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Electron states in a~uartz: A self-consistent pseufiopotential calcu&ation
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Self-consistent pseudopotentials are used to investigate the electronic structure of aguartz. We present
calculations for the band structure, electronic density of states, optical response functions, pseudocharge
densities, and x-ray eaussion spectra. We find excellent agreement between theory and experiment with respect
to photoemission and uv absorption data. The chemical bonding present in a-quartz as determined from

pseudocharge density contour maps is consistent with other theoretical calculations. The theoretical x-ray
emission spectra, as obtained from an orthogonalized-plane-wave scheme, are compared with experimental
data. The calculated silicon and oxygen K spectra agree very well with experiment; ho~ever, the Si L23
spectrum exhibits substantial disagreement with the data. An explanation is proposed based upon the
formation of amorphous elemental Si in SiO, during electron irradiation.

I. INTRODUCTION

In this paper, we shall present results of a self-
consistent pseudopotential calculation for the elec-
tronic structure of Si03 inthe form of O.-quartz.
While numerous theoretical investigations have
been performed on SiQ„' "this is the first real-
istic study in that &e combine a self-consistent-
field (SCF) treatment of the valence electrons with
an actual structural form of SiO, . Previous theo-
retical studies have concentrated on empirical
or semiempirical molecular-orbital schemes, '~'
molecular-cluster calculations ~-s, xo or ad hoc band
structures based upon idealized forms of SiOs."'"
Therefore, the previous theoretical approaches are
deficient in several respects. For example, the
molecular-orbital schemes and band-structure
calculations are not self-consistent. They may,
therefore, yield an incorrect description of ion-
icity or charge transfer. The molecular-orbital
schemes have also been rather specialized and
are consequently limited in their applicability. '"
Although, the cluster calculations may be made
self-consistent, a question may arise as to whether
the size of the cluster is sufficient to accurately
replicate the crystalline structure. In addition to
the aforementioned lack of self- consistency, the
band- structure calculations have been perf ormed
on an idealized structure; questions may therefore
arise as to whether the idealized structure accur-
ately reproduces the hybridization in actual forms
of SiQ, .

Thus, while these approaches have been rea-
sonably successful in presenting a consistent de-
scription of the chemical bonding in SiO„a com-
prehensive picture of the electronic structure for
a realistic form of SiQ, is still lacking. In addition,
the motivation for a realistic treatment of SiO,
is reinforced by the existence of several incon-
sistencies present in the interpretation of x-ray

emission and optical spectra. '4

The self-consistent pseudopotential method"
eliminates many of the drawbacks present in the
previous theoretical studies of SiO~. In this meth-
od, the valence electrons are allowed to respond
to a specified structural arrangement represented
by a superposition of rigid ionic pseudopotentials.
The pseudocharacter of the potentials, i.e., the
elimination of core states, is determined by re-
producing the valence eigenvalues and wave func-
tions, away from the core region, as calculated
by SCF atomic-structure techniques. " Qnce this
procedure has been performed for the Si" and Q"
pseudopotentials, no other adjustments axe made
with respect to the potentials. Thus, the calcula-
tion involves no adjustable parameters fit to ex-
perimental data. With the removal of the core
states, we may achieve fairly rapid convergence
by a plane-wave basis. In this fashion, we avoid
problems associated with other techniques. For
example, no atomic configurations need be speci-
fied, and no problems arise with respect to the
choice of minimal localized basis sets as we di-
agonalize a Hartree-Fock-Slater Hamiltonian
in a plane-wave basis.
Besides the numerous theoretical studies on

SiO„ intensive experimental measurements have
been carried out on this technologically important
material. To briefly summarize, these experi-
ments include measurements of photoemission
spectra, "' photoconductivity, ~ optical spec-
tra, "' "x-ray emission and absorption spec-
tra, "'""low energy loss spectra, "and Auger
electron spectra. " In this respect, SiQ, can serve
as a "testing ground" for the various theoretical
techniques available. We shall, therefore, en-
deavor to make comparisions between our theo-
retical results and experimental data whenever
possible.

The paper is outlined as follows. In Sec. II, we
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will discuss the calculational techniques involved

in constructing the ionic pseudopotentials and in

forming the resulting secular equation. In addition
the theoretical procedures used in calculating the
x-ray emission spectra will be discussed. In See.
III, the theoretical results are compared to ex-
periment, and in Sec. IV, we shall present some
conclusions and summarize our results.

