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The electronic energy bands of silicon dioxide in the a-quartz structure have been calculated at several

points of high symmetry in the Brillouin zone by the mixed-basis method. A tight-binding interpolation
scheme has been used to determine complete valence bands and their state densities. The results are

-compared with experiment and with calculations on the higher-symmetry P-cristobalite. The quartz and

cristobalite bands share many properties; for example, in both cases the optical-absorption edge is predicted
to be direct but forbidden. These results are in partial agreement with pseudopotential calculations by
Chelikowsky and Schluter (CS). The major disagreements are that CS predict an indirect absorption edge,
and their conduction bands are much wider than ours. Possible reasons for these disagreements are
suggested.

I. INTRODUCTION

%6 have calculated the electronic energy bands
of silico~ dioxide in the +-, or low, quartz struc-
ture, a hexagonal lattice' with 3 silicons and 6 ox-
ygens xn the coordlnatlon unit. This ls aQ exten-
sion of the recent work of Schneider and Fowler'
on ideal P-cristobalite, a high-symmetry form of
SiG3. Pantelides and Harrison and Ciraci and
Batra' have reported similar results on P-cristo-
balite. It has been argued, with good reason, "
that much of the physics extracted from these re-
sults can be applied to other forms of SiG„even
in the amorphous state. The present calculations,
on a real form of SiG, which exhibits bending of
the Si-G-Si bond, were performed to test this
proposition and at the same time to provide infor-
mation about the most common and important
crystalline form of SiG„n-quartz.

These calculations were performed using the
generalized mixed-basis method" in much the
same fashion' as recently reported for P-cristo-
balite, and for this reason little is said about the
method or the details of the calculations. Consid-
erable effort was given to developing the group
theory of +-quartz' into a form suitable for com-
putation, based upon the earlier work of Frei. '

The results of these calculations provide a basis
for a consistent interpretation of a variety of ex-
periments. Comparisons with results on P-crist-
obalite indicate that long-range effects only slight-
ly iQQuence the spectx'al px'opex'ties of 81G2. Sub-
sequent to the completion of this work, Schluter
and Chelikowsky' reported the results of pseudo-
potential calculations of the o.-quartz energy
bands. - Their results are discussed and compared
with ours.

g, = (2v/a)(2/v 3, 0, 0),

g, = (2v/a)(1/~8, 1, o},

g, = (2m/c) (0, 0, 1) .
(2)

II. CALCULATIONS

A. Crystal structure and symmetry properties

z-quartz is a form of SiG, which is stable at
room temperature. It exists in both right- and
left-handed forms, to which correspond two enanti-
omorphous space groups, O', =F3,21 and D,'
=P3,21, respectively. ' Although both forms often
coexist in real crystals, we have considered only
the right-handed form (D',).

The Bravais lattice is hexagonal I „. The or-
thogonal components of the three primitive trans-
lation vectors are

t, =a(W8/2, =.', 0),

t, =a(0, 1, 0),

t, =c(0, 0, 1),
where a=9.282 Bohr radii, and c/a=1.0986.'
The vector 7, is directed along the z axis
and has length c; the vectors t, and t» both
of length a, lie in the x-y plane and form an angle
of -', m with each other.

The primitive cell contains 9 atoms, 3 Si and 6
O. Each silicon has 4 oxygen neighbors in an ap-
proximately tetrahedral arrangement, while each
oxygen has 2 silicon neighbors with a Si-G-Si
angle of approximately 144'. The positions of
these 9 atoms are given i.n Table I, in terms of the
primitive vectors (hexagonal coordinates)

The primitive vectors of the reciprocal lattice
are
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Coefficients of; t~ t2

0 m
1 —/+m
1 —l
1 —m
l —tn
E

n+T
1 —n
n+ 2T
—n+ 2T

TABLE I. Hexagonal coordinates of. atoms in the
primitive cell of right-handed ~-quartz. Here k = 0.465,
l = 0.415, m = 0.272, n = 0.120, T = 3.

