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Cluster models of g-SiO, were constructed. The neutron and infrared vibrational spectra of these
clusters were calculated and found to be in good agreement with experiment. Our results show that
certain strong and very narrow bands in the spectra of g-SiO, may be assigned to bonds associated
with reconstructed bonds on the internal surfaces of paracrystalline clusters.

I. INTRODUCTION

Given the atomic positions, masses, and assumed inter-
atomic forces of a set of atoms one can readily calculate
the normal modes and their frequency spectrum by di-
agonalizing the equations of motion. With this informa-
tion and with reasonable assumptions concerning neutron
scattering lengths and effective atomic charges one can
calculate as well the neutron scattering and infrared-
absorption spectra. With considerably less confidence one
can assume atom or bond polarizabilities and calculate the
Raman spectra as well.

In crystals where the atomic positions and masses are
known this program has often been adopted. - With the in-
teratomic forces and scattering strengths either calculated
by other means or treated as adjustable parameters the
comparison of theoretical and experimental spectra has
often yielded substantial information concerning those
forces and effective charges.!

In this paper we shall be concerned with the vibrational
spectra of the prototypical network glass, vitreous silica.
In this case the atomic positions are not known and our
primary aim is to determine certain characteristic proper-
ties of these positions by analyzing the spectra. Of course,
we cannot invert the data to obtain the positions of all the
atoms. At the same time certain characteristic properties
of these positions (such as the radial distribution function)
are probably best determined by other experiments (such
as x-ray and neutron diffraction). In this example, be-
cause the angular information and the longer-range con-
nectivity of the network are not contained in the data, rel-
atively little can be learned about the structure of the net-
work.

The vibrational spectra of nine models of vitreous silica,
all with their atomic positions adjusted to produce radial
distribution functions in good agreement with experiment,
have been studied by Bell.>2 These models differ in the
amount and degree of their topological disorder as reflect-
ed in their ring statistics. When the ring statistics are nar-
rowly dispersed (e.g., in models with predominantly five-
versus six-membered rings) the differences in vibrational
spectra are quite pronounced. As the ring statistics
broaden these differences are considerably reduced.

The general conclusion reached in an extensive series of
papers by Bell, Dean, and others®~ is that the vibrational
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spectra of disordered network solids contain substantial
structural information which complements the informa-
tion contained in direct diffraction studies.” Neither
method is conclusive by itself, however, and considerable
physical judgment, involving information obtained from
still other sources, may be required to establish a plausible
structural model.

Two examples of such other sources may be mentioned.
The configurational entropy of vitreous silica is of order
0.4kp/formula unit.® Bell and Dean have shown’ that
this amount of configurational entropy is consistent with
the broad range of ring statistics assumed in their continu-
ous random network model. However, they also show
that the same configurational entropy can be obtained
from a narrow distribution of ring statistics accompanied
by about 5—10 % broken bonds such as would be found
gn the surfaces of clusters (or microcrystallites) about 60
A in diameter. The existence of such clusters in ultrathin
drawn silica fibers not exposed to air, i.e., prepared and
micrographed in high vacuum, has been observed directly
by transmission-electron microscopy.!”

The second example comes from the vibrational spectr.»
themselves. The neutron vibrational spectrum of quartz
SiO; is very similar to that of vitreous SiO,, the latter be-
ing only a slightly broadened version of the former,!! as
shown for the reader’s convenience in Figs. 1 and 2. The
broadening here is comparable to the shifts that are ob-
served!? in the Raman scattering frequencies from bulk to
microcrystalline silicon.

The characteristic feature that distinguishes cluster or
microcrystalline models from monolithic or continuous
random network (CRN) models is the presence of a high
density of dangling or reconstructed bonds on the internal
surfaces of the former. In a lengthy review!? of the exper-
imental vibrational spectra of vitreous silica, germania,
BeF,, and many silicates and germanates, Phillips has re-
cently suggested that certain strong and very narrow
bands in the vibrational spectra of these tetrahedral
glasses should be assigned to these surface bonds. The
present calculations were undertaken to provide theoreti-
cal models which could complement his largely
phenomenological analysis of the experimental spectra.
The results of our calculations were in many respects both
unexpected and unexpectedly informative. We feel that
these calculations represent only the first step in extending
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FIG. 1. Neutron scattering density of states G () for crystal-
line quartz obtained by Leadbetter and Stringfellow (Ref. 11).

the concept of topological disorder to include pervasive
internal surfaces, and that much still remains to be done
to establish quantitatively the nature of interatomic forces
at cluster surfaces. Overall, however, our results are con-
sistent with the idea that some of the narrow bands in the
vibrational spectra of these glasses are (internal) surface
related.

