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held for Fermi-surface measurements, such as
V,Si, V,Ga, and Nb, Sn. Measurements on other
layer compounds should also be very interesting,
to study further the effects of the Fermi surface
and charge-density wave on one another.

We thank L. F. Mattheiss, F. J. Di Salvo, L. R.
Testardi, J. J. Hauser, W. A. Reed, J. A. Wil-
son, and T. M. Rice for a number of stimulating
conversations.

J. A. Wilson, F. J. Di Salvo, and S. Mahajan, Advan.
Phys. 24, 117 (1975) .

~W. M. Lomer, Proc. Phys. Soc., London 80, 489
(1962), and 84, 827 (1964).

L. M. Falicov and M. J. Zuckermann, Phys. Rev.
160, 872 (1967).

J.E. Graebner and J. A. Marcus, Phys. Rev. 175,
659 (1968).

T. M. Rice and G. K. Scott, Phys. Rev. Lett. 85, 120
(1975).

6B. A. Bromley, Phys. Rev. Lett. 29, 857 (1972).
B.V. Kasowski, Phys. Bev. Lett. 80, 1175 (1978).
L. F. Mattheiss, Phys. Rev. B 8, 3719 (1978).
K. Wood and J. B. Pendry, Phys. Rev. Lett. 81, 1400

(197').
C. Y. Fong and Marvin L. Cohen, Phys. Rev. Lett.

32, 720 (1974).
~ Part of these measurements were reported briefly by

J. E. Graebner, Bull. Am. Phys. Soc. 18, 886 (1978).
D. E. Moncton, J. D. Axe, and F. J. Di Salvo, Phys.

Rev. Lett. 94, 794 (1975).
~~B. C. Morris, R. V. Coleman, and Bajendra Bhan-

dari, Phys. Rev. B 5, 895 (1972).
P. de Trey, Suso Gygax, and J.-P. Jan, J. Low

Temp. Phys. 11, 421 (1973).
S. Foner and E. J. McNiff, Jr, , Phys. Lett. 45A, 429

(197').
For an excellent review of Fermi-surface measure-

ments, see A. V. Gold, in Solid State Physics, edited
by J. F. Cochran and B.R. Haering (Gordon and
Breach, New York, 1968), Vol. 1, p. 99.
"The steeper slope at low fields could also be ex-

plained by incomplete penetration of the modulation
field in the mixed state. Measurements of the total os-
cillating (50 Hz) moment of the sample, however, indi-
cate better than - 90% penetration down to the lowest
fields where dHvA data were observed (-20 kG). Like-
wise, the amplitude of the dHvA signal seemed to follow
the expected Bessel function fairly well. Another ex-
planation of the steeper slope might involve two extre-
mal areas giving a long beat. The similarity of data at
neighboring angles and at lower magnetic fields, espe-
cially in the dHvA data, make this explanation seem
doubtful to us. Other explanations, such as fortuitous
magnetic breakdown, seem less likely, but we must
await a much more complete picture of the FS before
ruling them out completely.

L. F. Mattheiss has brought to our attention similar-
ities between our proposed modification and the corre-
sponding band in the layer-method calculation for MoS2
(Bef. 9).

P. G. de Gennes, Superconductivity of Metats and
Alloys (Benjamin, New York, 1966), p. 76.

We thank L. B. Testardi for pointing out this argu-
ment.
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The mixed-basis method has been used to compute the energy bands of an idealized p-
cristobalite form of silicon dioxide. A direct-forbidden optical-absorption edge is pre-
dicted. Peaks in observed x-ray emission and optical-absorption spectra identified with
critical points in the densities of states.

We report the results of mixed-basis calcula-
tions of the energy bands of silicon dioxide in the
form of idealized p-cristobalite, a diamond struc-
ture with an oxygen lying midway between each
pair of nearest-neighbor silicons. This is the
first detailed band-structure calculation for any
form of SiO„and complements earlier molecu-
lar -cluster calculations" and semiempir ical cal-

culations4 of the valence bands. Many properties
of SiO, do not appear to depend strongly on long-
range symmetry, as, for example, the optical
ref lectivity spectrum" from 8 to 20 eV and x-
ray-emission spectra. ' Consequently, our re-
sults provide considerable insight into the anal-
yses of experiments on various forms.

