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Electron states in a nearly ideal random-network model of amorphous SiO2 glass
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A large continuous random-network model with 1296 atoms and periodic boundary conditions has been
constructed for amorphous SiO2 glass. The atoms in this model are all fully coordinated with an overall small
bond length and bond angle distortions. The calculated pair distribution function is in close agreement with the
diffraction data. Based on this model, a first-principles calculation of the electron states is performed and the
resulting wave functions are analyzed. Subtle differences in the density of states with the crystalline SiO2 are
found. The calculated density of states are in good agreement with x-ray emission data and show the impor-
tance of Si 3d orbitals. The distributions of effective charges on Si and O atoms are studied in relation to the
short-range order in the glass. It is found that O atoms with a Si-O-Si bridging angle of less than 120° have
smaller effective charges and can be identified as quasidefective centers that are responsible for the two-level
tunneling at low temperature. It is also shown that localized states at the top of the band are induced by the
elongation of the Si-O bond and those at the bottom of the band are related to atoms with shortened bonds. A
mobility edge of 0.2 eV at the top of the valence band is obtained. A similar mobility edge for the conduction
band cannot be located because of the much less localized nature of the states.@S0163-1829~96!01731-6#

I. INTRODUCTION

It has been well established1 that the structure of amor-
phous SiO2 ~a-SiO2! glass is best described by the continu-
ous random-network~CRN! model in which the Si atom is
tetrahedrally bonded to four O atoms and the O atom bridges
between two Si atoms with a very flexible Si-O-Si bridging
angle.2,3 The CRN model fora-SiO2 glass is therefore a
paradigm for studying noncrystalline solids with well-
defined short-range order~SRO!, subtle intermediate-range
order~IRO!, and no long-range order~LRO!. Over the years,
there have been many attempts to construct CRN models4–21

for a-SiO2 and then use these models to study the
electronic22–25 and vibrational18,24,26–29 properties of the
glass. These models are in the form of either a large cluster
with a free surface or a cubic box with periodic boundary
conditions. The quality of the model is generally measured
by the agreement between the pair distribution function
~PDF! computed from the model and those obtained from
diffraction techniques.30–41Another criterion is the degree of
bond length~BL! and bond angle~BA! distortions from the
ideal values. The periodic CRN models are more appealing
because they represent a truly infinite array of atoms pro-
vided that the models are sufficiently large in size. However,
imposing a periodic boundary condition on a covalently
bonded network is not an easy task and such models gener-
ally end up having too large BL and BA distortions. In recent
years, molecular-dynamics~MD! techniques have been quite
popular in generatinga-SiO2 models using either pair-wise
potentials8–10,15,18 or using a first-principles approach of
simulated annealing.25 However, the MD technique generally
involves movements of atoms at finite temperatures under a
local force field. The quenched structure obtained as a snap-

shot of the simulation at low temperature usually has large
distortions and always contains defective centers such as
over- or undercoordination or broken bonds and therefore is
not representative of a perfect CRN in which the topology of
the network is precisely defined. Although the MD simula-
tion may mimic the real structure in a glassy material at finite
temperatures, for the purpose of studying the electron states
in an ideal noncrystalline solid, it is better to have a near
perfect CRN model free of major defects and large distor-
tions such that the structure-properties relationship can be
more transparent. Once a near-perfect CRN model is avail-
able, the effects of specific defects and large distortions can
be studied in a more focused way by modifying the existing
model.

In a covalent glass model fora-Si or a-SiO2, the imposi-
tion of a periodic boundary condition implies an increased
strain on the network, which should be reflected in the in-
creased bond length and bond angle distortions. It is ex-
pected that the larger the model, the smaller the strain in-
duced by the periodic boundary condition. This notion is
partially supported by the fact that the earlier model with
only 162 atoms43 has a larger distortion than the present
model of 1296 atoms. On the other hand, a cluster type of
model with a free surface will have less strain since the at-
oms on the surface are not required to have the specific di-
rectional bonding as in the periodic model. However, the
mass density of a cluster model cannot be precisely deter-
mined, and calculation of electron states based on a cluster
model will have the calculated spectrum contaminated by the
surface states, which will be quite difficult to separate from
the bulk states.

