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A large continuous random-network model with 1296 atoms and periodic boundary conditions has been
constructed for amorphous Si@lass. 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 crystaliaeeSiO
found. The calculated density of states are in good agreement with x-ray emission data and show the impor-
tance of Si @ 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[ SR1€S-182806)01731-9

[. INTRODUCTION shot of the simulation at low temperature usually has large
distortions and always contains defective centers such as
It has been well establishkthat the structure of amor- over- or undercoordination or broken bonds and therefore is
phous SiQ (a-Si0,) glass is best described by the continu- not representative of a perfect CRN in which the topology of
ous random-networkCRN) model in which the Si atom is the network is precisely defined. Although the MD simula-
tetrahedrally bonded to four O atoms and the O atom bridgeBon may mimic the real structure in a glassy material at finite
between two Si atoms with a very flexible Si-O-Si bridging temperatures, for the purpose of studying the electron states
angle?® The CRN model fora-SiO, glass is therefore a in an ideal noncrystalline solid, it is better to have a near
paradigm for studying noncrystalline solids with well- perfect CRN model free of major defects and large distor-
defined short-range ordé¢6BRO), subtle intermediate-range tions such that the structure-properties relationship can be
order(IRO), and no long-range ordéLRO). Over the years, more transparent. Once a near-perfect CRN model is avail-
there have been many attempts to construct CRN mbdéls able, the effects of specific defects and large distortions can
for a-SiO, and then use these models to study thebe studied in a more focused way by modifying the existing
electronié¢’~?® and vibrationa®?426=2° properties of the model.
glass. These models are in the form of either a large cluster In a covalent glass model fa-Si or a-SiO,, the imposi-
with a free surface or a cubic box with periodic boundarytion of a periodic boundary condition implies an increased
conditions. The quality of the model is generally measuredstrain on the network, which should be reflected in the in-
by the agreement between the pair distribution functioncreased bond length and bond angle distortions. It is ex-
(PDF computed from the model and those obtained frompected that the larger the model, the smaller the strain in-
diffraction techniques$®~** Another criterion is the degree of duced by the periodic boundary condition. This notion is
bond length(BL) and bond angléBA) distortions from the partially supported by the fact that the earlier model with
ideal values. The periodic CRN models are more appealingnly 162 atom® has a larger distortion than the present
because they represent a truly infinite array of atoms promodel of 1296 atoms. On the other hand, a cluster type of
vided that the models are sufficiently large in size. Howevermodel with a free surface will have less strain since the at-
imposing a periodic boundary condition on a covalentlyoms on the surface are not required to have the specific di-
bonded network is not an easy task and such models genaectional bonding as in the periodic model. However, the
ally end up having too large BL and BA distortions. In recentmass density of a cluster model cannot be precisely deter-
years, molecular-dynami¢MD) techniques have been quite mined, and calculation of electron states based on a cluster
popular in generating-SiO, models using either pair-wise model will have the calculated spectrum contaminated by the
potential§ %1518 or using a first-principles approach of surface states, which will be quite difficult to separate from
simulated annealing’. However, the MD technique generally the bulk states.
involves movements of atoms at finite temperatures under a Since the local bonding structure &SiO, is similar to
local force field. The quenched structure obtained as a snajits crystalline counterpart in quartz and several other SiO
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FIG. 1. Ball and stick sketch of a portion of a near-ideal model 20:

of a-SiO,. Large circles are for Si and small circles for O. The 0
entire model has 1296 atoms. prmm prem prrTTTTTTTTTTRTTTT !

polymorphs* it is reasonable to expect the electronic struc- 0 (deg,)
ture of the two to be similar. However, there are subtle dif-
ferences that reflect the loss of LRO such as the localization 50+ (c)
of states near the band edges, the existence of mobility 401
edges, and the distribution of effective charges. To under-

stand the nature of electron statesah®i0,, first-principles 304
calculations based on a near-perfect CRN model of sufficient = ]
size will be most desirable. In this paper, we report the re- 209
sults of such a calculation. In Sec. Il the construction and the
characteristics of a large CRN model farSiO, are de- b
scribed. This is followed, in Sec. lll, by the description of the 04
results and the analysis of the electron states in such a model.