II. CRN MODELS OF g-Si0O,

The basic model used in lattice-dynamical studies is one
in which the atoms are treated as point objects undergoing
small oscillations about their equilibrium positions. In the
harmonic approximation, it is possible to find a unitary
transformation to diagonalize the dynamical matrix. In
their calculations, Bell and co-workers®~° used an atomic
model containing 188 SiO4 units with 100 singly coordi-
nated nonbridging oxygen atoms present on the model
surface as (O;,;);—Si—O units. The surface units em-
ployed in their model violate the stoichiometry of the
glass. Calculations of the spectra were carried out with
two boundary conditions, fixed and free nonbridging oxy-
gen atoms.

The force field employed nearest-neighbor interactions
with both central- and non-central-force components. The
atomic coordinates and interatomic forces were combined
to obtain the elements of the dynamical matrix.

The distribution of eigenvalues was determined approxi-
mately by means of a theorem known as the negative-
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FIG. 2. Smoothed neutron scattering density of states G (w)
for g-SiO, as measured by Leadbetter and Stringfellow (Ref. 11).
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FIG. 3. Spectral densities dN (w)/dw calculated by Bell et al.
(Refs. 3—6) from their model for fixed and free surface O
atoms. Following Phillips (Ref. 13) attention is drawn to (1) the
downward shift or softening of the acoustic modes with free-
surface atoms, (2) the weak localized resonance of the surface
O-atom bending mode, (3) the upper cutoff peak of the 4,+E
tetrahedral continuum for fixed-surface O atoms, (4) the same
for free-surface O atoms, and (5) the localized modes of 4, +E
surface molecules (0;,);3—Si—O for free-surface O atoms.

eigenvalue theorem.’ For obtaining the infrared spectrum

a relatively small sample of typical eigenvectors were con-
sidered. The approximate numerical approach has the
disadvantage that it does not yield information about the
nature of low-frequency atomic vibrations below ~ 50
cm~!. In practice most of the infrared and Raman spec-
tra presented by Bell et al.® are cut off below 200 cm ™!,
The calculations of the vibrational spectra provide in-
formation about the local modes associated with the
(01 /2)3—Si—O surface molecules (Fig. 3). In the free-end
model, the acoustic-mode spectral density is shifted down-

N(w) or N (w)

FIG. 4. Frequency and absorption spectra for vitreous SiO,
calculated with free-surface O atoms by Bell et al. (Ref. 5).
Continuous and broken curves correspond to different choices of
the effective charge parameters. Histogram shows the frequen-
cy spectrum.
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FIG. 5. (a) Absorptive part €,=2nk of the dielectric constant
as a function of frequency w. Data were obtained by Gaskell
and Johnson (Ref. 14). (b) Absorptive part €, of the dielectric
constant as a function of frequency w. Experimental peak at
460 cm~! is very narrow with a full width at half maximum
(FWHM) of 40 cm™! (data from Ref. 14). Theoretical calcula-
tions with different effective charges are based on CRN models
(from Ref. 5).

ward by about 50 cm™! from the fixed-end spectrum.
The localized modes are, to a large extent, found to be
mixed in with the acoustic continuum. This is due in part
to the fact that Bell et al. employ single-bond force con-
stants for their nonbridging oxygen atoms.
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We now turn to an analysis of the infrared-absorption
spectrum calculated by Bell and Hibbins-Butler (Fig. 4).°
For comparison, the experimental infrared-absorption
spectrum obtained by Gaskell and Johnson!* is shown in
Figs. 5(a) and 5(b). The peak frequency (470 cm™}) is in
very good accord with experiment (460 cm~!). The width
of the peak is, however, too large and at ©=200 cm~!,
the absorption is about an order of magnitude larger than
that observed experimentally.* This large inhomogeneous
broadening could well be due to the wide dispersion in
ring statistics.

III. MECHANICAL MODEL

A. Cluster geometry

The clusters were chosen to have the morphology of the
high-temperature phase of crystalline SiO,, i.e., -
cristobalite. The crystalline structure'> is that of the cubic
Si crystal with oxygen atoms statistically distributed, one
oxygen atom in one of six equivalent sites clustered
around the midpoint of the line joining two silicon nearest
neighbors (Fig. 6). For simplicity, however, we let the ox-
ygen atoms lie randomly on the circle shown in Fig. 6,
such that the Si—O—Si angle was ~ 147, i.e., the allowed
points were increased from six to infinity.

