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The techniques developed by the authors have been applied to compute the electronic structure of
SiO, in the a-quartz structure by using various clusters of different sizes. The calculated valence-band
structure is consistent with the results of other self-consistent-field and semiempirical molecular-orbital
calculations, and with the x-ray emission and photoemission data. Among the most interesting results
are the following: (i) The width of the valence band is of the order of 9 eV. (ii) The oxygen sp
hybridization is quite small. (iii) Crossover transitions in a literal sense are negligible. (iv) A residual
charge of —1.2 on oxygen indicates that the Si-O bond in SiO, is partly ‘ionic and partly covalent.

I. INTRODUCTION

This is the second of two papers on the electronic
structure of SiO,. In the first paper,' we discussed
the theory and method involved in the calculation
and gave the results of sample calculations on H,
and H,O molecules. In this paper we present the
results for SiO, and compare them with the re-
sults of other calculations and with experimental
data.

Recently, extensive experimental studies of the
electronic structure of SiO, have been performed
by means of optical,2~® x-ray,®~'® and photoelec-
tron spectroscopy.!® !” The observed spectra®:®
for crystalline quartz, fused silica, and SiO,
films grown on Si are found to be very similar to
each other, suggesting the importance of short-
range order and localized effects in determining
the electronic properties of SiO,. In view of the
structures’® of various crystalline and vitreous
forms of Si0,, these effects may come from the
fundamental existence of the basic SiO, tetrahedra
and their linking Si,Ounits. Based on this as-
sumption, most of the published ab initio'®*2° and
semiempirical®!~?" calculations have used either
an SiO, or an Si,0O cluster as a model representing
the solid system. Following the same argument,
we shall start our LCLO-MO [(linear combination
of localized orbitals)-(molecular orbital)] calcu-
lations with the Si,O and SiO, clusters. To obtain
more reliable information regarding the electronic
structure of SiO,, we have extended the calcula-
tions to larger clusters such as Si,0,, Si;O,, and
Sig0,. For each cluster, the MO results are used
to interpret the experimental spectra and are com-
pared with results of other calculations.

II. ATOMIC CONFIGURATIONS IN SiO,

The atomic positions in SiO, were obtained from
a computer program for right-handed a-quartz,
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in which Smith and Alexander’s parameters?® were
used as input data. In Table I, we give the co-
ordinates of 15 atoms which will be included in
calculations on different sizes of cluster. The
cluster of 15 atoms (Si;0,) and the coordinate sys-
tem used are shown in Fig. 1. It is noted that the
coordinate system and atomic labelings used here
are different from those used by Feigl et al.?®

III. BASIS FUNCTIONS

Throughout the calculations, the basis functions
used are the localized 3s, 3p orbitals of silicon
and the 2s, 2p of oxygen. Although there is a long-
standing controversy about the use of Si 3d orbitals
in MO calculations on SiO,, we have chosen to
neglect Si 3d orbitals, following Tossell’s argu-
ments?’ and the results of Gilbert et al.?° To ob-
tain the localized orbitals (LO’s) of silicon and
oxygen, we first assume the initial charge con-
figuration of SiO, to be Si** (O~), which is inter-
mediate between the two suggested extreme cases,
namely, very ionic?® and very covalent.!®*3° In
the final stage of our calculation, the Mulliken
population analysis®! will be used to obtain the
residual charge on Si and O for a check of self-
consistency. Based on this assumption, the lo-
calized-orbital equations (in integral form) to be
solved are

€, =K, +2F%2s,1s) +2F%2s, 2s) +5F°(2s, 2p)

- G%2s,1s) - G°(2s,25)—2G(2s,2p)+V,,,
(1)
€,=K,,+2F%2p, 1s)+2FA2p, 25) + 5F%(2p, 2p)

- £G¥2p,2p)+V,, (2)
for O~, and
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TABLE I. Atomic positions in the right-handed a-
quartz.?