The identification of a few O atoms with Si-O-Si bridging 100 120 140 160 180
angles less than 120° as quasidefective centers is emphasized 0 (deg )

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 FIG. 2. Distributions of(@ Si-O bond lengths(b) O-Si-O bond
covalently bonded glasses, their composites, interfaces, anghgles, andc) Si-O-Si bridging angles in degrees.

defects.
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is fully coordinated with no broken bonds. Figure 2 shows
the distributions of the Si-O BL and the O-Si-@) and
Si-O-Si (#) bond angles in this model. The distributions are
Figure 1 shows a ball-and-stick portrayal of a near-perfectlose to a Gaussian form. The average Si-O BL is 1.622 A,
CRN model fora-SiO,. The model contains 432 SjOnol-  with a standard deviation of only 0.017 A. The Si-centered
ecules(1296 atomp with periodic boundary conditions. It tetrahedral units are well preserved since the average O-Si-O
was generated from a smaller seed model studied by one aingle of 109.38° is very close to the tetrahedral angle of
us 15 years ag® The model is constrained to have the 109.47° and a standard deviation of 4.69°. The O bridging
density of 2.23 g/crhand relaxed by means of Monte Carlo angles are much more flexible. The average Si-O-Si angle in
steps using a Keating type of potenftlThis density is our model is 147.06°, with a standard deviation of 13.52°.
slightly larger than the experimental density of 2.20 glcm This average angle is very close to the experimentally mea-
for vitreous silica, which may contain small porous regionssured most probable angle of 148Ref. 30 and the distri-
not found in an ideal CRN model. Because the model idution shown in Fig. &) is quite similar to that determined
fairly large and the local nearest-neighlidiN) bonding for by Dupree and Pettifer using magic angle spinning NMR
each atom is determineal priori, the constraint imposed by spectroscopy® To have a better idea about the IRO of the
the periodic boundary condition is less stringent and themodel, the distributions of the Si-Si and O-O separations are
structure has reasonable BL and BA distortions. Each atorshown in Fig. 3. From Figs.(2) and 3a) it can be seen that

IIl. MODEL STRUCTURE
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there are a few O atoms with bridging angles less then 12
that also result in the Si-Si separations of less than 2.6
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FIG. 4. (a) Calculated PDFy(r) for a-SiO,, (b) partial PDF of
0-0, (c) partial PDF of Si-O, andd) 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.

cal characteristics of the model are listed in Table I. Similar
data for the Bell-Dean modhre also listed for comparison.
Figure 4 shows the calculated pair PB§&) of the model
and also its partial components. The total PDF is obtained
from the partial components by appropriate weighting
factors?® The PDF of the model is in general agreement with
the existing diffraction dat??-323*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
0lz;ear—perfect CRN represents the structureaeiO, very

Awell. The peak positions in the PDF and their atomic origins

are also listed in Table I.

These O atoms have special implications on the microscopi
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-

Ill. ELECTRON STATES

tains a small percentage of five-member ringere a ring is
defined as a closed loop of either Si or O atgritshas been

concluded by several authors that the distribution of the di-

The real-space orthogonalized linear combination of
atomic orbitald” (OLCAO) method is used to calculate the
electron states in the CRN model afSiO,. The OLCAO

hedral angles of the tetrahedral units are random and dodg€thod has a unique advantage in that the solid-state wave

not correlate with other parameters of the mdd€|There-

fore, this is not investigated in the present model. The physi

TABLE |I. Physical characteristics of the CRN models for
a-Sio,.