K, and JI in the BZ. For I', the factor group G /
T~ is isomorphic to the point group D, and is thus
of order 6. For each of the other cases the factor
group is of larger order but may be written as the
direct product of a group of order 6, isomorphic
to D„ times one or more groups of order 2 or 3.
As discussed in Sec. II 8, this means that for each
case the little co-group of the k vector is of order
6, and comparable accuracy of the energy eigen-
values at each of these points may be obtained.
Other points of interest, such as M, are of lower
symmetry and have not been treated in the present
calculations.

8. Mixed-basis calculation

The Brillouin zone (BZ) is shown" in Fig. 1.
Points of high symmetry are indicated on the fig-
ure and are defined in the caption. In order to ob-
tain the irreducible representations (Ir. rep. ) of
the space group corresponding to a given point of
symmetry k in the BZ, we used Herring's" method
(Ref. 6, pp. 167, 168), This involves the Ir. rep.
of the factor group G"/T, where G is the little
group of k and T" is the group of all translations
t which satisfy the condition

exp(-ik t)=l. (3)

Those Ir. rep. of the factor group which, for an
arbitrary translation (E~gt, satisfy the condition

1((Z~gt) = exp(-fk t)1, (4)

where 1 is the unit matrix, yield Ir. rep. for the
space group.

%e performed calculations for the points I', A,

The crystal potential was defined as in Ref. 2 as
the sum of the free-atom neutral silicon and oxy-
gen potentials obtained from the modified Herman-
Skillman" computer codes. The exchange poten-
tials were of the Slater p'~' type, "with coefficient
(n) equal to 1. Other aspects of the mixed-basis
calculation were also discussed in Ref. 2. Refer-
ence 2 also contains a discussion of the use of
free-atom versus ionic potentials as well as other
possible sources of error in the calculations.

The basis functions were of two types"'; Bloch
sums, from symmetrized combinations of atomic-
like orbitals (SCAG), and symmetrized combina-
tions of plane waves (SCPW). Apart from a nor-
malization factor, the two types of functions have
the form

y(SCAO)= g I +,((~~v])
$z I

v].

& e '""y„.
p [It '(r —3„)], (5)

g(SCPW) = Z I",*,((8~v))
(&l&)

-iR( k+ h&). II iR( k+h&) r (6)

ky

FIG. 1. BriQouin zone for l&. In terms of the direc-
tions k„, k„, k, I = (0, 0, 0), A. = (2x/a) (0, 0,a/2e),
K=(2x/a) {1/v&, 3, 0), H=(2''/a) (1/v8, 3 a/2~)
= (2z/a) (1/&3, 0, 0$, L= {2&/a) (1/43, 0,a/2&).

In both equations, Q(„~-„l is a sum over all coset
representatives of the factor group G "/T", and
I',*,((R ~ v]) is the complex conjugate of the element
11 of the matrix of the Ir. Rep. which corresponds
to the element (R~ v). t' is a lattice translation de-
fined by

(8 ~
v ]d~ = Bp~ + t. (7)

where d@ and d„, are position vectors of equivalent
atoms in the primitive cell, and Q& ~[B "(r —d„.)]
is an atomic-like orbital centered on the atom at
d„.. Ii, is a reciprocal-lattice vector. $(SCPW) is
of the form which enters the MB expansion, w'bile
if ((SCAG) is called g(r), the function which enters
the MB expansion is Q-, exp(i k t) g(r —t).

In those cases where the group G"/T" can be
written as a direct product Q, (8) T„, the sum over
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{Rl v j e 6 /T" can be written as a double sum, one
over the elements fRg) e 6, and the other over the
translations (El/)e T„. The latter sum contrib~
utes a constant factor and can be neglected. Thus,
the sums in Eqs. (5) and (6) can be restricted to
the coset representatives of the group. 6,.

III. ENERGY BANDS

A. General

fL
Lat

LLI

8-
2'

3,I'

3«

«3o
2

«3, I

«3

Figures 2 and 3 show the computed valence and
conduction bands, respectively. The computed en-
ergies are indicated by shaded circles. These
points are connected by smooth curves which were
drawn so as to satisfy compatibility relations and
to intersect points of high symmetry with proper
slopes xs

The open circles in Fig. 3 indicate the intersec-
tion of a free-electron energy band plotted on the
same scale as the bottom of the conduction band
which passes through I',. This F, has for conven-
ience been chosen as the zero of energy.