Coordinates (in bohr)®

Atom X y 4

Si, 0.0 0.0 0.0

01 —-0.9792 2.5854 -1.2145
On 2.7286 0.4447 1.2145
O 0.1514 -2.1230 -2.1903
Orv -1.9143 -0.9304 2.1903
Sit -2.7421 3.7780 -3.4048
Sin 4.6429 —0.4857 3.4048
Sim 1.9008 —4.2637 —3.4048
Sity —4.6429 —0.4857 3.4048
Oy 4.7942 1.6374 5.5950
Ovi 7.3715 —0.9304 2.1903
Ovi 3.6637 -3.0711 4.6192
Siv 6.5437 3.3780 6.8095
Sivi 9.2857 0.0 0.0

Sivil 1.9008 —4.2637 6.8095

@ Atomic positions are obtained from the o -quartz
crystal-structure calculation by D. L. Strome (Lehigh
University, 1973).

YThe coordinate system used here is defined in Fig. 1.
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FIG. 1. Atomic configuration in SiO, (the SigO; cluster).
“short” and “long” Si-O bonds are denoted by S and L,
respectively. (S=3.0196a,, L =3.0541 q;). Coordinate
system: x is the internuclear axis of Sij; and Siy;; y is
perpendicular into the page; z is the optic axis, three-
fold; and (6, ¢) are polar angles.

€, =K,, + 2F%(3s, 15) +2F%(3s, 25) + 2F°(3s, 35) + 6F%(3s, 2p) — G°(3s, 15) - G°(3s,25) - G°(3s, 3s)
—G(3s,2p)+ Vs, (3)

€, =K+ 2FA3p, 15)+ 2F A3p, 25) + F°(3p, 3s) + 6F(3p, 2p) + F°(3p, 3p) - 3GY(3p, 1s) - 5G(3p, 25)
-4+GY(3p,3s) - G(3p, 2p) - £G*(3p, 2p) - G°(3p, 3p) + V, (4)

for Si**, where ¢, K,;, F*, G*, and V,, are all
introduced in the previous paper.’

In Egs. (1) and (2) the arbitrary U] was chosen
as -U, to form the localizing potential pU,p, in
order to obtain convergent solutions for O~. In
constructing the atomic environment potential U,,
the detailed part of the potential was calculated
only for the nearest and next-nearest neighbors;

TABLE II. Atomic parameters and energy pa-
rameters (in Ry) for Si** in SiO,.

J Ay Z Cin Ayj Zy Ciat

1 0 15.6334 0.18899 0 10.8139 0.00154
2 0 12.1835 —0.34196 0 6.8493 0.06987
3 1 11.8216 0.19317 0 4.2336 0.09796
4 1 7.5755 -0.40866 1 3.3949 0.01280
5 1 5.2061 0.73702 1 1.7195 -0.13298
6 2 4.6712 -0.28131 1 1.1824 -0.93680
7 2 2.3810 0.20625 1 0.5932 0.06973
8 2 1.5647 -1.10232

9 2 0.9866 —-0.05181

€55 =—2.311469
Vg =0.927162
€35,3s =-1.404307

€35=-1.821111
V3, =0.780266
€3p,3p =—1.040845

r

and the point-ion part of U, was considered exact-
ly out to about three lattice constants. For sim-
plicity, the system was approximated by an ideal
B-cristobalite structure in calculating the point-
ion potential.** In Egs. (1)-(4), only the spherical
average part of U, was used in calculating V,, .

In solving Eqgs. (1)- (4) we have used the
Roothaan analytic expansion method®® as described
in the previous paper. The values of A;; and Z,;
for Si** and O~ were obtained from Refs. 34 and
35, respectively. In Tables II and III, we specify

TABLE III. Atomic parameters and energy param-
eters (in Ry) for O~ in SiO,.

i Ay Z i Cja Ayj Zyj Cjo

1 0 7.700 0.24075 0 0.714 0.05230
2 1 1.490 —0.19862 0 3.412 0.34778
3 1 2.803 —0.43180 0 1.384 0.71241
4 1 1.776 —-0.43637

€4 = —4.727921
Vs =1.506890
€4, 3= —3.221031

€45 =—3.503884
V,,=1.567065
€3p,9p =—1.936819
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the basis parameters A;; and Z;; used for the

Si** and O~ in SiO, and also give their one-electron

eigenvalues ¢, and eigenfunctions C,,, and the
expectation values of the atomic environment po-
tential U, and the Fock operator F.