II. CALCULATIONAL TECHNIQUES

The inputs into our calculation include the crys-
tal structure and the ionic pseudopotentials. The
crystal structure may be obtained from x-ray data
and the ionic potentials from atomic structure cal-
culations. Since no adjustments in the potentials
were made to fit experimental data, the ealcula-
tional techniques described below are of a first-
principles nature.

As discussed elsewhere, "SiO, occurs in many
allotropic forms. With the exception of stishovite,
all the forms are constructed from a tetrahedral
configuration of Si04. In this arrangement, the
silicons are bonded to four oxygens, and the ox-
ygens to two silicons. The only difference between
the various forms is the manner in which the
tetrahedrons are linked together. Previous band
calculations"~ have concentrated on idealized P
cristobalite. This form of SiO, can be visualized
by considering a diamond lattice, e.g. , elemental
Si, with an enlarged lattice constant and oxygens
located at the bond sites between silicon atoms.
However, the existence of such an idealized form
of SiO~ with a straight Si-0-Si bonding configura-
tion has not been established, "and at present no
experimental data, other than lattice parameters,
exist on P cristobalite.

While p- cristobalite may be the simplest concep-
tual form of SiO„ it does not correspond to the
most common form of SiO, which is a-quartz.
In n-quartz, which has hexagonal D~4 symmetry,
the unit cell consists of three molecular units of
Si0~. For a full description of the crystal struc-
ture the reader is referred to Ref. 29. To briefly
summarize the crystal parameters, the a-axis
length is 9.29 a, (1 Bohr radius a, =0.529 A) and
the c-axis length is 10.217 a, . The Si-0 bond
length in this form of SiO, is approximately 3.0
a, and the O-O distance varies from 4.9 to 5.05
ap The bond angle in Si-0-Si is not 180 as in the
idealized P- cristobalite, but is approximately
144 . This fact is significant in determining hy-
bridization effects. '

With respect to the crystalline potential we may
write

V(r) = g Vf(r —R —r~)+Vox(r),

P, ( )= P P; P,'I IP„'
where P, is a projection operator which projects
out the lth component of angular momentum pres-
ent in the wave functions. For the case at hand,
cluster calculations indicate'"" only s and p or-
bitals are significant in these valence wave func-
tions. Therefore, we may restrict the sum in
Eq. (2) to only the l =0 and l = l terms''

In the case of Si, the potential may be expressed
solely in terms of a local pseudopotential, i.e.,
V, (r)= V'((r() independent of l. This approach has
been found to be highly accurate via both bulk
and surface calculations performed on elemental
Si." However, in the case of oxygen this is not
the case. Since there exist no /=1 components in
the oxygen core states, no cancellation will occur
for valence P states. " This problem has so far
prevented accurate pseudopotential calculations
from being carried out on oxide compounds. "
However, the recent success of nonlocal pseudo-
potential calculations" and self-consistent pseudo-
potential calculations" suggest that the approach
might yield an accurate ionic pseudopotential for
oxygen.

For Si" the Fourier coefficients of the pseudo-
potential required for a solution of the secular
equation may be obtained from

V s&'(q) = (a, /q') [cos(a,q)+ a ]exp(a q4), (4)

where the a, are given in Table I. This potential
when self-consistently screened will yield the
atomic eigenvalues of Si as calculated by SCF
techniques. " In addition, the resulting pseudo-
wave-functions were constructed such that the
wave functions maxima for the pseudo 3s and 3p
states correspond to those of the SCF atomic wave
functions.

With respect to 0, a nonlocal potential of the

where V, is the ionic pseudopotential for the nth
atomic species, V» is the screening potential in

the Hartree-Fock-Slater sense, "and the sum is
over lattice vectors R where ~ gives the position
of the nth ion in the unit cell.

The plane-wave basis set used to diagonalize the
Hamiltonian may be expressed as

P„-(r)=~ g &p(k) exp[i(k+ G) r], (2)
G

where 0 is the crystal volume, and the sum extends
over reciprocal-lattice vectors G. 'The coefficients
aG are found by a diagonalization of the secular
equation.