Starting with one of the oxygen atoms as the origin,
concentric spheres were drawn to enclose all silicon atoms
within a given distance from the origin. Five such clus-
ters were constructed, the smallest containing two silicon
atoms, while the largest had 38 silicon atoms. Table I lists

FIG. 6. Local atomic arrangements in cristobalite [after
Wright and Leadbetter (Ref. 15)]. Large open circles represent
silicon atoms and small solid circles denote oxygen atoms occu-
pying one of six alternative positions displaced from the ideal
position centered on the Si-Si axis. Small open circles represent
the other possible oxygen positions around one Si-Si axis. In the
present paracrystalline cluster models the oxygen atoms were al-
lowed to lie randomly anywhere on the dashed circle.
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TABLE I. Number of different kinds of atoms in each of the
five clusters of SiO, and in the model of Bell et al. (Ref. 4).

No. No. No.
of Si atoms of O atoms of O% atoms

Cluster 1 2 4 3
Cluster 2 8 16 9
Cluster 3 20 40 15
Cluster 4 32 64 21
Cluster 5 38 76 21
BD Model 188 426 100

the numbers of different kinds of atoms in each of the five
clusters and, for comparison, in the model of Bell et al.*
The number of surface oxygen atoms was chosen to
preserve the stoichiometry and wherever possible these O%
atoms were double bonded to the silicon atoms at the edge
of the cluster in nearly equivalent O§ =Si—(O, /,), config-
urations. The Si=O0%5 double bond was chosen to point
radially out from the cluster center. The bond length for
the double bond connecting the nonbridging O% atom to
Si was chosen to be 90% of the single bond length in the
bulk of the cluster. The number of O% atoms was three in
the smallest cluster and 21 in the largest cluster studied.
The largest cluster had 114 atoms and was large enough to
distinguish the normal modes that were internal to the
cluster and bulklike from the modes localized near the
cluster surface.

B. Force constants

A three-force-constant model was used to describe the
interatomic forces. Valence-force fields were used rather
than central forces in order to guarantee rotational and
translational invariance. This resulted in vibrational spec-
tra which always contained six zeros, consistent with
free-boundary conditions. The interactions were deter-
mined by starting with those for molecular SiF, and by
scaling them and adding a third interaction. The bond-
stretching force constant for Si—O in the interior of the
cluster was chosen to be 550 N/m. The corresponding
force constant for the Si=0% bond was chosen to be 25%
larger consistent with the force-constant scaling K oc r 23,
The bond-bending force constants for O—Si—O and
Si—O—Si were chosen to be 7.7 10~ '° and 2.6 x 1018 J,
respectively (note that the ratio of the equilibrium
O—Si—O and Si—O-—Si angles is about 0.75).

To simulate the interaction of the cluster with the sur-
rounding clusters, the diagonal elements of the potential-
energy matrix corresponding to the O% atoms were incre-
mented by w3=(350 cm~!)2. This interaction fixes the
cluster and causes the disappearance of the six zero-
frequency vibrational modes as well as strengthens the in-
tracluster surface modes.

C. Vibrational and infrared spectra

The dynamical matrix was obtained and was diagonal-
ized exactly and all eigenvalues and eigenvectors were
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determined. This enabled us to obtain information about
low-lying modes which Bell and co-workers>~® were un-
able to get using their approximate diagonalization
scheme. As discussed in the next section a study of the
low-frequency modes shows the importance of the inter-
cluster interactions of a pervasive (percolative) nature in
stabilizing the surface modes.

The infrared spectra were calculated using the point-
charge model. The absorption coefficient of the vibrating
solid has the general form

Flo)=g(w)R (o), (D

where g () is the vibrational density of states and R () is
a function which describes the strength of the coupling be-
tween the incident infrared radiation and the vibrational
modes of frequency w.

In the point-charge model we assign charges of + 4
and —2 to the silicon and oxygen atoms, respectively.
For such a model, the dipole-moment derivative is given
by

j

where g; is the charge of the jth atom and x;(w) denotes
an eigenmode of the vibrational spectrum with frequency
®. The response function R (w) is then proportional to
| E(w) |2

D. Comparison of the cluster model with the
CRN model of Bell ez al. (the BD model)

For the reader’s convenience we have compiled a brief
guide which summarizes the key differences between our
model and the model of Bell ez al.3~% which has long been
recognized as the standard work in this field. These
differences are the following.

(1) The cluster model has an interior with the morphol-
ogy of B-cristobalite. The BD model, on the other hand,
is a CRN.

(2) The surface of the cluster model is covered with O%
atoms in the trigonal configuration (O, ,),—Si=0%,
whereas the surface of the BD model has O% atoms in the
tetrahedral configuration (O ,,)3—Si—O%.