Characteristic Present model Bell and DéRef. 5
Density 2.23 glcrh 1.99 g/cnt

No. of atoms 1296 614interior of a cluster
Cube size 26.958 A

Mean BL and deviation 1.6220.017 A 1.6-3.5%
Mean BA and deviation

O-Si-0 () 109.38%4.69° 109.3%6%
Si-O-Si (¢) 147.06%13.52° 153%6%
Peak positions in the PDF)
P1 1.62(Si-0)
P2 2.60(0-0)
P3 3.11(mainly Si-Sj
P4 4.10(Si-0, some Si-Si, and 00
P5 4.97 (Si-Si, some 0O-0, and Si)O
P6 6.19(Si-O, some Si-Si, and 00

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 approximatio(LDA) for «
quartz(c-Si0,) and the same basis functions as for all other
polymorphs of SiQ.*? 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 calculatiéfi$®“°using non-
self-consistent potentials or potentials derived from a simpler
charge self-consistent proceddfelt is at a much higher
level of accuracy than the tight-binding approximation,
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-SiO,, the present study oa-SiO, can be considered
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FIG. 5. Calculated total DOS df) « quartz andb) a-SiO,.
0.54
to be first principles in nature. In the present calculation, the
basis functions consist of the Sg3Si 3p, Si 4s, Si 3d, O 0.0
2s, and O D orbitals in addition to the core orbitals. The S rTTETITTTITT TR S e e e e
. L . -256 -20 -15 -10 -5 0 5 10 15 20
extra orbitals beyond the minimal basis set enable us to ob-
tain the unoccupied states more accurately and also to ac- ENERGY(eV)

count for the hybridization of the Sid3states with the O g

orbitals. With 432 Si atoms and 864 O atoms in the model FIG. 6. Orbital resolved partial DOS a@-SiO,: (a) O 2s

and after the orthogonalization to the core procedure thasolid line) and O 2 (dashed ling (b) Si 3s (solid ling) and Si 3

eliminates the core statéss,?2s,2p of Si and Is of O), the (dashed ling and(c) Si 3p. The experimental x-ray emission data

final secular equation has a dimension of 7%7876. For a  (dash-dotted linefor O K, SiK (Ref. 52, and SiL 3 (Ref. 53 in

large model such as the present one, a single diagonalizatighduartz are aiso sketched.

at k=0, where all the matrix elements are real, is more than

sufficient. a-SiO, has a main peak at2.0 eV and a sharp leading peak

at —0.3 eV. Inc-Si0,, both the upper and lower VB'’s have

multiple peaks rooting from the van Hove singularities of the

quartz structure. The conduction-baf@B) DOS of the two
Figure 5 shows the calculated density of stdf@®S of  SiO, phases are also quite different.drSiO,, there are two

the CRN model o&-SiO,. Also shown for comparison is the broadbands, one from 6.0 to 14.3 eV and another from 14.3

corresponding result fow quartz with the same basis set. eV to 19.0 V. The CB ofc-SiO, also has these two well-

Although the general features of the DOS for the two areseparated pieces, but they have many multiple-peak struc-

similar because of similarities in the SRO, there are substartures. The most significant difference is the curvature of the

tial differences in fine structures that reflect the difference inDOS at the lower CB edge. It is parabolic érSiO,, where

the LRO and the IRO. Such fine differences in the electrorthere is a single CB with a minimum Bt*? but appears to be

DOS betweena-SiO, and c-SiO, have seldom been dis- linear in the case 0&-SiO,. The calculated LDA gap for

cussed in the literature. Experimental data from x-ray photoa-SiO, is 6.0 eV, a reduction of 0.65 eV from tleeSiO, gap

electron spectroscopy or x-ray emission spectroscopy do naff 6.65 eV>® This is in good agreement with the measure-

have the sufficient resolution to resolve these differences. Anents of Appelton, Chiranjivi, and Jafaripatlr,which

common practice in the existing calculations 865i0, has  shows a reduction of the gap of the order of 0.5 eV.

been to broaden the DOS spectra, which masks these differ- The orbital decompositions of the DOS farSiO, are

ences. For example, the G Band forc-Si0, at —17to—20  shown in Fig. 6. It is shown that the Sd3rbitals contribute

eV has four well-resolved sharp peaks, whilei$iO, there  significantly to the CB DOS, especially in the upper portion,

is only one sharp peak at17.4 eV. In the lower valence- and the states near the CB minimum are mostlysSaBd 4s

band (VB) region (the O 20 bonding band from—5.2 to  in character. On the same diagram we display the experimen-

