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We present the results of first-principles molecular-orbital calculations of three forms of silicon diox-
ides, i.e., a-quartz, a-cristobalite, and B-cristobalite. The discrete variational (DV)-Xa method is em-

ployed on model clusters of (SisO;¢)!?~

using minimal basis set. The Si-K, L,3, and O-K x-ray emission

spectra (XES) and near-edge x-ray-absorption fine structures (NEXAFS) are compared with the calculat-
ed partial density of states (PDOS) following the electric dipole selection rule. We find that our PDOS at
the ground state agrees well with fine structures of the experimental NEXAFS in the range of <30 eV as
well as the XES. It means that the emission effects associated with the electronic transitions do not
change the spectral shapes remarkably from those of the PDOS in these compounds. Assignments of all
subband features are, therefore, successfuly made without taking these effects into account explicitly.
Conduction band <30 eV from the edge can be decomposed into 12 subbands that are generated by
bonding, antibonding, and nonbonding interactions of a, e, and two kinds of ¢, molecular orbitals in the
individual (SiO,)*~ tetrahedron under T, symmetry. The difference in the manner of (SiO,)*~
tetrahedral linkage among SiO, polymorphs is shown most clearly in the Si-L,; NEXAFS.

I. INTRODUCTION

Silicon dioxide (silica, SiO,) is one of the most common
materials on the Earth, and its valence-band structure
has been studied extensively both from experiments and
theories. Crystalline SiO, shows various polymorphs, all
of which are formed by cornersharing of (SiO,)*~
tetrahedra except for a high-pressure form, stishovite. It
is also very stable in a glassy form. The Si-O bond length
in crystalline 4:2 coordinated SiO, varies in a relatively
narrow range around 1.6 A, but the Si-O-Si angle that
defines the orientation of the tetrahedra relative to one
another changes from 137 to 180°.

Photoelectron spectra [x-ray (XPS) or ultraviolet
(UPS)] and x-ray emission spectra (XES) provide detailed
information on the valence-band structure. XPS (UPS)
and XES measurements on crystalline and glassy SiO,
have been reported by many researchers.!™> In parallel
to these experimental works, a number of electronic
structure calculations of SiO, have been made to under-
stand the valence-band structure as well as its nature of
chemical bonding.®” !> As already pointed out in the
literature,>% 14 major features of the XPS of SiO, can be
reproduced by the electronic calculation of a (SiO,)*~
tetrahedron in T; symmetry.

The influence of the manner of (SiO, coupling on
the valence-band structure was first experimentally exam-
ined by Wiech and Kurmaev® using Si K and L,; XES.
Calculations of Si x-ray emission spectra of SiO, were re-
ported by Cherlov et al.'! and by Simunek, Vackar, and
Wiech.!? Though Cherlov et al.!! failed to find good
agreement between theoretical and experimental spectra,
Simunek, Vackar, and Wiech,'?> who made calculations
for a-quartz, have well reproduced the experimental
spectra. Only a few experimental works on the
conduction-band structure of SiO, have been reported be-
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cause of experimental difficulties in the soft x-ray region.
The Si L,; near-edge x-ray-absorption fine structure
[NEXAFS or XANES (x-ray-absorption near-edge struc-
ture)] of glassy SiO, was first reported by Brown,
Bachrach, and Skibowski.!> More reliable data for glassy
SiO, were recently reported.!®”!® High-resolution Si K
and L,; NEXAFS of a-quartz were reported by Li
et al.’® O K-edge NEXAFS measurements were reported
by Marecelli et al.,”° and Lagarde et al.?! Theoretical cal-
culation of SiO, NEXAFS has not yet successfully repro-
duced the experimental spectra. It is true that
Fujikawa?? developed a short-range order multiple
scattering theory and tried to simulate the L,;-edge
NEXAFS of glassy SiO,. Marchelli et al.®® reported a
multiple scattering calculation of SiO, O K-edge
NEXAFS. Detailed structures of NEXAFS were,
however, not well reproduced in these calculations.
Sutherland et al.?® employed a multiple-scattering Xa
(MS-Xa) calculation of NEXAFS for gas-phase
Si(CH;),(OCH;),_, in which they found analogy with
that of solid SiO,. Although the MS type calculations
have been successful in many systems, they calculate the
multiple-scattering phenomena by imposing a muffin-tin
potential on the structure in question, and the results
were thus dependent on the choice of the muffin-tin po-
tential.?* In addition to this disadvantage, use of a large
number of scattering waves in the MS calculation lose
simple but clear understanding of spectral features.
Recently, we have demonstrated that the near-edge
structure of electron energy-loss spectra (ELNES) of
MgO, which measures a similar transition to the
NEXAFS, can be quantitatively well reproduced using a
discrete-variational (DV) Xa calculation on a model clus-
ter.?> Absolute transition energy, as well as fine struc-
tures of the ELNES in the range of <30 eV showed good
agreement with partial density of states (PDOS) curves
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we have obtained using minimal basis sets without in-
clusion of any adjustable parameters.