The accuracy of these results was optimized by
including many plane waves in the basis, leading
to 98 &98 matrices for I"„A„K„andH„and
by studying the relative convergence (energy

FIG. 3. Lowest conduction bands of n-quartz. Com-
puted points are indicated by dots. Open circles at &,
H, and g indicate where free-electron bands would in-
tersect these points. The zero of energy is defined as
the bottom of the conduction band.

versus number of basis functions) of the solutions.
It appears that the convergence obtained here was
comparable to that obtained for p-cristobalite'
(-0.05 to 0.2 eV) and was therefore not a signifi
cant source of error.

In order to assess the atomic character of the
wave functions, a projection. technique developed
earlier by the authors' was used. The quantity
(«)~'„was obtained, defined by

TABLE II. Projection results for symmetrized tight-
binding Bloch sums built up from nonoverlapping atomic-
like s and p orbitals at the point r. In each case the
quantity Q&~„, defined in Eq. (8), is tabulated.

Band
composition

Ir. rep. Si Si O 0
at r Bs 3p 2s 2p

-l2-
3::
I

-26—

3"
-28—

2

-50—

2 «

C9
Q

z' -l6-
LLI

3. 3 .
2

«3
\

«3

3, . ~«3
2 . . «~~« I

«3

«2

H

Oxygen
2s valence band

Si-Q covalent
bonding bands

Oxygen p x
lone-pair bands

r,
r,
12
r,
I3
I'2

ri
r,
I'2

rf
r,
I'2

r,
r,
I'3

r3

57
1 63
1 66
1 67

1
7
7
7

2 30
41
44
41

3 45
5 46
2 46

57
56
56

2 54
60

FIG. 2. Valence bands of n-quartz. Computed points
are indicated by dots. The energy scale is defined so
that the bottom of the conduction band is at zero. In
units of 2s/a, I' is (0, 0, 0), A is (0, 0, 1/2.2), K is
(1/v3, ~, 0), and H is (1/~3, &, 1/2.2). Note the break
in the vertical scale.

Lower
conduction bands

r,
r3-

r,
I f
I'2

14
1 13
2 11
5 2

10

19 9
6 5
7 10

5
4 24
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q;„=I001(Z;I q„'& I', (8) -6-
where o is the irreducible representation, n labels
the total wave function g„', and p labels the Bloch
function E~. Q~~„ then gives the percent contribu-
tion of the Bloch function E~ to the total wave
function g„'. Table II gives these results for those
symmetry allowed silicon 3s and 3p and oxygen 2s
and 2p Bloch sums used in the basis at I'. While
these provide useful guidance, it should be noted
that cutoff orbitals" have been used in the Bloch
sums, a fact which will have some effect on the
projection results.

-10-

-12-

8. Valence bands

The computed valence-band energies are indi-
cated in Fig. 2, and the wave-function coefficients
at the point 1 are givep in Table II. In order to
obtain information about the bands at general
points in the BZ, we used a tight-binding interpo-
lation scheme" identical in concept to that aypJ. ied
to I8-cristobalite. ' In this scheme, only oxygen s
orbitals were used for the bands from --27 to -30
eV, while only oxygen P orbitals were used for the
bands from --6 to -18 eV. The actual positions
of the oxygen atoms were used in writing the phase
factors of the Bloch functions, but the small dif-
ferences in oxygen-oxygen separation were ignored
in yara~etrizing the overlap integrals occurring
in the calculations.

-18-

-26-

-30- p
0

DENSITY OF STATES
(ARB. UNITS )

FIG. 5. Left panel: Valence bands of n-quartz from
I'to ~. Right panel: Density of states in the valence
bands of O.-quartz. These curves were obtained by a
tight-binding fitting procedure discussed in the text.
Note the break in the vertical scale.

-IO—

-18-

-26-

-28-

H A I K H

FIG. 4. Valence bands of n-quartz. These were ob-
tained by a tight-binding fitting procedure discussed in
the text. Note the break in the vertical scale.

