature values) but which possesses
AR = 0.4 f\ in the users function of the program, The results
shown in Table 3 were obtained in the preliminary stage of the invest-
igation.
We then employed another computer program which enabied AR para-
meters to be refined with the RS {(interatomic distances) fixed at the
literature values. We have used the program to refine these adjust-
ments to the literature values of the distance parameters required
to fit the EXAFS data. The program was applied to each of our
sets of EXAFS data using both "short-range" and "long-range" methods
of refinement. The results of the short-range refinements (EXAFS
region} are shown in Table 4. This method was also tried to fit
the inner region (XANES) without optimising the scattering factors
in that region. Typical results are shown in Table 5 for MnSOu(NH“JZSOu.BHZO
for example, the high residual shows that the program used in fitting
the EXAFS region (E > 2.50 Hatree) gives poor fits for the XANES

region unless some modifications are made in the functions employed.



48

The poorness of the fit is evident from the plot shown in Figure 21,
The poor fit is observed throughout the curves with different values
being obtained for the refined parameters compared with those in
Table 4. It is unlikely that a good fit can ever be achieved without
allowing the scattering factors to be adjusted in the XANES region

(E < 2,5 Hatree). We have used the program described in section
4.4, which permits adjustment of the scattering factors to achieve
this. The new users function was then applied which attempted

and succeeded in fitting the XANES region of the curves. Refine-
ments carried out with this program adjusted the scattering factors

in the inner region to give a good fit between the theoretical and
the experimental data. The results of this technique are presented
in Table 6, with the estimated standard deviations in brackets. This
version maintains the fit fixed from the "short-range" (EXAFS) refine-

ment, thus fitting well throughout the whole range of data.

A full description of the background optimisation and of the structural

parameters involved in the refinements will now be given.

BACKGROUND REFINEMENT

This is an important aspect of the investigation. We have employed
background instructions supplying a minimum and a maximum energy
value defining the required range of data to be included in the refine-
ment; in addition, we choose a suitable background code which con-

trols the smoothness of the new background fitted.
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The choice of E and E . depended on the nature or the experi-
max min

mental range of data of each sample. In MnSOu(NHHJZSOu.GHZO,

for example, Emax was extended to 11.95 Hatree after which the data

became too noisy.

Zero

Zero is a measure of the zero error of the energy arising from poor
choice of edge position during pre-treatment of the raw EXAFS data.
Calculations with zero value between 0-0.02 have been found to give
better fit in the EXAFS refinements, whereas results from "long-
range"” refinements without scattering factors modification have been
observed to give negative zero values in an attempt to fit the regions,
The incompatibility of zero values from these short and long-range
refinements reflects the unsatisfactory nature of the unmodified scatter-
ing factors. Many jobs were run in the process of correcting these

parameters.

R1, R2, R3

These parameters represent the interatomic distances involved in the
investigation. Whether to include more than one distance in a refine-
ment depends on the nature of the EXAFS data. A set of data with
large number of irregular ripples suggests more than cne interatomic
distance present, e.g. KBr data. Weak ripples superimposed on

the main oscillations suggest hydrogen-bonded water in the case of

Mn sample,
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MULTIPLICITY

This is represented as MULTR1, MULTR2, etc. in the programs. MULTRI1
defines the number of nearest neighbours and is kept fixed. A

series of jobs were run until suitable values of other multiplicities

were obtained, the variable values arising from multiple scattering

effects. We normally refine these parameters only after most other
parametersrhave converged. However, results for these parameters

do not represent number of neighbours because of the multiple

scattering effects. Thus, large multiplicity values may be acceptable

in the EXAFS technique.

MEAN FREE PATH, »

The mean free path, » , term allows for contributions from inelastic
electron scattering. The ) effect is equivalent to a finite lifetine
of the excited state. It measures the average distance an excited
electron can travel before losing coherence with its initial state.
Refinement of this parameter is particularly important in the "long-
range" refinement because the final state electrons have long mean
free paths at low energies leading to the emergence of multiple
scattering as a significant factor in determining the EXAFS for

o_
K less than 2 or 3 A 1.