—10.7 eV, there is one prominent peak a#6.0 eV and a tal O K, Si K, and SiL, 3 x-ray emission spectra fow

smaller peak at-7.5 eV. This is separated from the upper quartz>*>® We cannot locate similar data f@-SiO,, but

VB (the O 2 lone pair band from 0 te-4.7 eV) by a sizable they are expected to be similar. In the simple approximation

gap of 0.5 eV. The presence of this gapai8iO, is attrib-  of localized core levels of the emitting atom, thekQ Si K,

uted to the near perfectness of the CRN model in the presemind SiL , ; x-ray emission spectra mimic, respectively, the O

case. In other calculations where the models contain largép, Si 3p, and Si % plus Si 3 partial DOS in the VB

BL and BA distortions or have under- or overcoordinatedbecause of the dipole selection rules. The agreement with the

atoms, this gap is likely to disappear. The upper VB ofcalculated partial DOS foa-SiO, is quite good. In particu-

A. Density of states
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lar, the double peak in the i, 3 spectrum in which the
leading peak has a higher amplitude is fully explained. This _ o )
is due to the fact the Sichas a significant component in the _ FIG. 8. Correlation plot ofa) Qs; with Si-O BL, (b) Qg with
upper VB while the Si 3 component at the lower VB has its Si-O BL, and(c) Qg with Si-O-Si angles. Groups of atordsB,C
near peak skewed towards the lower energy near 10 ev. 2r€ circled.

tions of Fig. 2, it is quite clear that there is no obvious

correlation ofQg; with BL or Qg and Q¥; with the bridging
Figure 7 shows the distributions of the calculated eﬁ:ec-ang|e, but there appears to be a weak correlation between

tive chargeQg; for the 432 Si atoms an@g, for the 864 O Q¥ and the BL. Namely, O atoms with shorter Si-O BL tend

atoms. They are obtained from the wave functions and thgy have a larger effective charge.

overlap integralsS,, ; ; based on the Mulliken schenié:

B. Effective charges

C. Quasidefective O centers

Qi=2 X X C.ClsSuis- (1)

nocc 7 ek A more conspicuous picture of Fig. 8 is the fact that there

i ) ) is a group of 16 Si atom&esignated as grouf) with Q¥;
Here the summation over is for the occupied levelse,8  4pove 2.90, a groupf@ O atoms(designated as group)
label the atoms and,j the orbitals andC{, are the eigen- with Si-O BL less than 1.59 A an@% above 6.62, and a
vector coefficients. The average value ¥ is 2.79 elec- group ¢ 8 O atoms(designated as group) with Q% less

. . .
trons and that foQg is 6.66 electrons with standard devia- y,,'6 53, By analyzing the local structure of these atoms in
tions of 0.036 and 0.038 electron, respectively. Thus thene network model, we found the following) The groupA
partially ionic nature of bonding ia-SiO, glass is evident. It g; atoms are the NN's of group- O atoms. The effective
should be remembered that the effective charge calculatiognrges of these two groups indicate a reduced charge trans-
based on Mulliken’s scheme is only approximate. _A MOr€ter from Si to O. (i) The groupC atoms are the same O
accurate procedure Eased on real—spacizz charge integratigiyms with much smaller Si-O-Si bridging angles discussed
gives Qg;=1.40 andQs=7.30 fora quartz.” With the X" in Fig. 2. They range from 103.35° to 107.68fi.) The BL's
ception of a few scattered points, the data @ andQg  of the O-Si pair in groupsA and C are within the normal
show a reasonable normal distribution. To answer a deepgange, about 1.62 Aiv) The deviation of the O-Si-O angles
question of how the effective charges are correlated with thgrom the tetrahedral angle for Si atoms in gro@re mini-
BL and BA distributions ina-SiO,, we plot in Fig. 8 the  mal, indicating rather rigid tetrahedral units) The groupB
Qs and QF against the average BL associated with eactD atoms have smaller BL, ranging from 1.56 to 1.59 A, and
atom. Also shown is a plot d@g against the Si-O-Si bridg- also smaller Si-O-Si angles, ranging from 116.5° to 146.2°.
ing angle. Comparing Fig. 8 with the an istribu- Thus we see that within a reasonable range of distortion,
[ le. C ing Fig. 8 with the BL and BA distribu- Th h ithi bl f di i
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with O 2s at —21 eV, but the LDOS of the O in group and