Since the local bonding structure ina-SiO2 is similar to
its crystalline counterpart ina quartz and several other SiO2
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polymorphs,42 it is reasonable to expect the electronic struc-
ture of the two to be similar. However, there are subtle dif-
ferences that reflect the loss of LRO such as the localization
of states near the band edges, the existence of mobility
edges, and the distribution of effective charges. To under-
stand the nature of electron states ina-SiO2, first-principles
calculations based on a near-perfect CRN model of sufficient
size will be most desirable. In this paper, we report the re-
sults of such a calculation. In Sec. II the construction and the
characteristics of a large CRN model fora-SiO2 are de-
scribed. This is followed, in Sec. III, by the description of the
results and the analysis of the electron states in such a model.
The identification of a few O atoms with Si-O-Si bridging
angles less than 120° as quasidefective centers is emphasized
and elaborated. Section IV is devoted to the discussion of
these results and the tremendous potential of using such
models in elucidating the structures and properties of other
covalently bonded glasses, their composites, interfaces, and
defects.

II. MODEL STRUCTURE

Figure 1 shows a ball-and-stick portrayal of a near-perfect
CRN model fora-SiO2. The model contains 432 SiO2 mol-
ecules~1296 atoms! with periodic boundary conditions. It
was generated from a smaller seed model studied by one of
us 15 years ago.43 The model is constrained to have the
density of 2.23 g/cm3 and relaxed by means of Monte Carlo
steps using a Keating type of potential.44 This density is
slightly larger than the experimental density of 2.20 g/cm3

for vitreous silica, which may contain small porous regions
not found in an ideal CRN model. Because the model is
fairly large and the local nearest-neighbor~NN! bonding for
each atom is determineda priori, the constraint imposed by
the periodic boundary condition is less stringent and the
structure has reasonable BL and BA distortions. Each atom

is fully coordinated with no broken bonds. Figure 2 shows
the distributions of the Si-O BL and the O-Si-O~w! and
Si-O-Si ~u! bond angles in this model. The distributions are
close to a Gaussian form. The average Si-O BL is 1.622 Å,
with a standard deviation of only 0.017 Å. The Si-centered
tetrahedral units are well preserved since the average O-Si-O
angle of 109.38° is very close to the tetrahedral angle of
109.47° and a standard deviation of 4.69°. The O bridging
angles are much more flexible. The average Si-O-Si angle in
our model is 147.06°, with a standard deviation of 13.52°.
This average angle is very close to the experimentally mea-
sured most probable angle of 145°~Ref. 30! and the distri-
bution shown in Fig. 2~c! is quite similar to that determined
by Dupree and Pettifer using magic angle spinning NMR
spectroscopy.45 To have a better idea about the IRO of the
model, the distributions of the Si-Si and O-O separations are
shown in Fig. 3. From Figs. 2~c! and 3~a! it can be seen that

FIG. 1. Ball and stick sketch of a portion of a near-ideal model
of a-SiO2. Large circles are for Si and small circles for O. The
entire model has 1296 atoms.

FIG. 2. Distributions of~a! Si-O bond lengths,~b! O-Si-O bond
angles, and~c! Si-O-Si bridging angles in degrees.
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there are a few O atoms with bridging angles less then 120°
that also result in the Si-Si separations of less than 2.6 Å.
These O atoms have special implications on the microscopic
origin of tunneling centers in glasses and will be discussed in
more detail in the following sections. The model does not
contain any three-member or four-member rings, but con-
tains a small percentage of five-member rings.~Here a ring is
defined as a closed loop of either Si or O atoms.! It has been
concluded by several authors that the distribution of the di-
hedral angles of the tetrahedral units are random and does
not correlate with other parameters of the model.1,19 There-
fore, this is not investigated in the present model. The physi-

cal characteristics of the model are listed in Table I. Similar
data for the Bell-Dean model5 are also listed for comparison.