IV. CALCULATIONS OF THE MATRIX
ELEMENTS OF THE FOCK OPERATOR

As specified in the last section, in obtaining
the LO’s, we actually solved

(Fa+U4+pUdp)Iai> :ea(lai> (5)
for O, and

(Fy+ Uy= pUyp)|bj) = €,;]b7) (6)
for Si**.

From Egs. (5) and (6), we can write the one-
center matrix elements of the Fock operator be-
tween LO’s as

(ai| Flaj) = €,,6,, - (ai| U, | aj) (7
for O, and

(bi| F|bj) = €,,6; +(bi| U,| b5) (8)
for Si*.

Similarly, the two-center matrix elements of
the Fock operator can be written as follows:
(i) between O~ and Si'*t,

(ai| F|bj) =(ai|bj) (€, + €y;) — 2(ai| U, | bj)
+{ai| U,y |bj) - (ai| T |b5) ; (9)

(ii) between Si** and Si**",

(ai| F|bj) =(ai|bj) (€, + €))
+(ai| Uy, |bj) - (ai| T|b) (10)
(iii) between O~ and O~
(ai| F|bj) =(ai| bj) (€, + €,) — 4(ai| U,| )
+(ai|U,p|b5) - ai| T|bj) . (11)

To evaluate {az| U,|bj) and (ai|U,,|bj), we
expand these matrix elements in powers of the
overlap integrals and omit terms of second and
higher order in the overlap. We then obtain

(ai| U, |bj) ~(ai|bj) U(R,), (12)
(ai| U,y | bj) =~ (ai| VEL + VE | bj)
~(ai| bj) VEI(R,)

(ai|bj)

] —a .
+(ail T-R, [ &)+ AL (13)

where ﬁa is the position vector of the ath ion with

charge @,, and VEI(R,) is the point-ion (PI) po-
tential at the site b which has higher symmetry in
the lattice. With approximations (12) and (13), we
can calculate the two-center matrix elements of
the Fock operator by using Eqs. (9)-(11).

V. MOLECULAR-ORBITAL STRUCTURE
OF THE Si,0 CLUSTER

The nonlinear Si,O cluster extracted from an
a-quartz lattice is shown in Fig. 2(a). In Figs.
1 and 2, we show the silicons as approximately
twice the size of the oxygens. This is based on
the local orbital calculations of the average radii
of the valence orbitals of Si** and O™:

(7)si 3p=2.18 bohr,  (7)g; 5, =2.39 bohr ;
(r)02p=1.48 bohr, () ,, =1.25 bohr.

An MO energy-level diagram for the nonlinear
Si,0 cluster is shown in Fig. 3. MO energies and
orbital compositions of filled orbitals are pre-
sented in Table IV. Comparisons with other cal-
culations are also given in Table IV.

From our calculations, the oxygen sp hybrid-
ization is found negligibly small, in contrast with
assumptions made in the semiempirical calcula-
tions.???* The electronic configuration for the
central oxygen atom is O~!!8 (2s!-%2p°3%), which
is fairly consistent with the assumed ionicity for
the oxygen atom.

The MO energy-level diagram (Fig. 3) may be
used to interpret the O Ka soft-x-ray-emission
spectrum of SiO,. The assigned transitions are
shown in Fig. 3, and the calculated energies and
intensities are given in Table V. The calculated

- = Q (d) Sig0,
St (b) 810, e @

FIG. 2. Schematic clusters extracted from an a-quartz
lattice.
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FIG. 3. MO energy-level diagram for nonlinear Si,O
cluster. The number in the parenthesis next to a MO is
the occupation number of this orbital.

separation between the principal peak and its
satellite, and the calculated position of the prin-
cipal peak are in reasonable agreement with
experimental values. The calculated intensity
ratio for the two bands in the O Ka spectrum,
summed over components, is 3.1/1, which is
close to the estimated experimental ratio 4/1
(relative intensities were calculated from the
relative O 2p percentage compositions of the re-
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lated MO’s).