In general, the ionic pseudopotentials are non-
local" and we may write



4022 JAMES R. CHELIKOWSKY AND M. SCHLUTER 15

si' pQ,

TABLE I. Ionic pseudopotential parameters as de-
fined in Eqs. (4) and (7), The 0+ parameters are for
the local part of the pseudopotential. The units are such
that if q is entered in atomic units (a.u.) then V(q) is in

Ry. The normalization volume is the atomic volume,
0, =84.8 a.u.

In the Hartree-Fock-Slater Hamiltonian the
screening potential consists of two terms: a Har-
tree potential V~ determined from Poisson's equa-
tion, and an exchange potential V~ determined
from the cube root of the charge density. The re-
quired matrix elements for V~ are given by

v m)=(4 /lql*)pm), (8)

a~

a2
a3
a4

-1.829
0.7907

-0.3520
-0.018 07

-1.8265
1.80
2.00

where p(f'1} is the Fourier coefficient of the valence
charge density. For V~ we take a local exchange
term of the form

Vx(r) =-6a(3/8v)' '[p(r)]' ', (10)

form

Vo(r) = V,(r) + p+ [V~(r) —V,(r) ]p, (5)

was constructed. The potentials V, and V~ were
designed to reproduce the valence eigenvalues
for the 2s and 2p states respectively, and the
pseudo-wave-functions were matched to the act-
ual wave functions" away from the core region. ' "

The form of V, and V~ in real space was chosen
to be

V,(r) = ——tanh(r)+A, expi 2Z
(6)

This form of the potential has the advantages of
being simple and containing only two adjustable
parameters. It correctly obeys the asymptotic
behavior: VI(r ~) =-2Z/r. The parameters
were taken to be A, =-4.0 Ry, A, =-6.5 Ry, and

R, =R, = 1.4a, (atomic units will be used through-
out the paper). As expected the p-well term is
considerably deeper than the s well because of the
absence of l =1 states within the core.

The required Fourier transform of the oxygen
ionic pseudopotential, for the local part of the
potential, M„was numerically determined from
Ecl. (6) and accurately fit to the following analytic
expression:

Vc(q) = (a, /q'}[1+ exp[a, (q —a,)]) ',
the values of the a, are given in Table I. The re-
quired matrix elements for the nonlocal part of
the potential P', (V~ V,)P, may be-expressed as

QIP+, (V —V, )P Iig) =(12&/Q, }cos(8;;,)
Al Ao +pm
4lqq'

x exp[- —,'R*(q +q '))I~&~(~R qq'),

(8)

where I, (xI) is a modified spherical Bessel func-
tion, "0, is the atomic value, and 8;;, is the angle
between the vectors Q and Q'.

with 0. =0.8. This value of n was used for both
the atomic and bulk calculations. To calculate
the required matrix elements a Fourier trans-
form of the cube root of the charge density was
performed. This was accomplished by evaluating
the charge density on a fine grid over the unit
cell, approximately 800 grid points, taking the
cube root at each point and then performing the
summation

p" "= — p r&
' 'exp -i ~ r&,

1
N

where N is the number of grid points r, . This
yields

VjQ}= 6a(3-v )'I P""' (12)e

With the above expressions for the matrix ele-
ments, the secular equation may be written

III',.- (» —E(k)6o..- I
=o, (13)

where

Ifo o. (k) =(k+G)26--

+ g [V2(IG- G'I)+ &k+&
I V„i(r) lk+G'&]

x S (G —G')+ V„(G—G')+ Vr(G G').

The V~ refers to the local contributions of the
ionic pseudopotentials from Eqs. (4) and (7) and

V„~ refers to the nonlocal correction from Eq.
(8). The structure factor for the nth atomic
species is denoted by S,(5)."

Self-consistency was accomplished by a direct
iteration process. To initiate the cycle, the
screening potential V„~ was constructed from
atomic potentials. With this "starting" potential
the Hamiltonian was diagonalized at two special
k points. '"" In the diagonaiization process, ap-
proximately 150 plane waves were used to expand
the wave functions; an additional 200 waves were
incorporated by a perturbation scheme devised by
L'owdin. " Once the wave functions at the special
k points have been determined, an accurate val-
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ence charge density is then used via Eqs. (9) and

(12) to calculate a new potential. The diagonaliza-
tion process is repeated and again a potential is
created from the resulting valence-charge den-
sity. The cycle is carried out until essential
agreement is found between the "input" and "out-
put" screening potentials. " The iteration pro-
cedure was carried out until the screening poten-
tial was converged to within 0.01 Ry. For this
convergence, the eigenvalues are stable to within
0.1 eV.