25 ! (a) C differ from the bulk O significantly. The main features are
’é 2.0 ] the shifting of the centers of gravities of the DOS in all three
8 ] bands, the O 2 band and the lower and the upper VB. Extra
< 157 sharp peaks at20.7,—-10.4, and—3.4 eV (for O in group
> 107 B) and at—20.5 and—3.8 eV (for O in groupC) are intro-
g duced. All these indicate an increase in the interaction energy
= 0.5 due to reduction in the Si-O-Si bridging angle and a con-
) ] comitant reduction in the Si-Si separation between the two
>~ 0.0 e e T T O T T T T - ; -
8 1) adjacent tetrahed_ron units. I\_/Ior_e concisely, we may reggrd
al 1.0 these O atoms with small bridging angles as quasidefective
A o5 centers ina-SiO, and there are certainly many of them in a
T real glass. It has been demonstrated in a number of
0.0 Frdr e e e e e experiment®*°that the densification ad-SiO, glass under

25 —20 —15 —-10 -5 O 5 10 15 20 pressure leads to the reduction in the Si-O-Si angle. These
quasidefective centers can be the microscopic origin of the
ENERGY(eV) two-level tunneling that is responsible for the experimentally
observed linear specific heat behavior at low temperature in
FIG. 9. Average local DOS df) Si atoms in groupA and(b) Si a-Si0, and many other ionic glass@%We will return to the
atoms in bulka-SiO,. discussion of this point in Sec. IV.

D. Localization of band-edge states

there is no strong correlation @ and Qg; to the Si-O-Si An important quantity in the analysis of electron states of
angle and only a weak correlation Qf, with the Si-O BL.  a noncrystalline solid is its degree of localization. It is well
However, when the Si-O-Si angle becomes too small, sayknown that the states near the band edges are localized and
below 120°, theQy tends to decrease and tQ¥; of its NN those in the center of the band are delocal@edowever, it
Si tends to increase, resulting in a reduction in the ionicity ofcan also happen that the states in the middle of the band can
the network. be localized depending on the potential, the nature of the
To further investigate the electronic structure of theinteraction, as well as how a band is defined. As will be

groupA, -B, -C atoms, we calculate their local DOS shown later, there can be states relatively localized even
(LDOS), which are shown in Figs. 9 and 10. Also shown for though they are not at the edges of what appears to be a
comparison are the LDOS for Si and O for the bal&iO,. continuous distribution of states with no gaps. In the present
Clearly, the Si LDOS are very similar to the LDOS of the analysis of localization, realistic wave functions are used, in
other Si in the network except for the strong bonding peakcontrast to those obtained from model studies with some

rather severe approximatiofsBecause the system we study

is a finite one, the degree of localization we discuss with our

2.5 1 ' results is a relative one and cannot or should not be inter-
20 (a) preted in the formal sense that is appropriate only for an
: infinite system.
1.5 For each stat@e, we can characterize it by a localization
X OE index L, , which in the OLCAO formalism takes the form
2 0.5 ] M\ o 2
:<1>) 0.0; JIRRERN RS LA TR AN AARAE LAALE RARAE AL E EC CBS‘alﬁ @
g 151 (b)
s ] Such a characterization of the wave function localization is
@ 1.0 meaningful if and only if the model for the noncrystalline
N 051 solid is sufficiently large. The difference between a localized
8 ] e and an extended state in any finite calculatiorNohtoms is
A 0.0 l"'rl"”l""lr'"l"”l""l”"l"" only relative since for a truly extended stalte, should be 0,
1.0 (c) which can only be attained in the limit 6f—oc. Figure 11a)
] shows the calculated, of all the states in tha-SiO, model
0.55 across the entire energy range, which should be studied to-
] N"J l gether with the DOS diagram of Fig(5. The result is very
0.0 EARMRAREE RRRLE RS IUULLE RRRRN LARRE LR R L . 2
striking, showing clearly the localization of the states near
-25 ~20 —~15 —10 ~56 O 10 15 20