From Fig. 3 we can also predict three optical
transitions at 8.54, 11.42, and 14.46 eV. These
values are in fair agreement with experimental
data®* 9 (8.3, 11.5, and 14.4 eV). Since the Si,0
cluster is too small to eliminate spurious surface
effects, this unusually good agreement is probably
fortuitous.

It can be seen from Table IV that the results for
a collinear Si,0 calculation are very similar to
those of the nonlinear Si,O calculation. This helps
to explain the striking similarities in optical® and
x-ray® spectra between the crystalline and amor-
phous SiO,, and the importance of short-range
order and localized effects in determining the elec-
tronic properties of SiO,. It should be noted that
we calculate an increase in separation between
O Ka principal peak and satellite upon bending,
whereas Gilbert et al.?° have argued that a de-
crease should occur. We do not know the cause
of this difference.

VI. MOLECULAR-ORBITAL STRUCTURE
OF THE SiO, CLUSTER

Next, we consider the most basic unit in SiO,,
the SiO, tetrahedron which is shown in Fig. 2(b).
Calculations were performed on both the distorted
tetrahedral SiO, cluster in a-quartz and the per-
fect SiO, tetrahedron in B-cristobalite. Results
are given in Table VI, and compared with ab initio
and various approximate calculations.

In the present calculation, we obtain the proper
ordering of the MO’s as given by the ab initio
calculations.!® The calculated charge on Si is
+3.40, which is higher than what we expect; this

TABLE IV. Energy levels (in eV) of Si,O molecular orbitals using various methods.?

Abarenkov Gilbert Present
Reilly® et d.® eta .’ cale.

Bonding (nonlinear (nonlinear (collinear (collinear Present calc.

Nature Si,0) Si,0) Si,0) Si,0)¢ (Nonlinear Si,0) Orbital composition
Nonbonding —26.46 —-26.46 ~26.46 —-26.46 —26.46 100% O 2p
O 2p
Orbitals -28.16 —-26.46 —-26.46 —26.46 —-26.56 100% O 2p
Bonding O 2p
Orbital —-37.46 -31.56 —32.48 —29.94 -30.20 64% O 2p, 15% Si 3s,

21% Si 3p

Bonding O 2s
Orbital —48.96 —48.36 —48.01 —44.15 —44.15 93% O 2s, 3% Si 3s,

4% si 3p

*For comparison, the energy levels obtained by Reilly, Abarenkov et al ., and Gilbert ef al . have been shifted down by
10.46, 16.26, and 10.08 eV, respectively, so that all top levels are equal.

YReference 22.
“Reference 23.
dReference 20.

€The collinear Si,0 cluster is extracted from a g -cristobalite lattice (Si-O distance=3.0368 bohr).
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TABLE V. Experimental and calculated energies and intensities of O Ka spectrum in SiQ,.

Gilbert et al . Present
Structure of OKa spectrum RO? FOP cale. Experiment®
Position of principal
peak (eV) 525.7 544.8 547.02 526
Separation between
principal peak and
satellite (eV) 6.9 6.0 3.7 4.7
Intensity ratio 3.9/1 2.4/1 3.1/1 ~4/1

2Relaxed-orbital approximation, Ref. 20.
b prozen-orbital approximation, Ref. 20.

large value probably occurs because the Si-Si
interaction was excluded in the single SiO,-cluster
calculation. A detailed MO energy-level diagram
for the SiO, cluster is given in Fig. 4. This dia-
gram may be used to interpret the Si KB and Si L, 4
x-ray emission spectra.

The assigned transitions in the Si KB and Si L,,
spectra are shown in Fig. 4. The calculated and
experimental energy structures of these spectra
are given in Table VII. In general, our results
are in good agreement with experiments. How-
ever, the transitions given in Fig. 4 and Table VII
were assigned without intensity considerations.