In order to establish an accurate description of
the electronic density of states, the Hamiltonian
was diagonalized at 16 k points in the irreducible
part of the Brillouin zone. The results were then
convoluted by a broadening function with a width
at half-maximum of 0.5 eV. The same k-point
grid was used to evaluate the imaginary part of
the dielectric function

4m'e'h 2
~2(&) —

2m2+ Q (2v)3 ~IMc, v I

x 5((g (k) —(g), (14)

where the sum extends over band indices for the
conduction (c) and valence (v) bands, ~M, „~' is
the absolute squared dipole matrix element between
the bands and S&d,„is the energy separation between
them. If constant matrix elements are used then
e,(ra) corresponds to a joint density of states.

To analyze in detail the x-ray emission spectrum
we have calculated the imaginary part of the die-
lectric function corresponding to transitions from
valence states to core-hole states. In this pro-
cedure, the pseudo-wave-functions from Eq. (2}
are first orthogonalized to all core states. The
core wave functions may be expressed as

tea

The required matrix elements are given by

v

(16)

where the transition involves a core-hole in the
t-core state and an electron in the valence band
labeled v. This technique, explained in detail
elsewhere, "has been quite successful in analyzing
core to conduction band transitions in lead salts. In
that case, it was found that the orthogonalization pro-

~bt&= ~ g exp[ik (R +v }]a,(r- R —v, ),
m

(15)

where N is the number of cells in the crystal and
the a, are core orbitals. " The orthogonalized
wave functions are then given by

cedure was crucial in obtaining accurate matrix
elements.

III. RESULTS

In Fig. 1, the band structure for z-quartz is
displayed along high symmetry lines in the hex-
agonal Brillouin zone. With three molecular
units of SiO, in the unit cell of a-quartz, we find
24 occupied valence bands. A group theoretical
assignment has not been performed on the bands
of o-quartz. Therefore, we shall label the bands
in ascending order with I'(1) referring to the low-
est valence band at I' and I'(24) referring to the
top of the valence band at I'. Possible band cross-
overs have been omitted in Fig. 1; they are not of
importance for the discussion below.

The computed band gap is indirect, M(24) -I'(25),
and is equal to 9.2 eV in magnitude. This result
is in excellent agreement with photoconductivity
experiments on amorphous SiO, in which the gap
is measured to be 8.9 eV." While the photocon-
ductivity measurements were performed on amor-
phous quartz, the similarity between the reflectiv-
ity spectra of amorphous SiO, and a-quartz is
quite striking and indicates the overall band struc-
ture of the two should be very similar "'" The
existence of an indirect gap is also compatible
with ref lectivity data which exhibit no strong struc-
ture below 10 eV.3"" Our computed band gap of
9.2 eV should be contrasted with that calculated
for P- cristobalite" for which a mixed basis set
was used. The calculated band gap was only
about 6.0 eV resulting in an error of nearly 3 eV
as compared to experiment. The discrepancy
probably arises from the idealized form of SiO,
and the lack of self-consistency (correct-charge
transfer) in this calculation.

The band masses obtained from our calculation
are, however, in qualitative accord with the es-
timates obtained from the P-crystobalite calcula-
tion. The conduction band minimum from Fig. 1
is roughly free-electron-like with an effective
mass of m,* =0.3m, . This is to be compared with
an estimated mass of m,*= 0.5m, from Ref. 11
and that obtained by analogy with other insula-
tors."'" The hole mass at the valence-band max-
imum we estimate to be m*„= (5-10)m, . The hole
mass is fairly anisotropic, but our estimate is
consistent with the P- cristobalite results. Ex-
perimentally, "a fairly heavy hole mass is ex-
pected because of the narrow width of the levels
near the valence band edge. It has been suggested
that the heavy mass could lead to the lattice trap-
ping of low energy holes, and that this could ac-
count for the positive charging of SiO, under ion-
izing radiation P
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Si O2

DOS THEORY

}UPS EXPERIMENT—"—XPS EXPERII}jIENT

&50 eV)

-22 -20 -14 -12 -10 -8 -6 -4 -2 0 2
ENERGY(eV)

FIG. 2. Calculated density of states (DOS) for +-
quartz (full line). Ultraviolet-photoemission (UPS) data
(dashed line, Ref. 18; dashed-dotted line, Ref. 17) and
x-ray-photoemission (XPS) data for the oxygen 2s level
(dotted line, Ref. 17) for amorphous Si02 are super-
imposed. The calculated oxygen 2s level had to be shifted
by +5eV to line up with experiment. The peaks labeled
A, B, C, D, E, and E are discussed in the text.

charge at the silicon site than does peak E. This
result is indicative of more p-character residing
in the D peak.