/or the s bands there are two parameters, one
which locates the centroid of the bands and a sec-
ond which determines their widths. A 6 X6 matrix
was diagonalized to. obtain the energies. For the

P bands there is a centroid and a width parameter,
and in addition a third parameter which determines
the separation of the lone-pair and bonding bands.
Only a -type overlaps were considered. In this
case an 18 ~ 18 matrix was diagonalized.

Figures 4 and 5 show tight-binding bands in
which the parameters have been chosen to give
good agreement with the computed bands at the
point I". The overall agreement seems satisfact-
ory. The major differences include the following:
(i) The top of the computed valence band is rather
flat, with a maximum at 1. The corresponding
tight-binding band is not as Qat and the energy at
the point K is -0.14 eV higher than that at I . (ii)
The computed Si-0 bonding bands are Qatter than
those obtained from the tight-binding fit. (iii) Ac-
cidental degeneracies appearing in the upper part
of the tight-binding 2s bands are not present in the
computed bands.

Figure 5 shows tight-binding bands from 1" to M;
the latter point was not obtained in the computer
calculations. Also shown is a computed density-
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of-states histogram obtained from the tight-binding
valence bands. Energies were computed for up to
500 0 values in ~4 of the BZ. By varying the mesh
size and the plotting grid it was established that the
prominent peaks are genuine. It is interesting to
note that most of the peaks correspond to energies
at M. In this sense, M is analogous to the point I
in p -cristobalite. '

From Table II it can be seen that the lowest val-
ence bands are predominantly derived from oxygen
2s. The relatively small amounts of silicon 3s and
3P are concentrated in the lower and uyper parts of
the bands, respectively. The next set of bands (the
Si-0 covalent bonding bands) are oxygen-2P -rich
but contain significant amounts of silicon 3s and
SP, again concentrated in the lower (Ss) and upper
(3P) parts of the bands. The highest valence bands
are mostly from oxygen 2p with small amounts of
02s and Si 3s and 3p.

C. Conduction bands

The lowest conduction-band minimum is at I'y.
Free-electron energies at the points A. , K, and 0
are indicated by circles in Fig. 3. The effective
mass at I', is expected to be anisotropic, but we
have not computed its value.

The lower conduction bands contain considerable
admixtures of Si 3s and 3p and 0 2s and 2p orbit-
als. These are the antibonding counterparts to the
bonding valence bands. Their topology, however,
resembles more closely that of the oxygen 2s
bands; in particular, the band shape near the low-
est H point (H,) is not at all free-electron-like but
is similar to the shape near II, in the 2s bands.
This suggests that oxygen s components play a
significant role in the lowest conduction bands. '
Other remarks about the conduction bands are to
be found in Sec. IV.

IV. COMPARISONS WITH OTHER CALCULATIONS

AND WITH EXPERIMENT

In the following discussion the present results on
a-quartz are compared with various experiments
and also with calculations on P-cristobalite by
Schneider and Fowler' and on n-quartz by Chelik-
owsky and Schluter (CS).'

A. Band gap and absorption edge

The computed band gap is direct at the point I",
with magnitude 6.3 eV. This is close to the 6.0 eV
obtained for P-cristobalite, ' but both values are
less than 8.9 eV obtained from photoconductivity
measurements" and 9.2 eV computed' by CS. It is-
not uncommon for calculations employing the p' '
exchange as used here to underestimate the band

gap" even while giving bands of reasonable struc-
ture. As discussed in Sec. V, a better treatment
of exchange might well yield a better value of the
gap.

The absorption edge is I', to I'„which is al-
lowed by symmetry. This could, in principle,
represent an important difference from the edge in
P-cristobalite, which was predicted to be direct
forbidden. ' In order to investigate this further,
we estimated the relative strengths of transitions
to the I y conduction-band minimum from the 4 I
states and the 2 I", states in the upper valence
bands. This was done by treating the I', final state
as a linear combination of oxygen s orbitals and
considering only one-center terms in the electric
dipole matrix elements between the s orbital and
the oxygen p orbitals contained in the valence wave
functions. While this may not give quarititatively
accurate results, it does allow symmetry effects
in the valence states to be exhibited.