In fact, the calculated Si L, , intensities are in
poor agreement with experiment, although the
energies are quite good. The poor intensities may
be due to the neglect of Si 3d orbitals and orbital
relaxation effects in our calculation’ and to in-
accuracies in the orbitals themselves.

It is interesting to note that the KB’ (O 2s) line
in the Si KB spectrum, (the 3#,~Si 1s transition),

is almost entirely a vertical transition which comes

CReference 15.

from the small Si 3p admixture (about 4.7%), in
contrast to Fischer’s crossover-transition theory.3¢
It is also noted that our calculation is quite similar
to the calculation by Tossell®” in the sense that
both calculations involve no empirical parameters
and/or quantities in evaluating the diagonal and
off-diagonal matrix elements of the Fock operator.
The results from these two calculations also com-
pare well with each other. However, Tossell’s
calculation did not obtain the proper ordering of
the 1¢, and 5¢, orbitals and of the 4¢, and 5a, or-
bitals, as compared with the self-consistent-field
(SCF) calculation'® (the present calculation yielded
the same MO orderings as those obtained by the
SCF calculation); the correct ordering of these
orbitals may be significant in explaining the optical
and x-ray spectra.’®?

VII. CALCULATIONS ON LARGER CLUSTERS

We have performed calculations on the Si,0,,
Si O,, and Si O, clusters which are shown in Figs.

TABLE VI. MO results for SiO, cluster by various methods.? (Energy in eV.)

Present calc.

Louisfiathan sp
MO and Gibbs® Collins et al .¢ Tossell®  Perfect Distorted
symmetryb sp spd sp spd sp SiO, Si0,
1¢4 -23.63 -23.63 -23.63 -23.63 —-23.63 ~23.63 —-23.63
5t, -23.55 —-23.64 —23.63 —-26.16 -22.36 -25.13 —-25.14
le -23.92 —24.42 —-24.70 -29.26 -25.38 —-27.36 —-27.36
4t, -24.40 -24.70 -30.76 -31.44 —28.69 —28.59 —28.58
5a, -25.29 —-25.30 -34.30 -33.89 —-28.25 —-29.84 —-29.84
3t, —40.77 —40.99 —-55.79 —-57.36 —-46.62 —43.43 —43.42
4a, —42.97 —42.98 -56.99 -58.32 —48.48 —46.29 —46.29

2For comparison, the energy levels obtained by Louisfiathan and Gibbs, Collins et al ., and
Tossell have been shifted down by 8.02, 8.03, 50.84, 44.17, and 51.57 eV, respectively, so
that all 1 levels are equal.

bSame notation was used as in Ref. 19.

‘Reference 26.
dReference 19.
€Reference 27.
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FIG. 4. MO energy-level diagram for SiO,.

2(c), 2(d), and 1, respectively. Molecular energy
levels for Si;O,, Si,0,, and SiyO, are given in Fig.
5 (those for SiO, are also included for comparison).
The orbital structures of these larger clusters
were found to have the same basic features as
those of the Si,O and SiO, clusters, namely, the
valence orbitals consist of nonbonding O 2p or-
bitals at the top and bonding O 2p orbitals at the
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bottom of the band; and the O 2s band is at about
11 eV below the valence band.

It has been shown by Klein and Chun'® that quali-
tative information about the densities of states in
SiO, can be obtained from its x-ray spectra by
assuming that maxima and shoulders in the x-ray
spectra correspond to maxima in the densities of
states in the crystal. Using the method of Klein
and Chun, we redraw the x-ray-emission spectra
of Si0, in Figs. 6(a), 6(b), and 6(c), in such a way
that they have the same energy scale and only the
peak positions of the spectra are given. The ener-
gy structure of the valence band of SiO, can then
be obtained by combining these spectra together
as shown in Fig. 6(d). Similarly, from the photo-
emission spectra of SiO, measured by DiStefano
and Eastman,'® we can construct the corresponding
valence-band structure of SiO,, as given in Fig.
6(e).