In this paper, we report the result of the DV-Xa calcu-
lation on model clusters of three polymorphic forms of
crystalline SiO,. Although the DV-Xa calculation of
SiO, has recently been reported,?®?” we pay special atten-
tion on the conduction-band structure and the influence
of the linkage of (SiO,)*” tetrahedra on the electronic
structure in this work.

II. DISCRETE VARIATIONAL Xa
CLUSTER CALCULATION

First-principles molecular-orbital (MO) calculations
were done by the Hartree-Fock-Slater method using the
DV-Xa computation code.?® In this method, the ex-
change and correlation energies were taken into account
by the use of the Xa potential given by

Vet (1)=—3a[(3/8m)p1(r)]'"?, (1

where p1(r) is the local charge density. The parameter a
was fixed at 0.7. MO’s were constructed by linear com-
bination of atomic orbitals (LCAO), which were numeri-
cally generated. Basis functions of Si and O were 1s-3d
and 1s-2p atomic orbitals (AO), respectively. A flat bot-
tom and 1/r declining well potential defined in Eq. (2)
was added only for the basis generation.

V(r)=V, (r<Ry),
V(r)=VyRy/r (rZR,).

(2)

In the present work, ¥V, and R, were taken to be —49.0
eV (—3.6 Ry) and 1.43 A (2.7 a.u.), respectively, for both
Si and O AO’s. As can be found in the Appendix, the
electronic structure was found to be not significantly
dependent on these values when they were chosen from
the appropriate range.

Self-consistent charge calculation with the degree of
convergence within 0.1% of the Mulliken charge was
made to accomplish the self-consistent-field calculation
practically.”’ An absolute value of the electronic transi-
tion was calculated using the “transition state” method
proposed by Slater.>® In this method, the transition ener-
gy can be calculated simply from the one-electron orbital
energies obtained for the transition states in which half
an electron was removed from the initial state to fill the
final state. The total-energy difference between initial
and final states was not necessarily calculated.

Calculation was made for three types of (SisO;6)'2~
clusters consisting of 5 tetrahedral units taken from the
crystalline data®' of a-quartz (low-temperature form), a-
cristobalite (low-temperature form) and PB-cristobalite
(high-temperature form). a-quartz has a hexagonal unit
cell with lattice parameters of a=4.913 A and
c=5.405 A. a-cristobalite has a tetragonal unit cell with
a=4.973 A and ¢=6.926 A, and B-cristobalite has a cu-
bic unit cell with a =7.16 A. These clusters were ter-
minated only by oxygen atoms. In order to include the
effect of Madelung potential outside the cluster in a sim-
ple manner, point charges with unit charge e were placed

ISAO TANAKA, JUN KAWAI, AND HIROHIKO ADACHI 52

at all Si lattice sites that surround the cluster. The num-
ber of point charges was 12. Compared with the result
without the inclusion of the point charges, MO levels ori-
ginated from atoms located in the “skin” region of the
clusters became closer to those from atoms at the “core”
region. However, PDOS for Si and O atoms in the
“core” region of the clusters were found to be almost in-
dependent of the magnitude of the point charges.