The results of this estimate are striking. On a
scale in which the strongest transition has magni-
tude 1, the strengths from the upper two I", states
are less than 10 '. That from the third I', state
(at -7.7 eV on the energy scale of Fig. 2) is l, and
that from the fourth I', state is less than 10 '. The
strength from the I", state at -7.9 eV is 0.95, and
that from the lower I', state is less than 6%%uo. Thus,
the preponderance of the oscillator strength at I
arises from states -1.5 eV below the top of the
valence band.

In view of this situation, it seems necessary to
regard the predicted absorption band edge in a-
quartz to be direct forbidden, to a high degree of
approximation. The rigorous selection rule in p-
cristobalite is only slightly relaxed in n-quartz,
and appears to be mostly related to short-range
order in SiO,. It is logical to expect a similar ap-
proxirnate selection rule in amorphous SiO, .

As discussed in Ref. 2, a direct forbidden ab-
sorption edge has no n = 1 exciton associated with

it,"and such. experimentally"" appears to be the
case in both o.-quartz and amorphous SiO„ that is,
there is no strong exciton peak at an energy /ozeer
than 8.9 ev.

Chelikowsky and Schluter' have predicted an in-
direct band gap of 9.2 eV, due to upward bending
of the valence bands away frpm I'. The direct gap
at I' is -9.7 eV, which is stated to be forbidden.
Both these numbers are closer to experiment than
obtained here. Of'greater note, however, is their
prediction of an indirect edge, in disagreement
with our results. It is interesting to note that our
tight-binding valence bands do have maxima away
from I", but only by -0.14 eV. This feature prob-
ably arises from the small basis set used in the
tight-binding fit: the oxygen p orbitals mix and
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their energies are pushed apart, and there are no
higher orbitals (e.g., Si 3s and 3p) to mix and push
these energies down again. In silver and alkali
halides such effects have produced spurious maxi-
ma along [100] directions, "at b, The question of
a direct forbidden versus an indirect edge can be
settled experimentally, but it appears that such de-
tailed low-temperature spectroscopy has not yet
been done on SiO, .

I I ~ I I
I I

Si L

I I
I ~

V)

z'

CD
K'

I ~ ~ s I
~ ~ I ~ ~

Si KP

I ~ g ~ ~ ~

z 0 Ka

I I I
I ~

-28 -24 -20 -l6 -l2 -8
ENERGY (eV)

FIG. 6. Comparison of experimental x-ray emission
spectra with a density of states obtained from the tight-
binding valence bands, and shifted in energy. The verti-
cal lines terminated by arrowheads pass through peaks
in the experimental curves. The energy scale is that
used in Ref. 2 {see text and Ref. 22 for details).

B. Silicon and oxygen x-ray emission spectra

These spectra, and the photoemission spectra
discussed in Sec. IVC, probe the nature of the val-
ence bands, and before we make comparisons of
theory versus experiment some remarks about our
computed valence bands as compared to those of
CS and the valence bands of p-cristobalite are in
order.

Overall, the present valence bands and those
computed by CS are in quite good agreement. Our
lone-pair and bonding bands are -1 eV narrower
than theirs, and as mentioned above they predict
valence-band maxima away from I'. However,

superposition of our computed tight-binding density
of states with theirs reveals good agreement of the
locations of the maxima in the lone-pair and bond-
ing bands. Their oxygen 2s band appears to be
somewhat narrower than ours; their 2s bands are
-5 eV too low, ours -2.5 eV too low with respect
to experiment.

As compared with p-cristobalite, ' the present
2s and bonding bands are comparable in width. The
present oxygen lone-pair bands are -2 eV wider.

Figure 6 shows a comparison of computed (and
adjusted) tight-binding densities of states (DOS)
with experimental x-ray emission spectra. "'" In
order to obtain reasonable agreement with experi-
ment, the lone pair DOS were shifted down by -1
eV and the oxygen-2s DOS were shifted up by -1.5
eV. A lengthy discussion of these spectra and
their interpretation is contained in Ref. 2 and will
not be repeated here. It is sufficient to point out
here that the experimental peaks (indicated by ar-
rows) agree fairly well with computed DOS peaks,
and that the atomic nature of the valence-band
wave functions is consistent with these peaks, as
was also the case for P-cristobalite.