LIMIT, AMPLITUDES AND PHASE ADJUSTMENTS

These parameters are necessarily refined in the final "long-range"
refinements, in order to fit the inner region of the EXAFS spectra
concerned. While negative or positive value may be admissible
for the phase adjustment, a negative value for amplitude adjustment

usually accompanies a bad fit. Often the course of the refinement
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has to be carefully controlled so that it converges to a positive

value.

Table 2 lists the variables in their annotated form for KBr data

as an example to illustrate parameters used in the refinements but

which have not been included in the description.

Card Variable Explanation of Variable

v/ R1 Br-K distance

Vi/i2 u, = U, Vibrational amplitude

Vi3 Mult R1 Multiplicity for Br-K distance
Via Phase R1 Br-K phase

V/5 FP R1 Free path of Br-K

V/ie FP power 1 Free power of Br-K

V/i7 Del R1 Correction to Br-K distance
Vi1 R2 Br-Br distance

V12 U, Vibrational amplitude

V/13 MULTR?2 Multiplicity of Br-Br

vi2i R3 Br-K distance

V/i22 U, Vibrational amplitude

V/23 MULTR3 Multiplicity of Br-K

Vi27 Del R3 Corrections to Br-K distance
Vi ZERO Zero error in energy scale

R/1 These cards indicate the atoms involved in the distances
EE% and provide a further way of defining the multiplicities.

By varying some of these parameters, we have set to obtain a good

fit between experimental and the calculated data.
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Table 3: Gives results of the refinements of the EXAFS for each

of the sample data with program which has no refinable AR (but

L]
which possesses &R = 0.41 A in the users function) (Early stage

of the investigation)

"Model Compound": MnSOu[NHq)ZSOwﬁHZO

= 11.1%

Estimated Standard Deviation [e.s.d.] in brackets

Parameters Fefined

|

Values

R1 (literature value)

Rt (EXAFS)
Up =Y,
Zero

Energy Range: 2.50-8.00 Hartree

"Model Compound”:  SrBr,.6H,0

o
2.180 A

2.2457 (22) i

°
0.099 {1) A

0.057 (10) Hartree

R = 23%

Parameters Refined

Values

R1 (literature value)
R1 (EXAFS)

U, = U

1
Zero

2

Energy Range: 2.50-5.00 Hartree

-]

3.350 A
-]
3.234 (15) A
0.027 (11) A

0.087 {30) Hartree




"Model Compound”: KBr
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R = 21%
Parameters Refined Values
=]

R1 (literature wvalue) 3.299 A

-]
U1 = U2 0.192 (2) A
Zero 0.356 (4) Hartree

[#]
R1 2.705 {14) A
Energy Range: 2.50-5.00 Hartree

Table 4 Gives results of the refinements obtained from a computer

program which enabled AR parameters to be refined with

Rs fixed at literature values of each compound.

"Model Compound”: MnSOLI[NHq] ZSOH'EHZO R = 7.7%

Parameters Refined Values
Q

R1 (literature value) 2.180 A
o

R2 (literature value) 4,314 A

U1=U

DelR1

2

Muft R2

Zero

Energy Range: 2.50-11.95 Hartree

°
0.1111 (3) A
0.326 (1) R
7.3 (30)

0.126 (4} Hartree
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"Model Compound": SrBr,.6H20 R = 37%
Parameters Refined Values
[+ ]
R1 (literature value) 3.350 A
=]
U1 = U2 0.113 (3) A
s ]
DelR1 0.276 (9) A
ZERO 0.148 (23) Hartree

Energy Range:

Model Compound":

2.50-8.20 Hartree

KBr

Parameters Refined

Values

R1 (literature value)
R2 (literature value)
Ul = U
DelR1

2

DelR2

Zero

Energy Range: 2.50-8.00 Hartree

S
3.299 A
Q
5.714 A

o

0.182 (2] A

o

0.471 (3) A

°

0.242 (11) A

0.148 Hartree
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Table 5: Gives an example of curve-fitting results in X ANES
region (E < 2.5 Hartree) without modifying scattering
factors

"Model Compound" : MHSOH(NHH)ZSOH'GHZO R = 26%

Parameters Réf.ineci - B Va_lues

R1 (literature value) 2.180 K

u, = U, 0.169 (3) A

FR P1 0.611 (22) A2
DelR1 0,399 (7) R

Zero -0.204 16) Hartree

Energy Range: 0.90-8.00 Hartree

Table 6: Gives results of curve fitting with modified scattering
factors (long-range), EXAFS + XANES range of data

(Other parameters fixed at values from Table 4).

