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Abstract. The electronic structure of empty states in quanzS{O,) has been investigated

by calculating the individual contributions of Si 1s, 2p and O 1s to the x-ray absorption near-
edge structure (XANES) spectra; excellent agreement has been found between the experimental
data and full multiple-scattering calculations. On the basis of the comparison, the origins
of the spectral transition features can be assigned unambiguously. Although symmetry-based
molecular-orbital theory is qualitatively adequate for describing these spectra, the interpretation
of the Si K-edge XANES spectrum exclusively in terms of a ground-state potential is
inappropriate in general.

1. Introduction

Quartz @-Si0y,) is an interesting insulator material with a wide range of applications such as
in optoelectronics, high precision scale time bases, and metal oxide semiconductor devices.
Recently, its valence band has been extensively studied both theoretically and experimentally
by using photoelectron spectra (x-ray (XPS) or ultraviolet (UPS)) and x-ray emission spectra
(XES) [1-11]. However, its conduction band structure and the unoccupied density of states
(DOS) are not very well understood mainly due to theoretical limitations and experimental
difficulties in the soft-x-ray region. Only a few experimental studies have been reported, and
no detailed quantitative agreement between experiment and theory has yet been achieved
[12-20].

X-ray absorption near-edge structure (XANES) can provide directly information on the
unoccupied electronic states of solids. It is a local process in which a core electron is
excited to an unoccupied state in the initial, unperturbed state of the system. In a first-
order approximation, for instance, neglecting the core-hole potential effect, the one-electron
cross section may be decomposed into a product of an energy-dependent matrix element
overlap factorM (E) and a projected density of state$E) with appropriate symmetry,

o(E) x M(E)p(E) [21, 22]. The near-edge structure is expected to reflect the DOS of the
conduction band, provided that the matrix elem&ntE) is slowly varying in that energy
region.

In previous band-structure calculations, Fowdeal [23] presented only the total DOS;
comparison between theoretical and experimental spectra is difficult. Jollet and Noguera
[24] used two different methods to calculate the conduction band DOS: a self-consistent
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band-structure calculation and a self-consistent embedded-cluster calculation which allows
one to include the effect of the core hole. By using the second method, they found that the
calculated p DOS on an excited silicon atom compares satisfactorily with the experimental
spectrum. In contrast, Tanakaal [25] presented the results of a first-principles molecular-
orbital calculation for three forms of silicon dioxide by using the discrete variational (DV)
X, method. They claimed that the partial DOS in the ground state agrees well with the fine
structure of the experimental XANES in the rang80 eV. Very recently, Brioi€t al [26],
Chaboyet al [27], and Wuet al [28] tried to simulate all of the XANES data far-SiO,
by means of a multiple-scattering (MS) approach with various potentials and increasing
size of atomic clusters, but their computations fail to give good energy separations and the
correct relative intensities of some transition peaks. The origin of some transition features
in the experimental spectra has not been explained in these papers. Even so, the role of the
core-hole potential for the experimental data has been emphasized in these papers.
Detailed studies on the electronic structurexe$iO, have produced some conflicting
conclusions. In order to bring new arguments into this discussion and shed light on the
type of transition involved, we present in this paper experimental datatidtio full MS
calculations of the XANES spectra at the Si I,4.and O K edges fow-SiO,. In this way
we try to connect the spectral features with the atomic arrangement, the unoccupied DOS,
and the ligand-field characters, and to establish the origin of the transition features.

2. Experiments

a-SiO, has been prepared as described in reference [29]. Its structure consists of an ordered
trigonal Iattice of interconnected SiQetrahedra, with lattice constants = 4.913 A and

co = 5.404 A. The SiQ, tetrahedron is not quite regular, with two different Si-O distances

of 1.5951 and 1.61674, the intra-tetrahedral O-Si—O angle is about 10&8nd the inter-
tetrahedral Si—O-Si angle is about 144The c-axis (chosen to lie along theaxis) is a
threefold axis. The atomic clusters each hayes@immetry for the Si sites and no symmetry

for the O sites.