The lowest valence bands correspond to 0 (2s}
states as illustrated in Fig. 3 where the charge

TABLE II. Electronic density of states features. The
energies are in eV and the valence band maximum is
referenced to zero.

Feature
Experiment

Ref. 17 Ref. 18 Theory

Nonbonding
oxygen (2p)
Bonding
oxygen (2p)-

silicon (Sp)
oxygen (2p)-

silicon (Ss)
Oxygen (2s)

-2.5

-6.5

-10.0
-20.5

-2.5

-7.0

-10.5
-21.0

-2.5

-7.0

-12.0
-25.5

density for peak I is displayed. As found in the
case of P- cristobalite the 0 (2s-2p) hybridization
is quite small. " This has also been found to be
the case in cluster calculations. ' Thus, although
the calculated placement of the oxygen 2s orbitals
is lower than experiment by approximately 5 eV,
the relatively small error in the binding energy
of about 20% for these states should not affect
the quantitative agreement with experiment of the
upper valence bands. In fact, some studies of

VALENCE BANDS

Sion Sion
PEAK F
-27.0 & E C -2 4V

FIG. 3. Valence pseudocharge densities for the electronic density of states features in n-quartz. The charge den-
sities are plotted in the 0-Si-0 bonding plane and are arbitrarily normalized. The peaks and energy regions are dis-
played in Fig. 2.
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SiO2

TOTAL VALENCE CH

]A

FIG. 5. Total valence pseudocharge density for +-
quartz displayed in the 0-Si-0 bonding plane. The
charge is normalized to 48 electrons per unit cell.

states are compared with experimentally deter-
mined uv «, (&u) data. The measured spectrum
exhibits strong peaks at 10.4, 11.7, 14.0, and
17.3 ev."'"" The first peak has been proposed
as excitonic in origin through temperature-depen-
dent studies. "'" In fact, a simple estimate of the
excitonic binding energy in Sio, yields a value of
1.3 eV in agreement with the separation of the
first two ref lectivity peaks. ' The theoretically
calculated joint density of states does not exhibit
any structure below 15 eV, in disagreement with
the experimental spectrum. However, when di-
pole matrix elements are introduced significant
structure appears at 11 and 13 eV. It is found,
as in the case of P cristobalite, " that the lowest
direct-interband transitions are dipole forbidden.
This shifts the onset of absorption to higher en-

FIG. 4. Valence pseudocharge densities for the elec-
tronic density of states features in e-quartz. The charge
densities are plotted in the Si-0-Si bonding plane and are
arbitrarily normalized. The peaks and energy regions
are displayed in Fig. 2.

Si0, have neglected the presence of the 0 (2s)
corelike states altogether. "

In Fig. 5, we present the total valence charge
density for o.-quartz. Our calculation indicates
a fairly ionic compound with a majority of charge
localized on the oxygen sites. Cluster calcula-
tions have suggested an atomic population in the
Si-0 bond of Si(+0.78)0(-0.78) and for Si—0-Si a
population of Si,(+0.37)0(-0.74).' It is not pos-
sible to quantify our pseudocharge densities in
such a fashion, since a significant amount of
charge is located in the Si-0 bonds.