In order to compare the calculated valence-band
structure for the Si,O, cluster [Fig. 6(f)], as an
example, with those determined from x-ray and
photoemission spectra of SiO,, the three valence
bands have been brought together as shown in Fig.
6, by assuming that the Si KB’ emission corre-
sponds to the lower-lying oxygen 2s? level and the
two upper overlapping peaks in the photoemission
spectra correspond to the calculated two non-
bonding oxygen 2p orbitals for the Si,0, cluster.

It can be seen that the calculated valence structure
for the Si,0, cluster is in good agreement with
those determined from experiments. They all show
a wide valence band (~9 eV) which is split into

two groups corresponding to bonding and nonbond-
ing O 2p orbitals.

In Table VIII, we summarize some other results
from our cluster calculations for SiO,.

TABLE VII. Experimental and calculated energy structures and intensities of the Si KB and SiL , 5 spectra in SiO,.

Structure of

Collins et al .P

Present calculation

Si KB Assigned (SiO4;spd) (distorted SiO,;sp) Experimental data®

spectra?® Transition E (eV) AE (eV) E AE I E AE 1
Shoulder 5t,—~Si1s 1836.64 5.28 1852.59 3.44 38 1835.0 3.3 ~1-5
Kp 4t,—~Si 1s 1831.36 0 1849.15 0 100 1831.7 0 100
KB’ 3t,—~Sils 1805.44 -25.92 1834.31 -14.84 19 1818.0 -13.7 15-20
Structure of
SiL,,
Spectra
1st max. 5t,—Si 2p 99.61 0 94.47 0\ ~o 94.5 0 ~50
2nd max. le —Si 2p 96.49 -3.12 92.25 -2.22) 92.3 -2.2f
3rd max. S5ay,4t,—~ 91.88, -7.73, 89.77, -4.70, 100 89.0 -5.5 100

Si2p 94.33 -5.28 91.03 -3.44

Low-energy 4a,3t,—~ 67.44,  -32.17, 73.32, —21.15, 14 76.0 -18.5 20-25
satellite Si2p 68.41 -31.20 76.19 -18.28

dFor SiKB, AE’s are given relative to Kf .

PReference 19.

“References 6, 9, and 27.
dFor SiL, ;, AE’s are given relative to the 1st max.
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(i) In all calculations, the charge on oxygen is
about -1.2, which is fairly consistent with the as-
sumed ionicity of oxygen. No effort was expended
to obtain complete consistency because a large
amount of computer time would have been required.
This result indicates that the nature of the Si-O
bonding in SiO, is neither purely ionic nor purely
covalent, but is partly ionic and partly covalent.

(ii) In contrast with the results by Reilly?? and
Urch,?* who obtained a large mixing of O 2s and
O 2p orbitals, the oxygen sp hybridization is quite
small. For example, the atomic population of the
bonding O 2s level (Si,0) is 92.57% O 2s, 0.00%

O 2p, 3.46% Si 3s, and 3.97% Si 3p.

(iii) For the larger clusters, the calculated va-
lence-band widths are of the order of 9 eV, in good
agreement with experimental values.

(iv) It is interesting to compare the calculated
Wolfsberg-Helmholtz (WH) parameters K5, which
are defined by the WH approximation®” K,,=2F,,/
Sap(Faa + Fgg), with the most often chosen value
1.75 in extended Hickel (EH) calculations.®® The
calculated K, 4 between oxygen and oxygen (1.59
—-1.81), and between oxygen and silicon (1.55

X-ray spectra maxima of SiO, Photoemission'6 Siy 0y
XPS+UPS (preszem calc.)
. 02p- - 02
oK~ SiL- SiKg- D:":"Y of nom-  ———non-
emission'S  emission®  emission® > 0 oS Max. bonding—bonding
02p
bords
- onding
c
]
@
[+
(3]
c
2@
g —
(a) (b) (c) (d) (e) (f)
sikg'