X-ray absorption spectroscopy (XAS) experiments were carried out at the
SuperAco synchrotron radiation source (Laboratoire pour I'Utilisation du Rayonnement
Electromagnetique—LURE, Orsay, France). The silicon K-edge absorption spectra were
recorded on the SA32 line. The monochromator was ‘two-parallel-crystal’-type InSb, with
diffracting surfaces cut parallel to the (111) plane. The photon energies ranged from 1500
to 2500 keV, with a resolution of 0.7 eV. The Si L-edge spectrum is from reference [16].

The oxygen K-edge absorption spectrum was recorded on the SA72 line. The mono-
chromator was a TGM 10 m toroidal grating mirror. The photon energies ranged from 150
to 1500 eV, with a resolution of 0.5 eV. More details can be found in reference [28].

3. Calculational details

The XANES spectra have been computed using full MS theory and programs described
elsewhere [30-36]. In the muffin-tin model and one-electron approximation, the local
density potential for the system can be constructed on the basis of the Mattheiss prescription
[37] by superposition of neutral atomic charge densities using the Clementi—Roetti basis-set
tables [38]. For the exchange—correlation part of the potential, for practical reasons, we use
the energy-independent,Xpotential withae equal to 0.99 for excited Si atoms and 0.744

for oxygen. In order to simulate the charge relaxation around the core hole, we use the



Electronic structure analysis af-SiO, 8085

well tested screene@” + 1)-approximation final-state rule [34] which consists in taking
into account the orbitals of th& + 1 atom, and constructing the charge density by using
the excited electronic configuration of the photoabsorber with the core electron promoted
to an empty orbital. The subsequent solution of the effective &ithger equation for

the final state is then straightforward. The calculated spectra are further convoluted with a
Lorentzian-shaped function with a full width &%, [39] to account for the core-hole lifetime

and I'eyp to account for the experimental resolution. We have chosen the muffin-tin radii
according to the Norman criterion [40] and allowed a 15% overlap between contiguous
spheres to simulate the atomic bond and to minimize the potential discontinuities [41]. The
z-axis is along the-axis of the compound in all of our calculations.
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Figure 1. Experimental (‘Exp’) and multiple-scattering (‘MS’) calculated XANES spectra of
a-SiOy: the Si K edge (left-hand panel), Spk edge (middle panel), @0 K edge (right-hand
panel).

4. Results and discussion

Figure 1 shows the experimental Si K-, Sp4-, and O K-edge XANES spectra of-

SiO,, along with the calculated MS results. All of these spectra display several main
spectral features (labelled A, B, C, D, E, and F), and they are in good agreement with
other published work [16, 17, 29, 42, 43]. In the MS theoretical computations the size
convergence was obtained using a cluster of 109 atoms for the Si K-edge spectra, 57 atoms
for the Si Ly 3-edge spectra, and 80 atoms for the O K-edge spectra.

4.1. The Si K edge

The Si K-edge XANES spectrum is presented in figure 1(a). It consists of a strong line,
the so-called ‘white line’ (labelled B), followed by four structures C, D, E, and F. With
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Figure 2. Panel (a): theoretical XANES spectra taken at the Si K edge8iO, for various

cluster sizes (5, 21, 57, and 109 atoms). Panel (b): (a) the 5-atom-cluster calculation, but
with the d-like bases of the central Si atom suppressed; peak F has disappeared, indicating that
this peak arises from a dipole-allowed 1s-to-3d(() state transition; (b) the 9-atom (central

Si+ 40+ 4Si) MS calculation; (c) the 17-atom-cluster contribution obtained from the 21-atom-
cluster contribution by suppressing the second Si shell. Feature D has almost disappeared in the
latter two cases, indicating that this peak arises from hydridization of the 3p states of the central
atom with higher-neighbouring tetrahedral e orbitals (see the text).

the aim of achieving an understanding of these transition peaks, we show in figure 2(a)
theoretical computations based on thg potential using different cluster sizes (5, 21, 57,

and 109 atoms) and the + 1 final-state approximation. The clusters containing 5 to 109
atoms correspond to spheres of 1.6 to A.Q@adius around the photoabsorber atom with

