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OXYGEN AND SILICON K-EXAFS IN SiO,
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Institute of Physics, Polish Academy of Sciences
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The aim of this work was to calculate EXAFS (extended X-ray absorp-
tion fine structure) profile of the constituent elements for SiO; in B-quartz
and in its amorphous form within a single scattering curved waves approx-
imation. This method extends the EXAFS analysis to lower energies than
the plane wave approximation. We have used wave functions for free ions
and Pendry’s procedure for central atom phase shifts calculation. Our results
for Si K-EXAFS were consistent with experiment, whereas a significant de-
viation from experimental results for O K-EXAFS was observed. Similar
EXAFS profiles for S-quartz and amorphous SiO, were obtained from cal-
culations.

PACS numbers: 61.10.Wg, 78.70.Dm

1. Introduction

EXAFS is a good technique for investigation of the local structure around
absorbing elements, for example in glasses [1, 2], but also in more complicated
compounds like high temperature superconductors [3, 4]. Tabulated data of phase
shifts [5, 6] are usually used for EXAFS single scattering simulation, however
many authors calculate phase shifts by themselves in a single [7] and multiple
(8, 9] scattering approach.

The X-ray photoabsorption process consists in an ejection of an electron
from an atornic core level. The absorption coefficient, when the atom is located
in a molecule or solid, is modified comparatively to the free atom process and the
oscillation function x(k) appears as

x(k) = ‘—;“— | \ (1)

where ¥ — EXAFS oscillating function, 4 — absorption coefficient, po — atomic
absorption coefficient [10].

Our aim was to calculate EXAFS oscillations for SiOg, i.e. f-quartz and
its amorphous form. We decided to calculate the central atom phase shifts and
backscattering functions because the application of literature data [5, 6, 11] gave
the results significantly different from experiment [12, 13]. Our approach is based
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on the following approximations: muffin-tin potential and curved waves single
scattering [5, 14, 15], it enables us to obtain results for energy region extended
from 30 eV above the absorption edge.

2. Theory

From the single scattering theory of EXAFS [16] the K-EXAFS oscillations
are described by the following formula:

x(k) = ZL zlf] (k, 7)| exp(—207 k* )exp[ 2r; </\1_t+%>]

X sm(2k7"] + 264+ 0;), (2)
where j — index numbering neighbor shell, N; — neighbor shell occupation,
f; — backscattering amplitude, 7; — shell radius, § — central atom phase shift,
; — phase of backscattering function for [ = 1, Ay — mean free path of electron
associated with inelastic scattering, A, — mean free path of electron associated
with K- — Debye—Waller factor.

A single scattering approximation means that we take into account only a
contribution from events of electron propagation from a central atom to a neighbor
and back. A curved waves.approximation is consistent with treating a scattering
process as it occurs in the close neighborhood of central atom where the electron
wave is represented by a spherical wave centered on the absorber and having re-
spectively to this point a well-defined angular momentum number. In this approx-
imation the backscattering function for [ = 1 is calculated by using the following
formula from Ref. [5]:

Ji(k,r3) = | f5(k,rj)| exp [10;(k, )]

_ J a1t _ , .
— exp(2ikr;) ;(21 + (=1 exp(161 )sm b {21, T 1[hl/+1(k7°1)]
r—1 ;
( ) 2 3
+21/+1[ —I\I“TJ)]}) (3)

where hy is a Hankel function of I’ range. This formula points out the difference
between the curved and plane wave approximation.

Physical meaning of the curved wave approach is that it is sensitive to the
curvature of a wave representing electron. In opposition to the plane wave ap-
proach, such a model gives better results if we consider backscattering on close
neighbors, or in low energy region. In these cases the size of backscatterer cannot
be neglected. From the mathematical point of view a curved wave approaches a
plane wave when the Hankel function can be replaced by its asymptotic form in

the high energy limit
ikr

e

ithy(kr) ~ - 4)
It is seen that the region of the plane wave approximation is determined by a
product of momentum and distance. If we consider for SiO5 a condition presented
in Ref. [15], we can estimate that an effect of curvature is smaller than 10% for
energies above 60 eV.
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3. Data and treatment

There exist many different forms of SiO;. We have chosen f-quartz and
amorphous SiOy as a model material. p-quartz, formed from w-quartz by heat
treatment at 840 K, was chosen due to its high symmetry. The nearest neighbor
order around Si** and O~2 jons is similar in all crystalline SiO, forms, where there
are tetrahedra with an almost constant length of Si-O bond equal to about 1.6 A.
Tetrahedra orientation and construction are slightly differentiated, in amorphous
SiOy, it means that bond lengths and Si-O-Si angles are not constant all over the
sample.

We construct an amorphous model taking interatomic distances character-
istic of f-quartz and assuming Debye-Waller factor as a progressing function of
neighbor shell radius. Its value has a range from 0.1 to 0.25 A. Such a model does
not take into account neither defects nor the deviations from the stoichiometric for-
mula. The radial distribution function (RDF) obtained from our structure model
for amorphous silicon dioxide was compared with the data presented in literature
[17, 18] (see Fig. 1). It can be seen that the distribution of density between the
observed maxima is different (X-ray scattering RDF is presented in Ref. [17]), but
the positions of the maxima are the same. According to the formula (2) we expect
that for amorphous SiO4 only three nearest shells give essential contributions to
K-EXATS, whereas the influence of the rest is reduced by inelastic scattering and
structure disorder.
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Fig. 1. Radial distribution functions: a — for X-ray scattering given by W.Y. Ching
[17], b — our amorphous model, ¢ — our amorphous model — partial contribution
around O atom, d — our amorphous model — partial contribution around Si atom.