- C -———02s

=== 02s

FIG. 6. Comparison of the calculated and experimental valence-band structures of SiO,. (a) Oxygen K-emission spec-
tral peaks (Ref. 15). (b) Silicon L-emission spectral peaks (Ref. 9). (c) Silicon KB3-emission spectral peaks (Ref. 6).
(d) Superposition of (a), (b), (c). (e) Photoemission spectral peaks (Ref. 16). (f) Calculated MO levels for Si,O;. The
Si K- and L-emission spectra were brought to a common energy scale using the value 1740.3 eV for the Si K« , doublet.
The position of the O K-emission spectrum was assigned by the assumption that the maximum at 526.0 eV in the O K
spectrum and the shoulder at 1834.5 eV in the Si K8 spectrum are both due to transitions from the same valence-band
levels. The common energy scale has its zero point at the bottom of the conduction band which we assume to be identi-
cal with the position of the Si L -absorption edge (see Ref. 15). The position of (e) was assigned by assuming that the Si
K’ band corresponds to the O 2s level. Spectra (e) and (f) can be compared with each other by assuming that the two
upper overlapping peaks in the photoemission spectra correspond to the calculated two nonbonding oxygen 2p orbitals.
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TABLE VIII. Summary of results for various cluster calculations.

Other results Si,0 Si,0; Sig0O, SiOy Siz0y4
Charge of central atom
in cluster -1.1849 (O) -1.2830 (O) -1.2018 (O) +3.3960 (Si) +2.7526 (Si)
Average charge of other
atoms with saturated +3.2474 (Si) +2.7255 (Si)
bonds in cluster -1.2320 (O) -1.1914 (O)
Oxygen sp hybridization, 92.57% 2s(0) 91.87 90.19 93.78 91.24
e.g., orbital composition 0.0% 2p(0) 1.65 2.2 1.27 1.69
of the molecular orbital 3.467% 3s(Si) 0.0 1.02 0.02 2.28
labeled by a star (*) in 3.97% 3p (Si) 6.48 6.59 4.93 4.79
the MO energy-level
diagrams (Figs. 3 and 5).
Valence-band width
eV) 3.7 8.7 9.8 6.2 8.2
WH parameters Between O and O: K,g=1.59 —1.81
X 2F 4 O and Si: 1.55—1.66

B S s Fun +Fpg) Si and Si: 0.57— 0.85

Crossover transitions, in a literal sense, are negligible.

-1.66) are not too far from 1.75, but those be-
tween silicon and silicon (0.57 - 0.85) are con-
siderably smaller. This relatively weak Si-Si
coupling is assumed to be responsible for the
highly asymmetrical relaxation of the two silicon
atoms neighboring the O~ vacancy in the E/ cen-
ter.?® We shall discuss this type of relaxation ef-
fect in more detail in a separate paper.

(v) Crossover transitions in a literal sense are
negligible. This result is consistent with the SCF
calculations by Gilbert et al .?°

VIII. CONCLUSIONS

It has been shown that the present LCLO-MO
cluster calculations have produced rather clear
ideas about the nature of the valence states in
SiO,. However, the nature of the conduction states
is not very well understood. There are two fea-
sible refinements which can be made in order to
obtain a better picture of the conduction band,
including the width of band gap and the interpreta-
tion of the optical absorption spectra involving
exciton and interband transitions.

(i) The inclusion of more distant neighbors (i.e.,
to use a larger cluster) would lessen the impor-
tance of the spurious surface effect.

(ii) As it was pointed out by Bennett and Roth?®
that the conduction band of SiO, is dominated by

Si 3d levels, the extension of the basis set by
including Si 3d orbitals would give a better de-
scription of the conduction states. The modifica-
tions (mainly in the orbital compositions) of the
valence levels would also improve the Si L, ,
intensities.

Also, the use of Schlosser’s generalization®®
of the Adams-Gilbert equation and Gilbert’s KO
(kinetic-energy overlap) approximation to open-
shell polyatomic systems would produce more ac-
curate results than do the present calculations.

Further numerical studies on other metal and
nonmetal oxides, such as Al,O, and GeO,, and
theoretical work to include those modifications
mentioned above are suggested in order to estab-
lish and improve the present LCLO cluster meth-
od such that it can be generally applied to other
complex solid systems including transition-metal
oxides.
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