Si taken as the centre of the cluster. The 5-atom-cluster calculation already agrees well
with the main absorption structures, stressing the importance of the tetrahedral symmetry
of the silicon site. Since the spectrum should reflect the local empty p DOS, the feature
B is therefore characteristic of the 1s-to-3p electronic transition in the local tetrahedral
environment, while the wide structure F can be attributed mainly to MS inside the first
oxygen shell. In figure 2(b), we show the results of a decomposed MS calculation made
using the 5-atom cluster but suppressing the d bases of the central Si (curve (a)). Here,
peak F has disappeared. This means that structure F arises from a dipole-allowed 1s-to-
3d(ty) transition due to the strong mixing of p and d orbitals in the final state. Considering
the character table fory1[44], one can see that the symmetry of the s silicon orbitals (a
orbitals) is described by the;Arreducible representation (IR), and the p and, di,., d,,

orbitals (¢ orbitals) by .. The dipole-allowed electronic transitions are given by the direct

IR product: A — T,. On the other hand, since the irreducible representation g dbe&s

not belong to the same 1s-to-3p channel, we cannot see another transition peak, related to
e, in this small-cluster calculation as had been expected.
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When the cluster contains 21 atoms, including the central Si atom, its four nearest
O atoms, the four Si atoms in the outer shell, and twelve oxygen atoms that provide a
tetrahedral environment for these four Si, a well-defined new peak labelled D appears. In
the language of molecular-orbital (MO) theory, this peak can be attributed to central Si 3p
states hybridized with e orbitals of outer-neighbouring tetrahedra formed by the second Si
shell and 12 oxygen atoms. We verify this assignment by presenting another two different
calculations in figure 2(b): for a 9-atom clust@i + 40+ 4Si) (curve (b)) and a 17-atom
cluster obtained by suppressing the second Si shell from a 21-atom cluster (curve (c)).
Neither of these shows the feature D, unlike the 21-atom-cluster result in the left-hand
panel, due to the lack of a medium-range tetrahedral environment in these two atomic
models. When the cluster size increases further, the calculated spectra reveal several fine
structures. All features observed in the experimental spectrum are very well reproduced in
the last large-cluster calculation (109 atoms), not only as regards the relative intensities, but
also as regards the energy separations. This indicates that a 109-atom cluster is sufficient
for describing bulk properties, and that the higher-neighbouring tetrahedral orbitals interact
with each other and cause the molecular orbitals to overlap, forming extended energy bands
and modifying their energy position. It is also clear that the 21-atom form used by Tanaka
et al [25] is not good enough to describe all of the transition features.

x\‘\\\\‘\\\\‘\\\\‘\xJ\‘\\\\‘\\\\‘\\\\\\

[ (b)

F(d(t2))

D(d(e))

d&p contribuL

d contribution

NORMALIZED ABSORPTION

s contribution

\\\\‘\1’\\‘\\\\‘\\\\\\\\‘\F

0 10 20 30 0 10 20 30

ENERGY (eV)

Figure 3. Panel (a): theoretical XANES spectra at the SisLedges fore-SiO, for various
cluster sizes (5, 21, and 57 atoms). Panel (b): the decomposition of the 5-atom-cluster MS
calculation at the b3 edges into s-like, d-like, and pd-like final states (emission channels) in
«-SiO,. It is clear that peak A corresponds tq®), B to T>(p), D to E(d), and F to &(d).

4.2. Silp 3 edges

The Si L, 3-edge XANES spectrum is shown in figure 1(b). It contains six very pronounced
transition peaks, A—F. The detailed MS simulations are shown in figure 3(a); they were
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obtained by using an Xpotential and three different atomic clusters (5, 21, 57 atoms). The
overall shape (peaks A, B, D, and F) is reproduced in the first 5-atom model calculation,
indicating that these peaks arise from short-range interactions of Si with the first oxygen
shell. Indeed, starting from initial p states,(in Tq symmetry), the direct-product rule
shows that the transitions, 7> Aj, T, — T,, T, — E are dipole allowed. We show a
related decomposition of the Spk-edge XANES calculation into s-like, d-like, and pd-

like final-state transitions in figure 3(b). It shows clearly that feature A corresponds to the
p-to-s transition 3 — A4(s); peak B is attributed to a p—p transition, allowed in tetrahedral
symmetry (L — T2(p)); and the p—~ d(e) (T, — E) and p— d(ty) (T2 — T») transitions

are responsible for the peaks D and F, respectively. It was not necessary to arbitrarily add
the K-edge cross section to the 4 ones as Hansegt al did [45]. The local environment of

the silicon atom therefore causes the four main structures of the Si L edge. The agreement
is excellent when the cluster includes 57 atoms, and even the weak structures C and E are
reproduced in the calculated spectrum, confirming again that they arise from long-range
interaction like those for the Si K edge. Since in our theory the absorption coefficient is
nearly independent of the initial spin—orbit split edge, we are not able to reproduce the
splitting of peak A that was shown in figure 1(b).