the band edges. A similar analysis was carried out by Ching
ENERGY(eV) with a much smaller model of only 162 atorfislt is inter-
esting to find some relatively localized states at aroti6ds
FIG. 10. Average local DOS df) O atoms in grougB, (b) O eV well within the lower VB. This implies that the sharp
atoms in groupC, and(c) O atoms in bulka-SiO,. peak at—6.0 eV in Fig. §b) should be considered as a single
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FIG. 12. Correlation op, with the Si-O BL(a) for states on Si
FIG. 11. Localization index of the electron statesai$iO, (a) near the bottom of the CB, an(8) for localized states on O at the
for the entire range of stated) for states at the top of the VB, and top of the VB.(c) Correlation ofp, with the Si-O-Si angle for states
(c) for states at the edge of the CB. on O atoms at the top of the VB.

band by itself and the localized states ne#.5 eV are the . . . .
lower band-edge states of this particular band. Thus, as far as Itis instructive to see on which atoms the localized states
the electron states in a non-crystalline solid are concerned, @ the band edges localize. To this end, we analyze their
more appropriate definition for a band should be the exist/ave functions. Since a lards, is obtained from large frac-
ence of localized states at the band edges, not necessarily Bgnal charges, which are the projections of the wave func-
the existence of a well-defined gap. tion on the basis orbitals centered on these atoms, we aver-
The localized states near the top of the VB and the botton?ge the fractional charges over about 20 localized states at
of the CB are particularly important. It has been long estab€ach of the band edge and obtain a value weafbr each
lished that at these edges, localized and extended states @&@m. We then attempt to correlgtg with the BL and BA
separated by a mobility edge, which is an intrinsic propertyassociated with these atoms. The results are shown in Fig.
of a non-crystalline semiconductor or insulatéin a finite  12. Because states at the top of the VB are exclusively de-
calculation, the location of this mobility edge can only berived from the O orbitals and at the bottom of the CB are
approximate. Nevertheless, a good estimation is possibldominated by the Si orbitals, the correlation study is ggr
with calculations on a large model. In Figs.(hland 11c), with the Si-O BL and the Si-O-Si angle for the localized
we plot theL , of the states near the VB and the CB edges instates at the top of the VB and for tpg with the Si-O bond
the expanded scale. A mobility edge of approximately 0.2 eMor the relatively localized states at the bottom of the CB. It
in the VB can be estimated. This value can be considered asan be seen from Fig. 12 that in the both cases, localization
an upper bond since the estimated mobility edge may bef states is induced by the elongation of the Si-O bond with
somewhat size dependent. In the CB edge, the localization afo clear correlation to the Si-O-Si angle. This is quite under-
states is less obvious because of the more extended naturesténdable since the bridging anglesait8iO, glass are very
the unoccupied antibonding states and a mobility edge carflexible and should not affect the degree of localization that
not be assigned. Ching had pointed“titat this can explain much. On the other hand, elongation of the bond tends to
the experimental observation of high mobility of injected localize the charges to the atoms of that bond. Figuréa) 13
electrons ina-Sio,.% and 13b) show the correlation of, to BL for states at the
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tive charges from that of bulk O atoms@nSiO,. Because of

0.06 (@) 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
0.041 - a-Sio,. It is also shown that a similar estimation of the
& B mobility edge for the CB may not be possible because of the
0.02 .. relatively delocalized nature of the CB wave functions.
T One of the outstanding problems of the physics of glasses
is the identification of the two-level tunneling centers in co-
0.00 N valent glasse® which give rise to the linear specific heat
® and anomalies in the heat capacity measurenfént8lit has
0.04 been argued that such experimental phenomena can be ac-
. counted for by the tunneling mechanism between two nearly
a equivalent configurations of atoms or groups of atoms corre-
0.02 . sponding to the minima of an asymmetric double potential
E well.” Many theories have been put forth to account for such
0.00] tunneling center8’~"2 However, the microscopic origin of

these tunneling centers is still a matter of controvéP3ye

1.55 1.60 1.65 1.70 would like to argue that the O atoms with smaller than usual
BL (A) Si-O-Si angles discussed above are the likely candidates for

these tunneling centers based on the following observations.