Figure 4 shows the calculated pair PDFg(r ) of the model
and also its partial components. The total PDF is obtained
from the partial components by appropriate weighting
factors.46 The PDF of the model is in general agreement with
the existing diffraction data.30–32,34,41The small discrepancy
is probably related to the presence of some O atoms with
small Si-O-Si angles discussed above. Based on the calcu-
lated PDF, it can be concluded that the present model of a
near-perfect CRN represents the structure ofa-SiO2 very
well. The peak positions in the PDF and their atomic origins
are also listed in Table I.

III. ELECTRON STATES

The real-space orthogonalized linear combination of
atomic orbitals47 ~OLCAO! method is used to calculate the
electron states in the CRN model ofa-SiO2. The OLCAO
method has a unique advantage in that the solid-state wave
functions are expanded in terms of atom-centered atomic or-
bitals and the potential is in the form of the sum of atom-
centered atomiclike potentials. For systems with the same
kind of chemical bonding, this type of atom-centered poten-
tial function is transferable. Accordingly, we used the self-
consistent potential derived from the recent crystalline calcu-
lations in the local-density approximation~LDA ! for a
quartz~c-SiO2! and the same basis functions as for all other
polymorphs of SiO2.

42 This approach is not as rigorous as
the full self-consistent calculation of the 1296-atom model
itself, which would be rather impractical, but is a significant
improvement over the earlier calculations22,48,49 using non-
self-consistent potentials or potentials derived from a simpler
charge self-consistent procedure.24 It is at a much higher
level of accuracy than the tight-binding approximation,23

where the interaction parameters are only estimated and lim-
ited to NN or next-NN interactions. In the present approach,
the Hamiltonian and the overlap matrix elements of the glass
model are calculated exactly for interactions up to any NN
atoms; thus the fine structural characteristics and the IRO of
the model are fully reflected in the calculation. Since no
arbitrary parameters are introduced and all the interaction
integrals are calculated based on the transferable potential
from a-SiO2, the present study ona-SiO2 can be considered

FIG. 3. Distributions of~a! Si-Si separations and~b! O-O sepa-
rations.

FIG. 4. ~a! Calculated PDFg(r ) for a-SiO2, ~b! partial PDF of
O-O, ~c! partial PDF of Si-O, and~d! partial PDF of Si-Si ~a! is
obtained from~b!–~d! with different weighting factors for each par-
tial component. See the text for details.

TABLE I. Physical characteristics of the CRN models for
a-SiO2.

Characteristic Present model Bell and Dean~Ref. 5!

Density 2.23 g/cm3 1.99 g/cm3

No. of atoms 1296 614~interior of a cluster!
Cube size 26.958 Å
Mean BL and deviation 1.62260.017 Å 1.663.5%
Mean BA and deviation

O-Si-O ~u! 109.38°64.69° 109.3°66%
Si-O-Si ~w! 147.06°613.52° 153°66%

Peak positions in the PDF~Å!

P1 1.62~Si-O!

P2 2.60~O-O!

P3 3.11~mainly Si-Si!
P4 4.10~Si-O, some Si-Si, and O-O!
P5 4.97~Si-Si, some O-O, and Si-O!
P6 6.19~Si-O, some Si-Si, and O-O!
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to be first principles in nature. In the present calculation, the
basis functions consist of the Si 3s, Si 3p, Si 4s, Si 3d, O
2s, and O 2p orbitals in addition to the core orbitals. The
extra orbitals beyond the minimal basis set enable us to ob-
tain the unoccupied states more accurately and also to ac-
count for the hybridization of the Si 3d states with the O 2p
orbitals. With 432 Si atoms and 864 O atoms in the model
and after the orthogonalization to the core procedure that
eliminates the core states~1s,2s,2p of Si and 1s of O!, the
final secular equation has a dimension of 777637776. For a
large model such as the present one, a single diagonalization
at k50, where all the matrix elements are real, is more than
sufficient.