The above statement, however, must be qualif-
ied in one respect. The highest Si L...peak must
originate from either Si s or d wave-function ad-
mixture into the lone-pair bands. The amount of
3s computed for this region is not sufficient to ac-
count for such a strong peak, and it was concluded
in Ref. 2 that this peak represented the effect of
Si-Sd admixture into these bands. Such an orbital
was not included in our wave-function basis, so we
have not computed a value for this admixture. It
was pointed out that this admixture could be small
in absolute terms and still be important in SiO,
chemistry, as has been suggested. "

Chelikowsky and Schluter have computed the x-
ray emission spectra for z-quartz, '

by calculating
transition probabilities from their orthogonalized
valence-band wave functions to the core states.
They obtained very good agreement with experi-
ment, with the exception that their highest Si I, ,
peak was much too weak. They argued that this
reflects a relatively small amount of Si-Sd-like
wave function in the valence bands, and suggested
that the experimental results may be faulty and
that the peak in question'may arise from elemental
silicon created by the electron beam.

This criticism of the experiments of %iech,
however, does not seem well founded in view of his
description" of the procedures taken to investigate
and avoid this spurious effect. The absence of suf-
ficient Si-3d orbital in the valence states of CS
must then be considered; this may be associated
with the fact that they did not include any l =2
terms in the pseudopotential.
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C. Photoemission results

Ultraviolet (UPS) and x-ray (XPS) photoemission
spectra were obtained several years ago by
DiStefano and Eastman. " Since that time several
other spectra have appeared, all in general agree-
ment with those of Ref. 26. The syectra of Nagel
et al.' and Stephenson and Binkowski" on various
forms of SiO, have noted the dependence of a low-
energy tail on the nature of the sample. Although
Stephenson and Binkowski" argued that this tail is
an intrinsic feature, implications of this do not
seem tenable, as discussed in Ref. 2, and the
DiStefano-Eastman spectra still seem to represent
intrinsic SiO, . Because these spectra are gener-
ally consistent with x-ray emission data and have
been, discussed in Ref. 2, they are not discussed
further here.

D. Optical-reflectivity data

The optical-ref lectivity data of Refs. 19 and 20
cover a region of -10 eV above the band gap and
thus provide potential information on both conduc-
tion and valence bands. These data consist of
peaks at -10.3, 12.0, 14.4, and 17.2 eV in both o.-
quartz and amorphous SiO,. Platzoder' has bare-
ly resolved the 12.0-eV peak into 3 components
and has noted that the 10.3-eV peak has an asym-
metric shape characteristic of a Fano resonance";
he suggested that it may be a metastable exciton. "

Chelikowsky and Schluter have computed' the in-
terband absorption spectra from their z-quartz
bands. After shifting the theoretical spectrum uy
by 0.'7 eV they found peaks at ™11.7 and 14.0 eV,
in approximate agreement with the second and
third experimental peaks (although their relative
absorption strengths agreed very poorly with ex-
periment). They then argued that the 10.3 eV peak
is due to an exciton.

Since these data probe both valence and conduc-
tion bands, it is worthwhile he|.e to compare our
conduction bands with those of CS. We find that
although the shapes of the lower conduction bands
are in fair agreement, there is serious disagree-
ment with respect to bandwidths. For example,
the separation of the first two states at I' was
computed by CS to be -6 eV, while we find it to be
3.4 eV. Similar differences were found at K, Il,
and A, the smallest difference being -1 eV at A.
Their conduction bands, then, are much wider than
ours, a fact consistent with the small electron ef-
fective mass (0.3m, ) which they obtained.

The wide conduction bands of CS are critical to
their interpretation of the optical spectra; this
tends to mean that structure in the spectrum must
originate from lower valence bands. In our case,
there is also the possibility of transitions from the

highest valence bands into the next conduction
bands. Since we have not computed interband tran-
sition strengths we simply mention some possible
assignments for the peaks, in much the samq way
as was done for P-cristobalite. '

First, as discussed above, the band edge is di-
rect forbidden and occurs, presumably at -8.9 eV.
A direct allowed edge will occur between the I'3
and I', valence states -1.3 eV below the top of the
band, and the lowest I'„ this occurs at 10.2 eV.
Such bands might be exyected to generate a fairly
predominant exciton, but if that exciton is the ab-
sorption peak at 10.3 eV, then the I',-I', pair
should be -0.5 eV lower in the valence band than
we have computed. As noted by Platz'oder, such an
exciton is indeed degenerate with continuum states.