The mixed-basis method' utilizes Bloch sums
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of nonoverlapping' atomiclike functions, and
symmetrized combinations of plane waves. The
crystal potential was taken as a sum of atomic
silicon and oxygen potentials, obtained by solving
the atomic Hartree-Pock-Slater equations. " No
adjustable parameters or artificial muffin-tin
potentials, difficult to justify" in an open solid
such as SiQ„were required. CDC computers at
Lehigh University and at Brookhaven National
Laboratory were used,

Calculations are reported for the points I; X,
and I. of the first Brillouin zone. " The largest
matrix diagonalized was 70 x 70 (60 x 60 at I').
This appeared to yield convergence to within 0.2

eV for all points. Convergence curves and an
analysis of other possible numerical errors will
be reported elsewhere.

Figures 1 and 2 show the valence and conduc-
tion bands, respectively. Qur valence bands are
somewhat similar to those obtained semiempiri-
cally by Pantelides and Harrison. ' The points ac-
tually calculated are shown as dots, with the ex-
ception that the top-most valence bands (I'„,F„,

F»') have been rigidly shifted down by 2.0 eV
from the computed values, as seems necessary
for a consistent interpretation of the experimen-
tal data discussed below in connection with Fig. 3.
Possible reasons why these bands turned out to
be too high will be discussed elsewhere. The in-
set to Fig. 1 relates states at I" to the correspond-
ing atomic states. Similar tables for other sym-
metry points may be generated from compatibili-
ty relations.

The highest valence bands, clustered around
—9 eV, are derived from the oxygen lone-pair
orbitals, "oxygen P states oriented perpendic-
ular to the Si-0-Si axis. We estimate that the
heavy-hole mass at the top of the band is greater
than 10m, . The light-hole mass may be - 3m, to
10m, . The next set of bands, from --12 to -17
eV, represents the Si-0 bonding states. They in-
volve mostly silicon s orbitals and oxygen and
silicon P orbitals pointing along the Si-0-Si axes.
Finally, the —2 eV wide bands around —27 eV
are derived mostly from oxygen 2s; a two-pa-
rameter tight-binding fit was made to the seven
computed points of these bands, with excellent
results, and intermediate points and a density
of states were obtained. "

Figure 3 indicates a comparison with experi-
mental" x-ray-emission spectra. Although not
shown here, photoemission results' also agree
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FIG. 1. The valence bands of ideal p-cx'istobalite,
Computed points are indicated by dots. The top set of
bands has been shifted down from the computed values
by 2.0 eV. The inset indicates by "X"which atomic
functions may be involved in the states at k=0. The en-
ergy scale is defined so that the bottom of the conduc-
tion band is at zero.

0—

FIG. 2. The lowest conduction bands of ideal p-
cristobalite. Computed points are indicated by dots.
open circles at & and X indicate where free-electron
bands would intersect these points. The zero of energy
is defined as the bottom of the conduction band.



VOLUME $6, NUMBKR 8 2$ I'KBRUXRV 19/6

L I I I I I } f I I I

VALENCE

BANDS

Si L

V) I
Si Kp

K'

0 K~

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

FIG. 3. Comparison of experimental x-ray-emission
spectra with the p-cristobalite valence bands (see text,
Ref. 14, and Fig. 1 for details). The energy scale is
that o.sed in Fig. 1.

well with our calculations. For this comparison,
information from group-theoretical selection
rules, the atomic nature of wave functions asso-
ciated with electric -dipole-allowed transitions,
and densities of states were combined. For ex-
ample, transitions from every calculated point
in the valence bands are allowed as part of the
oxygen Kn spectrum. However, the most signif-
icant transitions will involve a high density of
oxygen p states in the valence wave function.
Such will occur' at around —13 eV (the relatively
flat bonding band involving I »), and throughout
the upper valence bands at around —9 eV. This
appears to be in good agreement with the ob-
served oxygen Ke spectrum. One indication that
the oxygen lone-pair valence bands must lie ap-
proximately as shown is the large density of ox-
ygen p states in the topmost (F») band; much of
the strongest peak in the oxygen Ecy spectrum
must originate from this band. Further adjust-
ment of the lone-pair bands relative to each oth-
er could yield better agreement with the spectra.
We choose to present the computed bands here,
largely because the bending of the Si-Q-Si bond
could account for much of the correction. It is,
however, likely that the long tails in the observed

spectra arise from instrumental broadening or
from structural disorder. "