NORMALIZED ABSORPTION

1111111111111‘1111‘11111111111111
0 10 20 30 0 10 20 30
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Figure 4. Panel (a): theoretical XANES spectra a¢t® K edge forx-SiO, for various cluster

sizes (9, 20, 45, and 80 atoms). Panel (b): the 9-atom-cluster MS calculatiore for khedge.

Curve (a): the normal cluster calculation; curve (b): taking into account only the sp-orbital
contributions of outer-shell Si tetrahedra; peak B is almost constant but peaks D and F decrease
substantially, indicating that the white line is mainly due to the hybridization of 2p states with

Si sp states and D and F to the hybridization of 2p with Si d orbitals; curve (c): taking into
account only the d-orbital contribution of the outer Si atoms; the behaviour is opposite to that
of curve (b), demonstrating again the origin of peaks B, D, and F, as argued above.
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4.3. The O K edge

Six spectral structures appear in the O K-edge XANES spectrum®f, as shown in

figure 1(c): the threshold first shows an intense and broad white line constituted by at least
two contributions (peaks A and B) followed by the three weak peaks, C, D, and E, and the
broad structure F. In figure 4(a) we show the results of MS calculations of the O K-edge
spectra made using four different cluster models (9, 21, 45, 80 atoms). The first cluster
calculation (central @ 2Si+-60) gives the general shape of the experimental spectrum. The
first peak A is attributed to a resonance arising from MS inside the two adjacent tetrahedra,
i.e. a constructive interference of all of the possible scattering paths inside the cluster. In
the language of MO theory, feature A can be attributed to oxygen 2p states hybridized with
Si 3s and 3p states [46]. In order to verify its origin, we show in figure 4(b) the results of

a decomposed analysis made using the 9-atom cluster. Curve (a) is the same as the lowest
curve in the left-hand panel; curve (b) is the contribution obtained by suppressing the d-like
bases of the outer Si tetrahedra; the white line remains as in curve (a), but peaks D and F
have almost disappeared, indicating that they largely arise from oxygen 2p states hybridized
with the Si d molecular orbitals e ang. tin the same way, when we suppress the s-like
and p-like bases of Si atoms, the intensity of the white line decreases dramatically (see
curve (c)), showing that there is a strong interaction between oxygen 2p and silicon 3s and
3p orbitals in this energy range. The extensive spread in energy and strong interaction with
silicon for the entire conduction band of the oxygen 2p states is an indication of significant
covalency ina-Si0,. Other structures present in the experimental spectrum do indeed
appear upon increasing the cluster size for the calculation by including the successive shells
of neighbours.

4.4. The core-hole effect

Since the x-ray absorption process causes a core hole to be left in the final state after the
electronic transition, core-hole potential effects can in principle distort the experimental
spectrum considerably from the ground-state (GS) electronic structure. Many studies [24,
27, 47-52] of XAS for various systems, especially for compounds of light elements such as
Al and Si, have shown recently that the core-hole potential has a profound influence on the
XAS spectrum. Thus an understanding of the nature of the modification of the electronic
structure by a core hole becomes absolutely essential for analysing the detailed electronic
structure of materials.

In figure 5 we present the results of MS calculations based on two different final-state
potentials. In one case we calculated the theoretical spectra on the basis oftHe
approximation which accounts for the core-hole potential in the final state; in the other case
we assumed that the final-state potential is the same as the GS potential. The left-hand
panel of figure 5 shows the results of the two calculations for the Si K edge, while those for
the Si Ly 3 edges ad O K edge are shown in the middle and right-hand panels, respectively.
As is clearly shown in the left-hand panel for the Si K edge, the absence of the core hole
produced a very drastic change of the absorption spectrum—not only was there a shift of
about 3.0 eV towards higher energy (opposite to the shifting towards lower energy shown
by the dotted line), but also the calculated fine structures became much more distinct from
the experimental ones. Our finding agrees well with those of Kortbeyat [49] for Al
alloys, Weijset al [52] for transition metal silicates, Jollet and Noguera [24] é6i0;,
and other studies based on band-structure calculations.