A. Density of states

Figure 5 shows the calculated density of states~DOS! of
the CRN model ofa-SiO2. Also shown for comparison is the
corresponding result fora quartz with the same basis set.
Although the general features of the DOS for the two are
similar because of similarities in the SRO, there are substan-
tial differences in fine structures that reflect the difference in
the LRO and the IRO. Such fine differences in the electron
DOS betweena-SiO2 and c-SiO2 have seldom been dis-
cussed in the literature. Experimental data from x-ray photo-
electron spectroscopy or x-ray emission spectroscopy do not
have the sufficient resolution to resolve these differences. A
common practice in the existing calculations fora-SiO2 has
been to broaden the DOS spectra, which masks these differ-
ences. For example, the O 2s band forc-SiO2 at217 to220
eV has four well-resolved sharp peaks, while ina-SiO2 there
is only one sharp peak at217.4 eV. In the lower valence-
band ~VB! region ~the O 2p bonding band from25.2 to
210.7 eV!, there is one prominent peak at26.0 eV and a
smaller peak at27.5 eV. This is separated from the upper
VB ~the O 2p lone pair band from 0 to24.7 eV! by a sizable
gap of 0.5 eV. The presence of this gap ina-SiO2 is attrib-
uted to the near perfectness of the CRN model in the present
case. In other calculations where the models contain large
BL and BA distortions or have under- or overcoordinated
atoms, this gap is likely to disappear. The upper VB of

a-SiO2 has a main peak at22.0 eV and a sharp leading peak
at20.3 eV. Inc-SiO2, both the upper and lower VB’s have
multiple peaks rooting from the van Hove singularities of the
quartz structure. The conduction-band~CB! DOS of the two
SiO2 phases are also quite different. Ina-SiO2, there are two
broadbands, one from 6.0 to 14.3 eV and another from 14.3
eV to 19.0 V. The CB ofc-SiO2 also has these two well-
separated pieces, but they have many multiple-peak struc-
tures. The most significant difference is the curvature of the
DOS at the lower CB edge. It is parabolic inc-SiO2, where
there is a single CB with a minimum atG,42 but appears to be
linear in the case ofa-SiO2. The calculated LDA gap for
a-SiO2 is 6.0 eV, a reduction of 0.65 eV from thec-SiO2 gap
of 6.65 eV.50 This is in good agreement with the measure-
ments of Appelton, Chiranjivi, and Jafaripour,51 which
shows a reduction of the gap of the order of 0.5 eV.

The orbital decompositions of the DOS fora-SiO2 are
shown in Fig. 6. It is shown that the Si 3d orbitals contribute
significantly to the CB DOS, especially in the upper portion,
and the states near the CB minimum are mostly Si 3s and 4s
in character. On the same diagram we display the experimen-
tal O K, Si K, and Si L2,3 x-ray emission spectra fora
quartz.52,53 We cannot locate similar data fora-SiO2, but
they are expected to be similar. In the simple approximation
of localized core levels of the emitting atom, the OK, Si K,
and SiL2,3 x-ray emission spectra mimic, respectively, the O
2p, Si 3p, and Si 3s plus Si 3d partial DOS in the VB
because of the dipole selection rules. The agreement with the
calculated partial DOS fora-SiO2 is quite good. In particu-

FIG. 5. Calculated total DOS of~a! a quartz and~b! a-SiO2.

FIG. 6. Orbital resolved partial DOS ofa-SiO2: ~a! O 2s
~solid line! and O 2p ~dashed line!, ~b! Si 3s ~solid line! and Si 3d
~dashed line!, and~c! Si 3p. The experimental x-ray emission data
~dash-dotted line! for O K, Si K ~Ref. 52!, and SiL2,3 ~Ref. 53! in
a quartz are also sketched.
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lar, the double peak in the SiL2,3 spectrum in which the
leading peak has a higher amplitude is fully explained. This
is due to the fact the Si 3d has a significant component in the
upper VB while the Si 3s component at the lower VB has its
near peak skewed towards the lower energy near 10 eV.