FIG. 13. Correlation ofp, (defined in the tejtwith BL for (i) Such O centers are very likely to exist in the quenching

states at théa) bottom of the O 3 band and(b) top of the 0 2 ProCess and their |_’1um_ber density cannot be too high because
band. 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

bottom and the top of the Os2band. Similar results are center€%” (ii) An electronic-structure calculation shows
obtained at the other regions of the VB. It is clear that in thethese O atoms to be quasidefective with different effective
occupied region, the localization of the wave function at thecharges and LDOS. However, because no broken bonds are
bottom of a given band is induced by the contraction of thentroduced and no over- or undercoordination of atoms are
bond, while that at the top of the band is induced by theenvisioned, the energy separations of these centers are ex-
elongation of the bond, as already shown for the top of thd?ected to be small, much smaller than, say, the introduction
VB. Obviously, bond contraction results in the increasedof defects or impurities. As far as the low-frequency vibra-
overlap between the atoms and hence a lowering in the bindional modes are concerned, these centers should have very

ing energy, which then should occur at the bottom of theclose energies for tunneling to be operative. The distribution
band. of the energy splitting\ 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
Based on the first-principles calculation of the electronicO atom with a small Si-O-Si angle can move to increase the
structure of a large and near-perfect CRN modelgfe8iO,,  bridging angle but simultaneously reduce the bridging angle
many insights about the electron states in such a noncrystabf a nearby O atom. This is similar to the coupled rotation of
line solid are obtained. First, it is shown that the DOS ofthe tetrahedra linked at the O center that supports the soft
c-Si0, anda-Si0, have subtle differences reflecting the dif- mode vibration’* " (iv) The existence of the small Si-O-Si
ferent LRO and IRO in these two phases. Experimentahngles ina-SiO, need not be associated with the existence of
probes such as x-ray photoemission experiments are not tiiree- or four-members rings in the network as suggested by
sufficient high resolution to distinguish these two phasesGaleeneret al?’ It has been shown earlier by Murray and
Traditionally, it has been taken for granted that the electronicChing* that the so-called1 andD2 centers in the vibra-
structures ot-SiO, anda-SiO, are essentially the same be- tional spectrum can be explained by the existence of the O
cause of the similarity in the local bonding structure. Secondg¢enters with smaller than usual Si-O-Si angles. This proposal
the electronic-structure results are correlated with the strucelating small bridging angle O atoms to the two-level tun-
tural characteristics of the model. In a noncrystalline solid,neling centers can be further tested by detailed calculation on
the structural parameters such as BL and BA distributionghe vibrational DOS of the model.
are the physical parameters of the solid. It is demonstrated A large near-perfect CRN model for the type studied here
that some correlation exists between the effective charges @ extremely valuable since it can be the basis of generating
O with the Si-O bond length, but much less for the effectiveother network models with solutes, network modifiers, inter-
charges of Si. The same is true for the qualitative estimatiostitial or substitutional defects, etc., under strictly controlled
of the degree of localization of the wave functions at theconditions. The present study certainly can be extended to
band edges. It is also shown that O atoms with small bridgether types of CRN models of glasses with different local
ing angles can be regarded as quasidefective centers, whitlonding patterns such as &B,0O; or a-Si;N,. The strategy
show significant deviation of their local DOS and the effec-of large-scale structure modeling followed by the calculation

IV. DISCUSSION
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of electron states can be applied to the study of compositbom vacuum ultraviolet optical absorption measurements or
mixtures of these glasses or microcrystalline inclusion in electron energy-loss spectroscopy. In this respect, structural
glass matrix. For example, the amorphous mixturea-&i  modeling followed by first-principles calculations can be a
anda-SiO, were studied before along this line in the contextvery effective probe in understanding the nature of electron
of either a random bond model or a random mixture médel. states in the highly complex multicomponent mixtures and
While these earlier calculations were based on rather smagjlasses.

models and the conclusions reached were less definitive, the
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