(3) In the cluster model, the O% atoms, in addition to
being coupled to the atoms within the cluster, have an in-
teraction simulating the intercluster interactions. In the
BD model, the O% atoms were either allowed to be free or
were held fixed, corresponding to zero or infinite inter-
cluster interactions, respectively.

(4) In the cluster model the Si=O% bond-stretching in-
teraction is 25% larger than the Si—O interaction in the
interior of the cluster, whereas the Si—QO interaction is
taken to be the same both in the bulk and at the surface in
the BD model.

(5) The ring statistics in the cluster model are dominat-
ed by six (cation-O)—membered rings, whereas in the BD
model there is substantial inhomogeneous ring disorder.

(6) The cluster model satisfies the SiO, stoichiometry,
whereas the BD model does not. In particular, while
using the point-charge model to calculate the infrared
spectrum, this leads to violation of charge neutrality in
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the BD model.

(7) The dynamical matrix is diagonalized exactly in the
present calculation, whereas the BD calculation used ap-
proximate methods for determining some selected eigen-
values and eigenvectors. In particular, their scheme does
not permit a study of the low-frequency eigenmodes.

IV. RESULTS

A. Vibrational spectrum

We begin by noting that in an isolated cluster, the sur-
face modes are not dynamically so stable as they would be
when the intercluster interactions are taken into account.
We carried out the calculations for two kinds of clusters.
In the first case, the bulk oxygen atoms were allowed to lie
on the straight line joining nearest-neighbor Si atoms (the
Si—O—Si angle was 180°). For such clusters, when only
nearest- and next-nearest-neighbor central forces are as-
sumed (the bond-bending interactions are taken to be
zero), we found that for four of the five clusters there
were 3Ng zero-frequency vibrational modes, where Ng
refers to the number of O%f atoms. These marginally
stable eigenmodes appeared to be extended throughout the
cluster. On allowing the bulk oxygen atoms to buckle, so
that the Si—O—S angle was ~147°, some of the modes
moved up to a nonzero, albeit small, frequency. Upon
further turning on the bond-bending interactions, the de-
generacy was lifted and while six of the modes had zero
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frequency, the remaining (3Ng—6) were still low-lying
modes with more than half of them lying below 50 cm~".

One might imagine, from the trigonal symmetry of the
(04 /2),—Si=07% surface units, that the Of vibrations nor-
mal to the plane of these units would be marginally stable.
There are, however, only Ng surface modes of this type.
This leaves the existence of 3Ny marginally stable surface
modes unexplained. For our physical model of g-SiO, this
instability is removed (see below) by intercluster interac-
tions. However, for the isolated cluster, regarded merely
as a mathematical model, the existence of so many mar-
ginally stable modes is a puzzle which we have resolved
with the assistance of Thorpe'® and Weaire.!® One can
show that in the unbuckled or collinear Si—O—Si
geometry the Si—Si central second-neighbor force con-
straints are ineffective because of collinearity. When one
then counts the total number of remaining constraints per
formula unit one finds that in the bulk the numbers of
constraints and degrees of freedom are equal. At the sur-
face, however, one finds a constraint deficiency which is
just 3Ny if the (O /,),—Si=0% units are not coplanar and
4Ny if they are. This constraint-counting prescription de-
scribes our results exactly in the unbuckled or collinear
geometry.

Returning to the problem at hand, we feel that in g-
SiO, the basic physics is that there are many snugly em-
bedded clusters and it is the cluster-cluster interaction that
strengthens the low-lying intracluster surface modes. We
have attempted to simulate the intercluster interactions as

10
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FIG. 7. Solid line gives the total spectral density dN (w)/dw calculated for the largest cluster (see Table I), while the dashed line
represents part of this density obtained by projection on the O surface atoms.
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described in Sec. III.

Qualitatively similar results were obtained for clusters
of different sizes. Figure 7 shows the histogram of the vi-
brational density of states g () for the largest cluster.

The spectral density associated with the nonbridging
surface oxygen atoms is shown as a separate contribution.
The results are in good quantitative agreement with the
neutron scattering measurements of Leadbetter and String-
fellow.!! The three-peak structure is reproduced by our
calculations. The surface contributions occur primarily in
the F32 bands (the first and third peaks in the vibrational
density of states). Since the surface molecules
(04 ,2),—Si=0 are trigonal and not tetrahedral, we do not
find a localized surface mode associated with the cutoff of
the A4, +E tetrahedral band'® around 800 cm~!. The po-
sition of this band is found to depend sensitively on the
strength of the Si—O—Si bond-bending interaction. (For
example, if this weak interaction is reduced to zero, the
trough between the 400- and 800-cm~! peaks nearly
disappears.) Our results are consistent with the sugges-
tion!? that the satellite peak at 410 cm~! in the neutron
scattering data is associated with the intracluster surface
modes with the frequency determined primarily by the
strength of the intercluster interactions.