B. Effective charges

Figure 7 shows the distributions of the calculated effec-
tive chargesQSi* for the 432 Si atoms andQO* for the 864 O
atoms. They are obtained from the wave functions and the
overlap integralsSia, jb based on the Mulliken scheme:54

Qa*5 (
n,occ

(
i

(
j ,b

Ci ,a
n Cj ,b

n Sia, jb . ~1!

Here the summation overn is for the occupied levels.a,b
label the atoms andi , j the orbitals andC ia

n are the eigen-
vector coefficients. The average value forQSi* is 2.79 elec-
trons and that forQO* is 6.66 electrons with standard devia-
tions of 0.036 and 0.038 electron, respectively. Thus the
partially ionic nature of bonding ina-SiO2 glass is evident. It
should be remembered that the effective charge calculation
based on Mulliken’s scheme is only approximate. A more
accurate procedure based on real-space charge integration
givesQSi*51.40 andQO*57.30 fora quartz.42 With the ex-
ception of a few scattered points, the data forQSi* andQO*
show a reasonable normal distribution. To answer a deeper
question of how the effective charges are correlated with the
BL and BA distributions ina-SiO2, we plot in Fig. 8 the
QSi* and QO* against the average BL associated with each
atom. Also shown is a plot ofQO* against the Si-O-Si bridg-
ing angle. Comparing Fig. 8 with the BL and BA distribu-

tions of Fig. 2, it is quite clear that there is no obvious
correlation ofQSi* with BL or QO* andQSi* with the bridging
angle, but there appears to be a weak correlation between
QO* and the BL. Namely, O atoms with shorter Si-O BL tend
to have a larger effective charge.

C. Quasidefective O centers

A more conspicuous picture of Fig. 8 is the fact that there
is a group of 16 Si atoms~designated as groupA! with QSi*
above 2.90, a group of 8 O atoms~designated as groupB!
with Si-O BL less than 1.59 Å andQO* above 6.62, and a
group of 8 O atoms~designated as groupC! with QO* less
than 6.53. By analyzing the local structure of these atoms in
the network model, we found the following.~i! The group-A
Si atoms are the NN’s of group-C O atoms. The effective
charges of these two groups indicate a reduced charge trans-
fer from Si to O. ~ii ! The group-C atoms are the same O
atoms with much smaller Si-O-Si bridging angles discussed
in Fig. 2. They range from 103.35° to 107.63°.~iii ! The BL’s
of the O-Si pair in groupsA andC are within the normal
range, about 1.62 Å.~iv! The deviation of the O-Si-O angles
from the tetrahedral angle for Si atoms in groupA are mini-
mal, indicating rather rigid tetrahedral units.~v! The group-B
O atoms have smaller BL, ranging from 1.56 to 1.59 Å, and
also smaller Si-O-Si angles, ranging from 116.5° to 146.2°.
Thus we see that within a reasonable range of distortion,

FIG. 7. Distribution of calculated effective charges:~a! QSi* and
~b! QO* .

FIG. 8. Correlation plot of~a! QSi* with Si-O BL, ~b! QO* with
Si-O BL, and~c! QO* with Si-O-Si angles. Groups of atomsA,B,C
are circled.
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there is no strong correlation ofQO* andQSi* to the Si-O-Si
angle and only a weak correlation ofQO* with the Si-O BL.
However, when the Si-O-Si angle becomes too small, say,
below 120°, theQO* tends to decrease and theQSi* of its NN
Si tends to increase, resulting in a reduction in the ionicity of
the network.