In Fig. 6, the calculated imaginary part of the
dielectric function «, (&u) and the joint density of

IX

IXI

(fl

4J

X

«4) EXCITON

(
(17.3)

I (14.0) ~I+'~
/ ~~ g

Z,T &2 ~ EXPERIMENT

l 18,19-25 SHI~~(-0.7eY)

I
I

osY ~
lE~ Ed

o

I I

Si02

I

8 9 10 11 12 13 14 15 16 17 18
ENERGY (eY)

FIG. 6. Calculated joint density of states (JDOS) for
direct transitions in a-quartz (bottom). The inclusion
of dipole matrix elements yields ~2(co) (top). Positions
of the direct and indirect gap as we11 as locations in %

space of prominent transitions are indicated. An ex-
perimental e2(cd) spectrum from Ref. 14 shifted by
-0.7 eV is superimposed.
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ergies by about 1.2 eV. Both peaks at 11 and 13
eV involve transitions between states of oxygen
2P and oxygen Ss character. The origin of these
transitions in the Brillouin zone is labeled in Fig. 6.
(The labels Z and T correspond to the I'-M and I"-K
directions in the Brillouin zone, respectively. )
The higher energy structure in the calculated

near 17 eV is attributed to arise from
volume contributions. Figure 7 displays the pseu-
docharge density character for the valence to con-
duction band transitions occurring between
F(18,19)-I'(25). While the conduction states
also contain significant silicon p and d character,
the oxygen 2p valence states localize the trans-
itions essentially on the oxygen sites. Therefore,
the exciton in SiO„which we attribute to the sharp
peak at 10.4 eV in the uv data, is of anionic char-
acter. This assignment of the 10.4 and 11.7 eV
peaks with O(2p)-O(3s) is in agreement with pre-
vious speculations. In particular, to account for
the striking similarity between the uv spectra of
fused and crystalline quartz, it has been proposed
that the dominant transition in SiO, must be be-
tween oxygen orbitals. '

For a complete comparison between theory (with
no excitonic effects) and experiment we have also
displayed in Fig. 6 the experimental imaginary
part of the dielectric function from Ref. 14. The
experimental spectrum has been shifted by -0.7
eV to line it up with theory. In spite of this shift
which is less than 10% of the band gap, the agree-
ment is quite good.

In Fig. 8, we compare experimental x-ray emis-
sion data" with the theoretical spectra. This is
the first quantitative comparison of this kind for
a.-quartz. Previous calculations have concen-
trated on molecular clusters, ' "' or p- cristo-
balite 11 12

No core-relaxation and electron-hole screening
effects are considered in calculating the spectra.
While the former effects are globally taken into
consideration by adjusting the core-valence-band
transition energy, the latter effects are expected
to be small in large-gap insulators such as SiO, .
This approximation is invalid and yields very poor
results for x-ray absorption spectra which are
known to show strong excitonic effects. "

SIO& (0 } Si02
-—EXPERIMENT—THEORY 0 Kf2 tl

I 1
I

(b)

:Sio&
SAND EDGE EXCITON
VALENCE STATES
.QANDS 18,19 I' (+5.0 IV)

(c)
I Sl Lg 3
I
I

FIG. 7. Pseudocharge densities for the states involved
in the lowest allowed optical transitions in n-quartz.
The top part of the figure displays the {unoccupied)
charge density of the 1(25) conduction state and the
bottom part of the figure displays the (occupied) charge
density of the I'(18, 19) valence states. The normaliza-
tion is arbitrary and the plane shown contains the 0-Si-
0 bonds.

(+5.0 eV)

-22 -20 -14 -12 -10 -8 -6
ENERGY (tv)

I

-4 -2 0 2

FIG. 8. Experimental (full lines, Ref. 14) andcalculated
(broken lines) x-ray emission spectra of Si02. The ex-
perimental spectra are lined up to a common energy
scale as discussed in the text.
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With respect to the experimental x-ray emission
spectra of Fig. 8, the Si KP and Si L, , results
are brought to a common energy scale as pro-
posed in Refs. 11 and 14 using atomic spectro-
scopic data, while the relative position of the oxy-
genKO. spectrum is taken according to Ref. 11
(which differs from Ref. 14).

With the exception of the Si L, , spectrum we
generally find very good agreement between the
experimental and theoretical x-ray emission spec-
tra. Because of dipole selection rules, the oxy-
genKe spectrum samples oxygen p-states in the
valence bands. 'Therefore, the major contribution
to this spectrum arises from the nonbonding oxy-
gen 2P-like orbitals near the valence-band maxi-
mum; other contributions arise from bonding
states at somewhat higher binding energies. We
find no emission from the oxygen 2s states which
are dipole forbidden. The Si KP spectrum analo-
gously samples Si p-states which are found in the
"bonding region" of the spectrum. In addition,
significant emission is observed and calculated
(note the correct relative intensity) from the oxy-
gen 2s levels. This emission originates from oxy-
gen 2s levels sufficiently overlapping with Si core
levels. Thus, no cross-over transitions' need to
be invoked to explain the satellite oxygen 2s emis-
sion peak which also appears in the Si L, , spec-
trum.