II1. VALENCE-BAND SPECTRA

Figure 1 shows the calculated density of states (DOS)
for three polymorphs in comparison with experimental
x-ray photoemission spectra of a-quartz.> DOS was ob-
tained simply by broadening of each MO levels with a
Lorentzian function with a FWHM of 1.0 eV. The
difference in intensity ratio of 2s and 2p bands between
XPS data and calculated DOS is due to the difference in
photoemission cross section of 2s and 2p AO’s for high-
energy x-ray excitation. Under Al Ka,, radiation,
(hv=1486.6 eV), atomic photoionization cross sections
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FIG. 1. Calculated valence-band DOS for three SiO, (middle)
in comparison with experimental XPS of a-quartz taken from
Ref. 3 (top) and MO levels of (SiO,)*~ together with their major
components (bottom).
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were reported to be 1.9X 10> b for O 2s and 2.4X 10’ b
for O 2p orbitals.’ It means 2p PDOS is underestimated
by a factor of 7.9 in the calculated spectra in order to
compare with the experimental XPS.

Level schemes obtained from the calculation on
(8i0,)*" cluster in T; symmetry and dominant AO com-
ponents of each MO are also shown in Fig. 1. In the case
of (Si0,)*~ cluster calculation, the Madelung potential
was not considered. However, major features of the XPS
of SiO, is reproduced by the calculation of the simple
tetrahedron (SiO,)*”. Peaks in the experimental spec-
trum can be assigned using orbital notations under T,
symmetry in the same way as already made by Stephen-
son and Binkowski® who measured the XPS spectrum.
However, the calculation only using a tetrahedron is ob-
viously too simple, and different SiO, polymorphs cannot
be discriminated through it.

Inclusion of a larger number of atoms for the cluster
calculation makes it possible to calculate non-nearest-
neighbor interaction of AO’s. Thereby more detailed
valence-band structure including the intensity ratios can
be simulated. The intensity of 1¢; line is much weaker
than the other O-2pw-originated lines, i.e., le and 5¢, in
the experimental spectrum. This fact is well reproduced
by the calculation of the larger clusters, and it can be as-
cribed to the non-nearest-neighbor interaction, which
brings about the lowering of the energy of nonbonding
MO’s under the T, symmetry. The reason for higher in-
tensity of the O-2po-originated band (5a, and 4¢,) com-
pared with the O-2pmr-originated band (le and 5¢,) is ex-
plained by the difference in the photoemission cross sec-
tions of Si 3s from Si 3p and 3d. For an excitation energy
of 1486.6 eV, the cross section is greater by a factor of 5.9
for Si 3s than that of 3p.32 Although the cross section is
not available for the Si 3d orbital, it can be assumed to be
as small as that of Si 3p. As shown in Fig. 2, the calculat-
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FIG. 2. Calculated O 2p PDOS for three SiO, (bottom) in
comparison with experimental O K x-ray emission spectrum of
a-quartz taken from Ref. 33 (top).
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FIG. 3. Calculated Si 3p PDOS for three SiO, (bottom) in
comparison with experimental Si K x-ray emission spectrum of
a-quartz taken from Ref. 5 (top).

ed intensity ratio between the O-2p o-originated band and
the O-2pmr-originated band is in good agreement with the
experimental O Ka x-ray emission spectrum: It confirms
the validity of the present calculation. DOS spectral
shapes of SiO, polymorphs having different tetrahedral
linkage are found to be similar to each other. The
difference may be difficult to detect through the XPS ex-
periment.

Since the upper valence band of SiO, mainly consists of
O 2p AO’s, and the selection rule for the O Ka x-ray
emission allows the transition from O 2p to O ls, the
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FIG. 4. Calculated Si 3s and 3d PDOS for three SiO, (bot-
tom) in comparison with experimental Si L,; x-ray emission
spectrum of a-quartz taken from Ref. 5 (top).
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shape of the upper valence band looks similar to that of
O 2p PDOS. Figure 2 shows the calculated O 2p PDOS
in comparison with the experimental O Ka emission
spectra for a-quartz by Takahashi, Okamoto, and Seo3’
measured by an electron-probe microanalyzer. Klein and
Chun* reported similar spectra about two decades ago.
These experimental spectra compare favorably with the
calculated O 2p PDOS.