Dumping of the x(k) (see Eq. (2)) is mathematically described by expo-
nential factors: the first is associated with Debye—Waller factor which describes
temperature and structural disorder, the second one is connected with inelastic
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scattering and core-hole lifetime. These factors decrease the EXAFS oscillations
amplitude with increase in neighbor shell radius and photoelectron energy.

Central atom phase shifts were calculated on the basis of free atomic wave
function for O~2 (two valence electrons were added to a neutral atom to obtain
an ion wave function), and Si** ions [19]. We have used Pendry’s procedure for
the central atom phase shift calculation in Hartree—-Fock and muffin-tin approxi-
mations [20]. The partial phase shifts are input data to backscattering amplitude
calculations (see Eq. (3)). We have compared central atom phase shifts obtained
by us with the results presented in literature [6] and we found an agreement be-
tween them for the momentum higher than 4 A~! (equivalent to the energy 60 eV)
(see Fig. 2). Backscattering phase shifts, calculated here, were compared with the
data of [5, 11] and differences were observed for Si, while for O our data were in
agreement with the ones of Ref. [5].
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Fig. 2. Central atom phase shifts [ = 1, for Si and O. Dotted line — Teo and Lee data
[6], solid line — our calculations.

4. Results

We present the results of our EXAFS simulations for amorphous form of SiO,
in Fig. 3 and for S-quartz in Fig. 4. Si K-EXAFS (curve g in Fig. 3) obtained from
our phase shifts calculation is in good agreement with the experimental result [13].
The role of oxygen neighbor shells is dominant, the most important of them is the
first one (r = 1.61 A). Oscillations provided by silicon shells disappear above
50 eV for both S-quartz and amorphous form.

It can be easily seen (Fig. 3 and Table I) that Si K-EXAFS profile calculated
by using our phase shifts and amplitudes are more conformable with experiment
than the profiles obtained on the basis of the tabulated data [5, 6, 11]. The tabu-
lated data lead to the profiles which are in an opposite phase as compared to the
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Fig. 3. O K-EXAFS and Si K-EXAFS for amorphous silicon dioxide: a, e — calcu-

"lated on the basis of central atom phase shifts given by Teo and Lee [6] and backscat-
tering functions given by Mc Kale et al. [5], b, f — calculation on the basis of central
atom phase shifts and backscattering amplitude given by Mustre de Leon et al. [11],
¢, g — our results, d — experimental result [12] for oxygen, h — experimental result
(13] for silicon.

experimentally observed ones. The positions of maxima and minima of our and
experimental Si K-EXAFS profiles are in agreement within 10 eV (Table I).

For O K-EXAFS, comparing with the results obtained from the tabulated
data any significant progress has been reached. Our profile is different than those
obtained from the tabulated data and different from the experimental one [12].

The agreement of the O K-EXAFS profile calculated by us (curve ¢ in
Fig. 3) with the experimental one will be better if we shift down the muffin-tin zero
energy by 30 eV. Contributions to x(k) arising from Si and O neighbor shells were
analyzed. We have noticed that O K-EXAFS spectrum below 100 eV is a sum of
approximately equal contributions originating from scattering by both O and Si
elements. The dominant influence of the Si 1.61 A shell can be seen above 100 eV.
A small difference between EXAFS profiles for amorphous SiOy and f-quartz can
be seen in Fig. 4. Fast varying oscillations provided by long distance shells appear
only in f-quartz profiles, while tliey are dumped in amorphous form one.
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Si

Fig. 4. I -EXAFS, comparison between S-quartz (dotted line) and amorphous silicon
dioxide results (solid line).

TABLE I
Positions of maxima and minima on the energy scale for
calculated Si K-EXAFS profiles compared with experimental
results. * Two closed maxima or ininima are treated together.

St K-EXAFS profile Position on the energy scale [eV]

min | wax | min | max | min
Using input data [5, 6] 50 100 | 138 | 210
Using input data [11] 30 50 100* | 155 | 242
This work 42% | 84 148 201 284
Experiment [13] 50 86 142 | 211 288

5. Summary

We have theoretically obtained and analyzed K-EXATS profiles for Si and
O in silicon dioxide. Differences conuected with amplitude of x(k) function were
observed between results for S-quartz and amorphous silicon dioxide. We have
also noticed that Si K-EXAFS and O K-EXATS profiles are out of phase for both
forms. Our Si K-EXAFS results are in satisfactory agreement with experiment.
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N - TABLE II
Positions of maxima and minima on the energy scale for
calculated O K-EXATS profiles compared with experimental
results. * Two closed maxima or minima are treated together.

O K-EXATS profile Position on the energy scale [eV]
min | max | min max
Using input data [5, 6] 42% 72 120
Using input data [11] 22 53 100
This work 22 56* 99 159
Experiment [12] 38 71 139 192

A significant improvement of our calculation in comparison to calculations based
on the tabulated data has been observed. From the other hand, theoretical results
for O K-EXAFS are in poor agreement with the experimentally obtained result,
the discrepancy of 30 eV between theory and experiment can be seen. The simple
model proposed by us gives better results than the tabulated data for silicon, but
we ought to improve our treatment to obtain good results for oxygen. The most
important difference between our calculations and calenlations applied to obtain
data [5, 6, 11] is that we have used ion wave functions for O=% and Si+*, while the
peutral atom wave functions were used in above works. As we can see, it seems to
be of importance.
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