"Model Compound": MnSOn{NHQJZSOH.GHZO R = 13.4%
Parameters Refined T Values
Limit Il 2.039 {10) Hartree
Phase adjustment R1 1.143 (19)

| 2.408 (45)

Amplitude adjustment R1

Energy Range: 0.90-11.95 Hartree.



"Mode! Compound": SrBr,.6H,0 R = 22.4%
Parameters Refined Values
Limit 2.305
Phase adjustment R1 1.92 (2)
Amplitude adjustment R1 g.24 {15)

Energy Range: 0,70-8.20 Hartree

"Model Compound": KBr R = 35%

Parameters Refi_ned Values

Limit ‘ 2.123 (21) Hartree
Phase adjustment R1 2.40 (7)
Amplitude adjustment Ri 8.9 (%)

Limit Br-Br 2.81 (11) Hartree
Phase adjustment R2 1.05 (8)
Amplitude adjustment R2 10 (2}

Energy Range: 0.5%0-8.00 Hartree



Table_ 7:

Parameters Refined| MnSOu[ NH ll] 25‘2'.) Y &6H 20

and MntN03)2 solution from "short-range" refinements

Mn(NO3]2 solution
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Gives comparisen of the results from M’nSOu(NHu]ZSOH.ﬁHzo

Yy
FP
DelR1
R2
Zero

MultR2

Residual

GRAPHS

a

0.1111 (3) A
. 0.2

1.50 (fixed) A
0.326 (1) ;\
4,320 (4) A
0.126 (4) Hartree
7 (3)

7.7%

0.103 (1) A
1.483 (10) A™2
0.334 (1) A
4.397 (4) A

0.060 {5) Hartree

14 (2)

6.68%

Figures 12 to 17 represent plots of amplitudes and phases of the

elements of our modelled compounds.

plots of preliminary least square curve fitlings.

Figures 18 to 20 represent

Figure 21 is the plot of "long-range” refinement by curve-fitling

without scattering factors optimisation while figures 22 to 24 represent

plots of radial transform of our EXAFS data in the "long-range"

refinement with scattering factors optimisation,
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CHAPTER &

DISCUSSION AND CONCLUSION

In many experiments, it is useful to be able to estimate the relative
magnitude of the effect of a certain atom would produce on the
EXAFS. Scattering factor curves may help such estimations. Figures
12 to 17 represent the plots of the scattering amplitudes and the
phases of some of the elements of our compounds, Current theory
predicts that the fine structure amplitude due to a particular scatter-
ing atom will be proportional to the electron-atom backscattering
amplitude f(v,k), but diminished by a Debye-Waller like factor

e 0 ask? Well beyond the absorption edge f(7, k) is smoothly
varying and ultimately proportional to Z, the atomic number of

the scatterer, while at lower energies {(near the edge) f(r ,k} can
show considerable structure. Conversely, differences inoas have

a minor effect at low energies, but completely dominate the spectrum
at high k values. Thus, figures 12 to 17 illustrate and quantitatively
compare the dramatically different amplitudes for low and high Z
elements; plots of f(n k) for Mn, O, S, N were shown in the
results, For light atoms such as Oxygen, Sulphur and Nitrogen
f(w,k) decreases rapidly while heavier elements such as Mn and

Br show a pronounced peak in their scattering amplitudes at moderate

k values.