To further investigate the electronic structure of the
group-A, -B, -C atoms, we calculate their local DOS
~LDOS!, which are shown in Figs. 9 and 10. Also shown for
comparison are the LDOS for Si and O for the bulka-SiO2.
Clearly, the Si LDOS are very similar to the LDOS of the
other Si in the network except for the strong bonding peak

with O 2s at221 eV, but the LDOS of the O in groupB and
C differ from the bulk O significantly. The main features are
the shifting of the centers of gravities of the DOS in all three
bands, the O 2s band and the lower and the upper VB. Extra
sharp peaks at220.7,210.4, and23.4 eV ~for O in group
B! and at220.5 and23.8 eV ~for O in groupC! are intro-
duced. All these indicate an increase in the interaction energy
due to reduction in the Si-O-Si bridging angle and a con-
comitant reduction in the Si-Si separation between the two
adjacent tetrahedron units. More concisely, we may regard
these O atoms with small bridging angles as quasidefective
centers ina-SiO2 and there are certainly many of them in a
real glass. It has been demonstrated in a number of
experiments55–59 that the densification ofa-SiO2 glass under
pressure leads to the reduction in the Si-O-Si angle. These
quasidefective centers can be the microscopic origin of the
two-level tunneling that is responsible for the experimentally
observed linear specific heat behavior at low temperature in
a-SiO2 and many other ionic glasses.

60 We will return to the
discussion of this point in Sec. IV.

D. Localization of band-edge states

An important quantity in the analysis of electron states of
a noncrystalline solid is its degree of localization. It is well
known that the states near the band edges are localized and
those in the center of the band are delocalized.61 However, it
can also happen that the states in the middle of the band can
be localized depending on the potential, the nature of the
interaction, as well as how a band is defined. As will be
shown later, there can be states relatively localized even
though they are not at the edges of what appears to be a
continuous distribution of states with no gaps. In the present
analysis of localization, realistic wave functions are used, in
contrast to those obtained from model studies with some
rather severe approximations.62 Because the system we study
is a finite one, the degree of localization we discuss with our
results is a relative one and cannot or should not be inter-
preted in the formal sense that is appropriate only for an
infinite system.

For each staten, we can characterize it by a localization
indexLn , which in the OLCAO formalism takes the form

Ln5(
i ,a

F(
j ,b

Ci ,a
n Cj ,b

n Sia, jbG2. ~2!

Such a characterization of the wave function localization is
meaningful if and only if the model for the noncrystalline
solid is sufficiently large. The difference between a localized
and an extended state in any finite calculation ofN atoms is
only relative since for a truly extended state,Ln should be 0,
which can only be attained in the limit ofN→`. Figure 11~a!
shows the calculatedLn of all the states in thea-SiO2 model
across the entire energy range, which should be studied to-
gether with the DOS diagram of Fig. 5~b!. The result is very
striking, showing clearly the localization of the states near
the band edges. A similar analysis was carried out by Ching
with a much smaller model of only 162 atoms.43 It is inter-
esting to find some relatively localized states at around26.5
eV well within the lower VB. This implies that the sharp
peak at26.0 eV in Fig. 5~b! should be considered as a single

FIG. 9. Average local DOS of~a! Si atoms in groupA and~b! Si
atoms in bulka-SiO2.

FIG. 10. Average local DOS of~a! O atoms in groupB, ~b! O
atoms in groupC, and~c! O atoms in bulka-SiO2.
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band by itself and the localized states near26.5 eV are the
lower band-edge states of this particular band. Thus, as far as
the electron states in a non-crystalline solid are concerned, a
more appropriate definition for a band should be the exist-
ence of localized states at the band edges, not necessarily by
the existence of a well-defined gap.