The L, 3 spectra as shown in the middle panel are almost identical, except a slight
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Figure 5. Comparison between two MS calculations to1SiO,, for the Si K, Si Lo 3, and

O K edges, made using two different final-state potentials:Zhkel final-state potential (lower
curve) and the ground-state (GS) potential (upper curve). For better comparison 2fttte

and GS curves, the GS spectrum for the Si K edge is also shifted by about 3.0 eV towards lower
energy (dotted line, left-hand panel).

change of the intensity of peak B, as expected, becausé& thel approximation is not
applicable for the L edges and, which could be even more important, 2p states are too
shallow in energy to be relaxed during the transition process for light elements [34].

The results of the calculations based on two different potentialseaOthK edge are
the same as those shown in right-hand panel. This is not surprising, because the core hole
is now situated at the oxygen site while the states in the unoccupied bands just above the
Fermi level have most of their weight on the silicon site, so they should be rather insensitive
to the core-hole potential on the oxygen.

The present results, especially those for the Si K edge, are at variance with those given
in reference [25], where the partial DOS at the ground state agrees well with the fine
structure of the experimental XANES in the rang@®0 eV. In more detail, the cluster
(SisO16) model considered was not sufficient in size, as already discussed above. Even
considering the presence of the attractive potential in the final state due to the core hole,
some spectral features cannot be reproduced, because they are dependent on the long-range
effect. If one looks closely at the Si 3p DOS and O 2p DOS in reference [25], it is easy to
see that neither of them fitted well with the experimental data—not only were they lacking
some peaks, but also they poorly reproduced the relative intensities. The importance of
long-range order is also emphasized by the observation that the calculated spectra given
in reference [25], obtained with a 21-atom cluster, are less sensitive to the difference in
SiO, tetrahedral linkage in Si and O K-edge XANES. As a consequence, we are led to
believe that the core-hole potential effects are in fact important in the interpretation of the
Si K-edge XANES spectrum, and, at the same time, one must consider the ‘long-range’
order to describe the final-state wave function.
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5. Summary and conclusions

We have carried out a detailed theoretical and experimental investigation of Si Ky3Si L
and O K-edge XANES spectra far-SiO,. We have obtained excellent agreement between
the experimental data and one-electron full MS calculations for these edges with a reasonable
choice ofa, the overlap factor, and the interstitial potential. All of the spectral transition
features have been analysed in terms of electronic properties, the ligand-field character, and
the site symmetry. It is shown that the local symmetry of the silicon sites governs the main
structures of the spectra for the silicon and oxygen edges. Consideration of the tetrahedral
symmetry of the silicon site provides the key points for achieving an understanding of
the electronic structure of the conduction band. Moreover, the presence of specific fine
structures in the spectra is not difficult to explain by taking into account the hybridization
of molecular orbitals originating from different tetrahedral units, and they are characteristic
of the long-range order in the solid. These results consistently indicate the fairly strong
covalent contribution to the bonding inSiO,. Furthermore, we have presented theoretical
calculations, with the final-state potential being described in terms of #heapproximation
as well as in terms of the ground-state potential. All of these studies allow us to discern
the influence of the core hole on the XANES spectral shape.

In conclusion, our combined study of XANES spectra at Si K, gi,land O K edges
in «-Si0, has allowed us to elucidate the origins of the spectral features. We have noticed
that the effects of the attractive core-hole potential on the p-like conduction bands are more
pronounced, and also argued against the claim made in reference [25] that the partial DOS at
the GS agrees well with experimental fine structures. In some cases—for instance, with the
limited experimental energy resolution in electron energy-loss spectroscopy—the core-hole
potential may well not be necessary to improve the degree of agreement between theory
and experiment, and it will be possible to interpret the gross features within the framework
of GS conduction bands in such cases [51].
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