Si x-ray emission spectra provide information on how
Si AO’s contribute to chemical bonds in the valence
bands. Figures 3 and 4 respectively show the Si K and
L ,; emission spectra calculated in the present study to-
gether with the experimental data by Wiech and Kur-
maev.’ As can be found through the comparison, all
features of Si emission spectra from a-quartz are well
reproduced by the calculation. From the examination of
Si PDOS’s, the influence of the inclusion of 4 more
tetrahedra on the electronic structure of (SiO,)*~ cluster
as well as the dependencies on Si-O-Si angle can be seen.
However, differences in spectral shape are still small and
these polymorphs are not easily distinguished only from
the valence-band spectra.

IV. CONDUCTION-BAND SPECTRA

Figure 5 shows the sum of Si 3s PDOS and 3d PDOS
obtained by the present calculation in comparison with
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FIG. 5. Calculated Si 3s and 3d PDOS for three SiO, (mid-
dle) in comparison with experimental Si L,; x-ray-absorption
spectrum of a-quartz taken from Ref. 19 (top) and MO levels of
(Si04)*~ together with their major components (bottom).
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experimental Si L,;-edge NEXAFS of a-quartz by Li
et al.'® Figure 6 displays the Si 3p PDOS together with
Si K-edge NEXAFS of a-quartz. Similar to the cases of
valence-band spectra, our PDOSs for a-quartz agree well
with the NEXAFS at both edges. It means that the emis-
sion effects associated with the electronic transitions do
not change the spectral shapes remarkably from those of
PDOS at the ground state in these compounds. Assign-
ments of all subband features can therefore be made
without taking these effects into account explicitly.

MO levels obtained by the calculation of a simple
(Si0,)*~ tetrahedron in the T; symmetry is shown in Fig.
5. Although main features of NEXAFS can be assigned
based on the MO levels of the (SiO,)*” cluster calcula-
tion, experimental NEXAFS spectra look more compli-
cated. Inclusion of neighboring tetrahedra is found to be
essential in order to have good agreement of theoretical
spectra with experimental ones in the energy range of
<30 eV from the edge. The Si 3s orbital contributes to
the 6a, level in the (Si0,)*™ cluster as found in Fig. 5. In
the (SisO,¢)!2~ clusters, the Si 3s unoccupied band exhib-
its two maxima due to non-nearest-neighbor interactions.
These two peaks are denoted by Al and A2 since they
correspond to MO’s in the @, symmetry block for a sim-
ple (SiO,)*™ tetrahedron in the T; symmetry. The Si 3d
orbital formed 6t,, 2e, and 7¢, levels in the simple
(SiO4)*~ tetrahedron. Each of these MO levels form 2
distinct subbands in the three (SisO,¢)!?” clusters. They
will be called T1 and T2 for 6¢,, E1 and E2 for 2e, and
TT1 and TT?2 for the 7¢, block, respectively. Tiny peaks
can be found between T1 and T2 and E1 and E2 peaks in
all of the theoretical curves in Fig. 5 and 6. They are
denoted by T' and E/', respectively, since they also origi-
nate from ¢, and e-block MO’s in a tetrahedron cluster as
will be discussed later.

The origin of the formation of these subbands is
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FIG. 6. Calculated Si 3p PDOS for three SiO, (bottom) in
comparison with experimental Si K x-ray-absorption spectrum
of a-quartz taken from Ref. 19 (top).
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schematically drawn in Fig. 7. In the present calculation,
a Si atom undergoing excitation is located at the center of
the (Si04)4_ tetrahedron, which is coordinated by four
other tetrahedra. Bonding and antibonding interactions
between MO’s for each tetrahedral unit bring about the
splitting of MO’s. Results of Mulliken population
analysis for the (SisO;6)'2” cluster taken from a-quartz
are shown together in Fig. 7. The Al level consists of the
central Si AO’s for 52%, and the 4 neighboring Si AO’s
for 32%. The rest of the AO fraction is due to oxygen
atoms. This means that 52/32 = 1.6 times larger contri-
bution to the Al level is coming from the central Si atom
compared with the neighboring four Si atoms. Similar
calculation shows a 2.8 times larger contribution from
the neighboring tetrahedra for the A2 level. The other
three MO’s in this block are mainly composed of Si AO’s
from the neighboring tetrahedra (86%), and the central
tetrahedron makes a minor contribution (3%). As a re-
sult, these lines are weak but distinct. These peaks,
which are mainly originated from AO’s in the neighbor-
ing tetrahedra, correspond to the peaks shown by letters
with a prime, i.e., A’, T, E’, and TT".