A second possible source of strong interband
transition strength could be from states at M,
where joint densities of states are large. Since the
free-electron energy at M is 2.1 eV, one might ex-
pect a strong peak -2 eV above I'„possibly exci-
ton-enhanced and shifted to lower energies. A
similar assignment was made at the point L, in P-
cristobalite.

Further detailed assignments of tra, nsitions ap-
pear difficult, in view of our lack of knowledge of
the conduction bands at the point M; however, it
seems evident that the many conduction bands be-
tween 0 and 4 eV lead to various possibilities.

V. DISCUSSION AND CONCLUSIONS

Reference 2 contains a discussion of possible er-
rors in the type of calculation reported here. In
that paper it was argued that the use of atomic
rather than ionic potentials mas likely to be much
less serious than one mould initially suypose,
since the Madelung field in which each ion finds it-
self tends to neutralize the charge on the ion.

More serious, we feel, is our treatment of ex-
change as a sum of atomic p' ' terms rather than
summing p and then taking the —', power. We intend
to carry out further calculations in which exchange
potenti'als closer to the correct form are used.
Since there is no simple systematic way of doing
this, we choose the simplest approximation for the
yresent calculations.

The exchange potential which we have used is too
large in the region in which atomic charge densi-
ties overlay, i.e., the system behaves as j.f it has
too much charge (or too large a potential) between
the atoms. The effect of this approximation was
investjgated some time ago in connection with a
tight-binding calculation of the valence bands of
krypton, "and an interesting result emerged: the
(poorer) atomic p'~' exchange pushed s and P val-
ence bands apart. This occurred because a -type
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two-center potential energy s integrals were af-
fected more than corresponding P integrals by the
extra potential between the atoms. This may be
significant since in both P-cristobalite and n
quartz our computed oxygen 2s and 2p valence
bands are too far apart, by -2-2.5 eV. Ne believe
that a better exchange potential will bring these
bands into better agreement with experiment.

It should be noted here that CS's oxygen 2P and
2s bands were computed to be too far apart by 5
eV. This is a large discrepancy which in the light
of the above discussion suggests that their calcu-
lation bears further investigation.

In the krypton calculations mentioned above,
improving the exchange potential also led to a
larger (and better) gap between valence and con-
duction bands. %e speculate that the same may
occur here.

It is difficult to assess CS's prediction of a val-
ence-band maximum away from k= 0, and a con-
sequent indirect absorption edge, as opposed to
our prediction of a maximum at k= 0 with a direct
(and forbidden) absorption edge. To our knowledge
no experiments have been performed which bear
upon this question in SiO„' however, a careful op-
tical study" of GeO, (tetragonal structure) indi-
cates a direct forbidden absorption edge, and the
same appears to be true for SnO, . On the theoret-
ical side, we found a maximum away from k= 0 to
occur in a simple tight-binding fit of the valence
bands; we argued that this was a spurious result,
most likely arising from the small wave-function
basis used in the fit. However, because CS's
method of calculation is so different from ours, we
cannot determine the origin of their maximum

away from k=0.
An additional point of comparison concerns the

conduction-band structure, with CS's bands being
wider than ours. Again, it is difficult to conclude
which result is better. In favor of our result is the
fact that similar conduction bands were obtained
for P-cristobalite using two independent methods,
the mixed-basis calculation of Ref. 2 and an ex-
tended-tight-binding calculation by Ciraci and
Batra' using Gaussian-type orbitals.

It is finally to be noted that our calculations in-
dicate that n-quartz shares many physical prop-
erties with ideal p-cristobalite. In particular, the
top of the valence band is rather flat and the opti-
cal-absorption edge is direct forbidden. Densities
of states in the valence bands are similar, as are
the wave-function admixtures in various parts of
the bands. These similarities in turn strongly sug-
gest that amorphous SiO, should have many of the
same properties as the crystalline forms, as in-
deed seems to be the case.
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