The localized states near the top of the VB and the bottom
of the CB are particularly important. It has been long estab-
lished that at these edges, localized and extended states are
separated by a mobility edge, which is an intrinsic property
of a non-crystalline semiconductor or insulator.62 In a finite
calculation, the location of this mobility edge can only be
approximate. Nevertheless, a good estimation is possible
with calculations on a large model. In Figs. 11~b! and 11~c!,
we plot theLn of the states near the VB and the CB edges in
the expanded scale. A mobility edge of approximately 0.2 eV
in the VB can be estimated. This value can be considered as
an upper bond since the estimated mobility edge may be
somewhat size dependent. In the CB edge, the localization of
states is less obvious because of the more extended nature of
the unoccupied antibonding states and a mobility edge can-
not be assigned. Ching had pointed out43 that this can explain
the experimental observation of high mobility of injected
electrons ina-SiO2.

63

It is instructive to see on which atoms the localized states
at the band edges localize. To this end, we analyze their
wave functions. Since a largeLn is obtained from large frac-
tional charges, which are the projections of the wave func-
tion on the basis orbitals centered on these atoms, we aver-
age the fractional charges over about 20 localized states at
each of the band edge and obtain a value we callrA for each
atom. We then attempt to correlaterA with the BL and BA
associated with these atoms. The results are shown in Fig.
12. Because states at the top of the VB are exclusively de-
rived from the O orbitals and at the bottom of the CB are
dominated by the Si orbitals, the correlation study is forrA
with the Si-O BL and the Si-O-Si angle for the localized
states at the top of the VB and for therA with the Si-O bond
for the relatively localized states at the bottom of the CB. It
can be seen from Fig. 12 that in the both cases, localization
of states is induced by the elongation of the Si-O bond with
no clear correlation to the Si-O-Si angle. This is quite under-
standable since the bridging angles ina-SiO2 glass are very
flexible and should not affect the degree of localization that
much. On the other hand, elongation of the bond tends to
localize the charges to the atoms of that bond. Figures 13~a!
and 13~b! show the correlation ofrA to BL for states at the

FIG. 11. Localization index of the electron states ina-SiO2 ~a!
for the entire range of states,~b! for states at the top of the VB, and
~c! for states at the edge of the CB.

FIG. 12. Correlation ofrA with the Si-O BL~a! for states on Si
near the bottom of the CB, and~b! for localized states on O at the
top of the VB.~c! Correlation ofrA with the Si-O-Si angle for states
on O atoms at the top of the VB.
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bottom and the top of the O 2s band. Similar results are
obtained at the other regions of the VB. It is clear that in the
occupied region, the localization of the wave function at the
bottom of a given band is induced by the contraction of the
bond, while that at the top of the band is induced by the
elongation of the bond, as already shown for the top of the
VB. Obviously, bond contraction results in the increased
overlap between the atoms and hence a lowering in the bind-
ing energy, which then should occur at the bottom of the
band.

IV. DISCUSSION

Based on the first-principles calculation of the electronic
structure of a large and near-perfect CRN model fora-SiO2,
many insights about the electron states in such a noncrystal-
line solid are obtained. First, it is shown that the DOS of
c-SiO2 anda-SiO2 have subtle differences reflecting the dif-
ferent LRO and IRO in these two phases. Experimental
probes such as x-ray photoemission experiments are not of
sufficient high resolution to distinguish these two phases.
Traditionally, it has been taken for granted that the electronic
structures ofc-SiO2 anda-SiO2 are essentially the same be-
cause of the similarity in the local bonding structure. Second,
the electronic-structure results are correlated with the struc-
tural characteristics of the model. In a noncrystalline solid,
the structural parameters such as BL and BA distributions
are the physical parameters of the solid. It is demonstrated
that some correlation exists between the effective charges of
O with the Si-O bond length, but much less for the effective
charges of Si. The same is true for the qualitative estimation
of the degree of localization of the wave functions at the
band edges. It is also shown that O atoms with small bridg-
ing angles can be regarded as quasidefective centers, which
show significant deviation of their local DOS and the effec-

tive charges from that of bulk O atoms ina-SiO2. Because of
the large size of the model, it is possible to make a reliable
estimation for the mobility edge at the top of the VB in
a-SiO2. It is also shown that a similar estimation of the
mobility edge for the CB may not be possible because of the
relatively delocalized nature of the CB wave functions.