The influence of the (SiO,)*~ tetrahedron linkage is
more clearly seen in the NEXAFS spectra than in the
valence-band spectra, especially for the L,; edge shown
in Fig. 5. The NEXAFS of B-cristobalite is different from
those of a-quartz and a-cristobalite in two aspects. (1)
The conduction-band edge energy is 2.14 and 2.04 eV
greater in B-cristobalite than in a-cristobalite and a-
quartz, respectively. On the other hand, the valence-
band edge energy is 0.63 and 1.03 eV smaller also in 3-
cristobalite than in a-cristobalite and a-quartz, respec-
tively. This implies that the band gap is greater in (-
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6lox4

6ar x4

(Si0a)4- Al (SiOg)4-
undergoing neighbouring
excitation

FIG. 7. Schematic of the formation of conduction-band
structures in 4:2 coordinated SiO, as a result of hybridization of
AO’s originated from different tetrahedral units. Mulliken pop-
ulations for Si atoms in different tetrahedral units at each of
MO obtained for the a-quartz cluster are inserted.
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cristobalite than in the other two by 23% and 25% rela-
tive to the band gap of B-cristobalite. Although literature
data on the precise band gap for three SiO, polymorphs
are not available to the present authors’ knowledge, it is
in good agreement with the calculated band gap by Xu
and Ching!3 using a first-principles orthogonalized linear
combination of atomic orbitals band-structure calcula-
tion, which shows 16% and 18% greater band gap in S3-
cristobalite than a-cristobalite and a-quartz, respectively.
(2) The energy difference between Al and T1 peaks is
1.42 and 1.20 eV for a-quartz and a-cristobalite, respec-
tively. On the other hand, the difference is only —0.07
eV for B-cristobalite. The separation between Al and T1
in B-cristobalite is difficult to detect through experiments.
As a result, B-cristobalite can be easily distinguished from
other two polymorphs using the A1-T1 difference in spec-
tral features of the Si L,; NEXAFS.

Unoccupied O 2p PDOS for three polymorphs are
shown in Fig. 8 together with the experimental spectrum
by Marecelli et al.?® for a-quartz. Compared with the Si
NEXAFS spectra, experimental energy resolution does
not seem to be sufficiently high in the O K-edge
NEXAFS. Recent investigation of the O K-edge
NEXAFS of glassy SiO, found a similar spectrum with
the same order of energy resolution.?! However, compar-
ison with the present theoretical spectrum makes it possi-
ble to assign two major peaks to A2+T2 and TT2. It
also indicates that the strongest wide line centered at 538
eV is composed of several subbands: They are Al, T1,
and T’ at the low-energy side and E1 and E2 at the high-
energy side. Although definite conclusions require more
accurate experimental spectra, the O K-edge NEXAFS
seems to be less sensitive to the difference of the manner
of (SiO,)*~ tetrahedral linkage than that of the Si L,;-
edge NEXAFS.
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FIG. 8. Calculated O 2p PDOS for three SiO, (bottom) in
comparison with experimental O K x-ray-absorption spectrum
of a-quartz taken from Ref. 20 (top).
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TABLE I. Calculated transition energies in comparison with
experimental values. HOMO and LUMO denote highest occu-
pied and lowest unoccupied molecular orbitals, respectively.

Experiment Calculation
Transition eV) (eV) Difference
O 1s to HOMO 527 533 +1.2%
Si 1s to HOMO 1836 1835 —0.1%
Si 2p to HOMO 98 100 +2.1%
O 1s to LUMO 538 537 +0.8%
Si 1s to LUMO 1846 1836 —0.5%
Si 2p to LUMO 103 106 +3.1%

V. ABSOLUTE TRANSITION ENERGY

Absolute transition energies were calculated using the
transition state method by Slater.3® Table I shows the ob-
tained results for 6 kinds of transitions in comparison
with experimental values for a-quartz.>!*2%33 Spin po-
larization during the transition process was taken into ac-
count. For the x-ray-absorption process, transition ener-
gy, for example, from Si 1s to LUMO was obtained sim-
ply as [e(LUMO) — &(Si-15)]7 where ¢ is the one-electron
MO energy for the transition state configuration, i.e., (Si-
15)13(LUMO)% as denoted by T. For the x-ray emission
process, the transition state configuration, in which a half
electron was removed from the core orbital undergoing
excitation, was considered. The number of electrons in
the cluster was reduced for 0.5 for the emission process.
As can be seen, agreements between experimental and
calculated values are within the error of 4%.