Our valence bands are also consistent with the
Si KP and L23 emission bands. L» samples sili-
con s and d character; relatively large densities
of such states will occur around L, ' in the lowest
oxygen s band, L, in the bonding bands, and
througout the I'» and F»' lone-pair bands (but
not within the F» lone-pair band). . Kp samples
silicon p character, which occurs in the upper
oxygen s band, the upper I'» bonding band, and
the lower lone-pair bands (again, not within the
I'» band). Peaks and bumps in the observed spec-
tra are in general agreement with these assign-
ments. Gilbert et al. ,

"have noted that the silicon
wave-function coefficients involved in these tran-
sitions are relatively small; they computed only
4 /&& Si Sp character in the state leading to the low-
er-energy KP band. Thus the Si Sd admixed into
I'» and I'»' does not necessarily imply strong
pv -dp bonding.

The lowest conduction-band minimum is at
r„and it is rather free-electron-like. This is
similar to a tight-binding result of %eaire and
Thorpe. " We have not yet calculated the effec-
tive mass at I;, but in analogy with other insula-
tors" we conjecture that it will turn out to be
-0.5m, . The separation between I; and I;,' is
within -1eV of the atomic silicon Ss-3p splitting, "
and I'» (which contains silicon 3d, but no s or p)
is within - 2 eV of the atomic Sd position with re-
spect to 3s and Sp. Clearly there is a good deal
of admixture, and some of the bands are also
associated with oxygen 3s, Sp, Sd. We will not
analyze the higher bands in any further detail at
this time.

The computed band gap (with the shifted upper
valence bands) is 8.0 eV, as compared with a val-
ue 8.9 eV obtained by photoconductivity measure-
ments. " The lowest-energy optical edge, from
I;, to l"„ is direct but forbidden; a direct allowed
edge occurs about 1.5 eV higher in energy, from
Ij 5 to I y

This r esu lt is Like ly to be appr oximate-
ly preserved" even in amorphous SiO„since it
arises from a transition between fairly localized
oxygen 2p and silicon Ss states. A careful mea-
surement of the optical-absorption edge should
yield the characteristic (k~ —E, )'~' behavior, "
unless the disorder seriously alters the optical
selection rules.

The optical-ref lectivity spectrum' of SiO, has
characteristic peaks at 10.3, 12.0, 14.4, and
17.2 eV. The 12-eV peak in some cases has re-
solved structure. " By combining selection rules
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and regions of expected high densities of states,
we suggest that the first two peaks involve the
lowest L, ' as the final state; for the first peak,
the initial state is L, in the upper valence band,
and for the second peak the initial states are L3
and Ly in the lower part of the oxygen lone-pair
band.

The peak at I4.4 eV probably involves the first
I'»' conduction band in the final state. It is most
likely due to L,—L, ', although others are al-
lowed; probably some unresolved structure ex-
ists here. The 17.2-eV peak could involve either
(or both) valence L, to the L, ' at -7 eV; other
possibilities are from L, to the lowest L, ', or L3'
to L,. Clearly, as one goes to higher photon en-
ergies the possibilites increase.

%e will discuss in subsequent papers the analy-
sis of electron-energy-loss" and x-ray-absorp-
tion ' data. All of the high-state-density regions
of the lower conduction bands are optically ac-
cessible by electric dipole transitions from the
Si 1s and 2p and oxygen 1s states, but core-exci-
ton effects may considerably complicate the pic-
ture.
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uardo Calabrese of Lehigh University and the
University of Parma, for help with the computer
codes. The Lehigh Computing Center contributed
a great amount of computer time towards this
project, for which we are grateful.
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