One of the outstanding problems of the physics of glasses
is the identification of the two-level tunneling centers in co-
valent glasses,60 which give rise to the linear specific heat
and anomalies in the heat capacity measurements.64–66It has
been argued that such experimental phenomena can be ac-
counted for by the tunneling mechanism between two nearly
equivalent configurations of atoms or groups of atoms corre-
sponding to the minima of an asymmetric double potential
well.67Many theories have been put forth to account for such
tunneling centers.67–72 However, the microscopic origin of
these tunneling centers is still a matter of controversy.60 We
would like to argue that the O atoms with smaller than usual
Si-O-Si angles discussed above are the likely candidates for
these tunneling centers based on the following observations.
~i! Such O centers are very likely to exist in the quenching
process and their number density cannot be too high because
of the overall steric hindrance of the CRN structure. Also,
such centers can exist in other oxide or chalcogenide glasses,
thus establishing the universal nature of these tunneling
centers.60,73 ~ii ! An electronic-structure calculation shows
these O atoms to be quasidefective with different effective
charges and LDOS. However, because no broken bonds are
introduced and no over- or undercoordination of atoms are
envisioned, the energy separations of these centers are ex-
pected to be small, much smaller than, say, the introduction
of defects or impurities. As far as the low-frequency vibra-
tional modes are concerned, these centers should have very
close energies for tunneling to be operative. The distribution
of the energy splittingD of two such configurations can be
quite small, and is related to the topological structure of the
random network, and is expected to be flat on the scale of the
thermal energykT. ~iii ! Tunneling can be described as the
rearrangement of these quasidefective O atoms. Namely, an
O atom with a small Si-O-Si angle can move to increase the
bridging angle but simultaneously reduce the bridging angle
of a nearby O atom. This is similar to the coupled rotation of
the tetrahedra linked at the O center that supports the soft
mode vibration.74,75 ~iv! The existence of the small Si-O-Si
angles ina-SiO2 need not be associated with the existence of
three- or four-members rings in the network as suggested by
Galeeneret al.27 It has been shown earlier by Murray and
Ching24 that the so-calledD1 andD2 centers in the vibra-
tional spectrum can be explained by the existence of the O
centers with smaller than usual Si-O-Si angles. This proposal
relating small bridging angle O atoms to the two-level tun-
neling centers can be further tested by detailed calculation on
the vibrational DOS of the model.

A large near-perfect CRN model for the type studied here
is extremely valuable since it can be the basis of generating
other network models with solutes, network modifiers, inter-
stitial or substitutional defects, etc., under strictly controlled
conditions. The present study certainly can be extended to
other types of CRN models of glasses with different local
bonding patterns such as ina-B2O3 or a-Si3N4. The strategy
of large-scale structure modeling followed by the calculation

FIG. 13. Correlation ofrA ~defined in the text! with BL for
states at the~a! bottom of the O 2s band and~b! top of the O 2s
band.
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of electron states can be applied to the study of composite
mixtures of these glasses or microcrystalline inclusion in a
glass matrix. For example, the amorphous mixtures ofa-Si
anda-SiO2 were studied before along this line in the context
of either a random bond model or a random mixture model.49

While these earlier calculations were based on rather small
models and the conclusions reached were less definitive, the
enlarged models of the present type can bring insights into
the understanding of electron states in noncrystalline cova-
lent glasses and their interfaces. It is also possible to use the
wave functions obtained to calculate other physical proper-
ties such as the dielectric properties of these highly complex
systems and compare with the experimentally measured data

from vacuum ultraviolet optical absorption measurements or
electron energy-loss spectroscopy. In this respect, structural
modeling followed by first-principles calculations can be a
very effective probe in understanding the nature of electron
states in the highly complex multicomponent mixtures and
glasses.
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