The calculated Si L, , spectrum should sample
Si s or d character. Our results are in poor
agreement with experiment. The measured spec-
trum shows an almost symmetric two-peak struc-
ture. However, the theoretical spectrum indicates
strong emission only on the higher-binding-energy
part of the spectrum corresponding to Si 3s-char-
acter contributions. The lower-binding-energy
peak in the experimental spectrum occurs in a
region dominated by oxygen P states. Even though
some emission is theoretically predicted in this
region, the disagreement in intensity between ex-
periment and theory is significant. The discrep-
ancy is even more surprising if one considers the
excellent quantitative agreement of the K spectra,
photoemission, and uv ref lectivity.

Early calculations on molecular clusters sug-
gested that Si 3d character might be responsible
for the second peak. ' However, this suggestion
has been criticized on the grounds that the basis
set used was not correctly chosen. ' More-recent
calculations in agreement with the present calcula-
tions have, in fact, yielded little Si 3d character in
the upper part of the valence band. "' Further-
more, relaxation effects which have also been sug-
gested"' as an explanation to the disagreement of
theory with experiment can be ruled out because of
the good agreement observed for the K spectra.

At present, while we have no quantitative ex-
planation for the discrepancy, we strongly believe
that the existence of elemental Si in SiO, is re-
sponsible for the second peak. For example,
amorphous Si is formed during the process of
electron bombardment while taking the x-ray
emission spectrum. This process, termed elec-
tron impact desorption, is well known in plasma
physics to destroy quartz tubings. In addition,
electron irradiation effects in the Auger spectra
of SiO, have recently been investigated. " It was
observed that the SiO, surface became enriched in
elemental silicon even for rather small electron
beam currents. The presence of elemental silicon
should also be seen in the Si Kp spectrum. In
fact, it may well be responsible for the increased
oscillator strength at lower binding energies ob-
served in the spectrum.

lV. CONCLUSION

We have investigated the electronic structure of
SiO, in the form of O.-quartz by means of self-con-
sistent pseudopotentials. Calculations were pre-
sented for the band structure, electronic density
of states, optical response functions, pseudocharge
densities, and x-ray emission spectra. The cal-
culations present a comprehensive investigation of
an actual form of SiO, . No adjustable parameters
based upon experimental data (other than the lat-
tice parameters) entered the calculation.

We were able to accurately reproduce the exper-
imentally determined band gap, optical spectrum
and photoemission spectrum. The calculated band
gap was 9.2 eV and found to be indirect. The low-
est optical transitions were calculated to be anionic
in character and are dominated by 0 (2p) -0 (2s)
transitions. With respect to the photoemission
spectrum we obtain quantitative agreement for the
valence states within a Rydberg of the valence-
band maximum. Our placement for the core-like
0 (2s) states is approximately 20% in error com-
pared to experiment with the theoretical result
too tightly bound.

The bonding configuration we find for e-quartz
is compatible with previous cluster calculations
and band-structure calculations for idealized P-
cristobalite. We find the lowest valence states,
which correspond to oxygen 2s states, do not sig-
nificantly hybridize with the oxygen 2p states.
The remainder of the valence band consists of sil-
icon-oxygen bonding states and less tightly bound
oxygen "nonbonding" P states. Some crystal-field
or bond-angle induced hybridization effects are
also found for these states.

We have also examined x-ray emission spectra.
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The calculated spectra were obtained in an ortho-
gonalized-plane-wave scheme and compared to ex-
periment. While the Si and 0 E spectra agree
well with experiment, the Si L, , spectrum shows
substantial differences. Our calculations in agree-
ment with cluster calculations on SiO, do not sup-
port the conclusion that Si 3d states are present to
any significant extent in the valence bands. There-
fore Si Sd states cannot be responsible for the ex-
perimentally observed results. We suggest that
the discrepancy arises from the formation of ele-

mental (amorphous) Si during electron irradiation
of SiO, .

In conclusion, we hope our calculations will pro-
vide a theoretical basis upon which satisfactory
interpretations may be made for all experimental
data on o.-quartz.
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