VI. SUMMARY

The DV-Xa calculations on three clusters (SisO;¢)'2 ™,
which are models for a-quartz, a-cristobalite, and B-
cristobalite, have been conducted. The Si K, L,;, and O
K XES and NEXAFS are compared with the calculated
PDOS following the electric dipole selection rule. We
find that our PDOS for a-quartz at the ground states
agrees well with fine structures of the experimental
NEXAFS in the range of <30 eV as well as the XES.
This clearly shows that the emission effects associated
with the electronic transitions do not change the spectral
shapes remarkably from those of the PDOS in these com-
pounds. Assignments of all subband features can there-
fore be made without taking these effects into account ex-
plicitly. As already pointed out about two decades ago,
major features of valence-band structure of 4:2 coordinat-
ed SiO, can be explained by a simple calculation using
the (SiO,)*~ tetrahedral unit. On the other hand, in-
clusion of neighboring tetrahedra is found to be essential
in order to have good agreement of theoretical spectra
with experimental ones for the conduction-band structure
of Si0,. Assignments of all subband features are made by
taking into account the hybridization of AO’s originated
from different tetrahedral units. Conduction band <30
eV from the edge can be decomposed into 12 subbands,
which are generated by bonding, antibonding, and non-
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FIG. 9. Calculated DOS for a-quartz using three different
sets of Ry, and ¥V, given in Eq. (2). (a) R,=1.85 A and
Vo=—40.8 eV. (b) Ro=143A and V,=—49.0 eV. (o)
Ry=1.32 A and V= —68.0 eV. Vertical short lines indicate
the average energy of the highest occupied and the lowest unoc-
cupied molecular orbitals.

bonding interaction of a;, e, and two kinds of £, MO’s in
an individual (SiO4)*” tetrahedron under the T, symme-
try. According to the present calculation, the difference
in the manner of the (SiO,)*~ linkage as found in crystal-
line SiO, polymorphs can be most clearly seen in the Si
L ,,-edge NEXAFS.

Since the present calculation method requires neither
periodic boundary conditions nor symmetry in clusters, it
can readily extend to more complicated systems such as
intergranular SiO, glassy phase in nonoxide ceramics and
surface problems.

Note added in proof. The atomic coordinates that we
have used for B-cristobalite are taken from an old litera-
ture data which shows the 0,"(Fd3m) structure. How-
ever, we noticed that the atoms are somewhat removed
from these highly symmetrical positions in real B-
cristobalite crystal. This is not included in the present
calculation.
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APPENDIX

In order to know the uncertainty of the calculated re-
sults associated with the choice of the well potential for
the basis-set generation, dependence on the parameters
given in Eq. (2) is studied. Figure 9 compares the DOS of
a-quartz obtained for three different sets of R and ¥ in
the present study using a (SisO;6)'2” cluster. The DOS
shape is found to be not significantly altered by the
choice of these values except for a small shift in the abso-
lute MO energies as much as +3 eV in these cases. How-
ever, all MO energies including core levels are translated
by almost the same amount: As a result, the transition
energies calculated from these three examples are found
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to be much less dependent on these parameters. For ex-
ample, the transition energies of the first peak of Si L ;-
edge XANES, which corresponds to the Si 2p to Al tran-
sition in our notation, were (a) 106.6 eV, (b) 106.2 eV and
(c) 105.9 eV for three cases used in Fig. 9. The relative
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scattering of the transition energy is therefore +0.3%.
Based on these results, we can conclude that the choice of
these parameters affects the final results for a negligible
amount at least in these compounds if they are chosen
from the appropriate ranges.
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