At low energies, low Z atoms can actually backscatter more strongly
than heavier atoms, and they disproportionately affect the EXAFS

in this region.
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Theoretically, the total phase shift can be treated as the sum of
absorber and scatterer phase shifts. The significant differences
in phase shifts in O, S and Mn would permit straightforward differ-
entiation between these atoms as can be seen in Figure 15. On
the other hand, it was difficult with the current data to distinguish

between atoms with similar phase shifts such as Oxygen and Nitrogen.

Turning to the least-squares curve fitting using the above scatter-
ing factors, the refinements carried out in the outer region (EXAFS)
gave good fits. This then shows that our assumed scattering
factors, obtained with variation of a program called MUFPOT were
reasonable for this outer region. The goodness of fit between

the theoretical and the experimental data is shown by the low residuals

obtained in the process (see Table 4).

An attempt to extend this treatment of the outer region (EXAFS)

to the inner (low energy, XANES) region resulted in a bad fit

as summarised in Table 5. As can be observed from values presented
in this table, there is a poor fit throughout the range of data,
residual R = 26% unacceptably different values were obtained for

the structural parameters with this method. The major discrepancies
occurring in this low energy region are due to uncertainty existing

in the behaviour of inelastic and many electron effects. It appeared
very unlikely that a good fit can ever be cbtained in the inner

region with EXAFS unless the scattering factors are properly adjusted,
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The third computer treatment incorporated scattering factor adjust-
ment. This version of the program modified the scattering factors
in the XANES region and hence maintained a good fit in inner region
while keeping the outer region much as before. Table 6 summarises

the results from these long-range refinements.

The results in Table 6 compared with those in Table 5 further
showed that the existence of a good fit to the data is a necessary
(but not sufficient) condition to ensure the correct structural
information. The Fourier transformation presented in the results
is observed to fit exceedingly well. Successful Fourier transform-

ation is achieved now that a full set of data points has been used.

On the whole, MnSOu{NHQIZSOH.GHZO has been ohserved to show
better residuals of fit both in the "long-range" and in the "short-
range" refinements. This is followed by SrBrz.EHZO and lastly

the KBr. This difference in residuals is due to the greater noise

in the Br- edge data - present for experimental reasons.

Table 7 demonstrates the applicability of EXAFS technique to structure
determinisation. The agreement between structural resultis obtained
from MnSOQ(Nquzsou.SHEO and Mn[MO3)2 solution having similar
absorber atoms is most intriguing, and at the same time shows

the level of transferability possible,

The long-range refinements have actually optimised the scattering
factors in the XANES region and we hope the present method will

extend the applicability of EXAFS in structure determinations of
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unknown compounds. Furthermore, the investigation has succeeded
in producing values for the vibrational amplitudes U, (and U,)

and DELR values and the scattering factor modification parameters;

all these can be carried over and regarded as fixed in determining

the structure of an unknown compound.

The fact that we have succeeded in obtaining good fit with both

the "short-range" and the "long-range" (with corrected scattering
factors) refinements show that the methods used in this investigation
proved successful (i.e. that the objectives outlined at the outset

of the work have been largely achieved).

Finally, continuing improvements in both the analysis and the computing
procecdures ("short- and long-range” refinements) and in the experi-
mental sensitivity should make EXAFS an important tool in many

structural investigations,

The date presented here show that the Extended X-ray Absorption
Fine Structure (EXAFS) can be used with appropriate calibration
parameters to characterise distances of scattering atoms and other
structural parameters. It is particularly capable of closing this
for the absorber's first coordination sphere. In this regard,

the future of EXAFS spectroscopy is as bright as the future of

the synchrotron radiation source,

The EXAFS of MnSOF(NHu)zsou.SHZO, KBr and SrBr2.6H20 have

been analysed by a method which combined Fourier transform and
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Curve-fitting techniques. Essentially, we have employed for conven-
ience, "short-range" and "long-range" in our computing procedures.
This has been shown to work well. This work supports the conclusion
of Pettifer et alwg in analysing different factors making the scatter-

ing factors in the XANES difficult to understand.

The results obtained demonstrate the applicability of EXAFS to
structural determination, and its potential for the study of unknown
structures with similar elements to those used in the present investi-

gation,
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