B. Infrared spectrum

The infrared spectrum for the largest cluster calculated
using the point-charge approximation is shown in Fig. 8.
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Our results are again good in agreement with those ob-
tained by Gaskell and Johnson'* (Fig. 5) with a few not-
able exceptions. In our calculation the intercluster in-
teractions have been treated approximately by strengthen-
ing the diagonal elements in the dynamical matrix corre-
sponding to the O§ atoms. A fundamental shortcoming
of the present work is that we have not allowed for relaxa-
tion of the O% atoms. This leads to two spurious features
in the spectrum, the bump in the (O—100)-cm~! range
and the double-peak structure around 400 cm L.

The first of the double peaks occurs at 350 cm™!, the
value chosen for the intercluster interaction, whereas the
second peak occurs at a somewhat higher value. Smearing
out the intercluster interaction randomly around 350
cm~! leads to a broader diffuse peak. Apart from the ex-
istence of the double peak, the absorption does fall off
quickly (quite possibly exponentially) with decreasing fre-
quency in qualitative agreement with experiment.!* A
systematic study of the double-peak sizes as a function of
the cluster size leads us to believe that the effect is not due
to the finite size of the cluster, but that it may be associat-
ed with splitting of the transverse O§ modes parallel or
perpendicular to the (O, ,),—Si=0Of% plane. It seems like-
ly that the effect may disappear on fully relaxing the O%
atoms taking into account their interactions with both
atoms within the cluster and atoms in the neighboring
clusters.

We note that the force constants were adjusted while
calculating the vibrational density of states N (w) so that
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FIG. 8. Absorption spectrum calculated for the largest cluster (see Table I).
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some of the good agreement for that spectrum arises by
construction. However, no further adjustment was made
while obtaining the infrared spectrum. The fundamental
difference between the model of Bell et al.* and the clus-
ter model is that whereas in the former case one gets a
wide peak in the infrared spectrum, a narrow surface band
is obtained in the cluster model. In fact, on very general
grounds, a mode localized at the surface would be expect-
ed to decay exponentially as one goes into the interior of a
paracrystalline cluster. The rapid (possibly exponential)
decay of the infrared-absorption spectrum is, in fact,
found to be a general feature of the present paracrystalline
cluster models independent of the nature of the force con-
stants used. Again the reader should note that whereas
Bell et al. obtain good agreement for N(w) and poor
agreement for the infrared spectrum our model agrees
with experiment equally well for both cases.

V. CONCLUSION

In this paper, we have studied the neutron and infrared
vibrational spectra of a prototypical network glass g-SiO,.
In contrast to the studies by Bell and co-workers®~ of the
CRN models, we have carried out, for the first time,
analogous calculations based on a chemically plausible
cluster or microcrystalline model. Our results strongly
support an earlier suggestion of Phillips'® that certain
strong and narrow bonds in the vibrational spectra of g-
SiO, should be assigned to bands associated with recon-
structed bands on the internal surfaces of the microcrys-
talline model. In particular, our results are consistent
with the suggestion that the satellite peak at 410 cm ™! in
the neutron scattering data is associated with the intra-
cluster surface modes with its frequency determined main-
ly by the strength of the cluster-cluster interactions.

One surprising feature of our calculations was the
discovery of certain hidden symmetries which are exact
when only central-force interactions are present in the
cluster and the bulk oxygen atoms lie on the straight line
joining nearest-neighbor silicon atoms. For clusters hav-
ing Ng surface oxygen atoms, these lead to 3Ny marginal-
ly stable zero-frequency vibrational modes. It is impor-
tant to realize that the identification of these cyclical
modes is nontrivial. For example, our surface-based cycli-
cal modes in the presence of first- and second-neighbor
central forces should not be confused with the trivial bulk
cyclical modes which can be found in non-close-packed
infinite lattices (e.g., simple cubic, diamond, bce, etc.) with
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first-neighbor central forces only.

In conclusion, we feel that these calculations are only
the first steps in studying the effects of topological disor-
der caused by percolative internal surfaces on the vibra-
tional spectra of network glasses. While our results show
the important role played by these internal surfaces in
causing the strong narrow bands in the spectra, a full
understanding of the atomic interactions at cluster sur-
faces must await further work.

Note added

After this paper was submitted for publication, Magafnia
and Lannin!” reported an important Raman scattering ex-
periment on liquid GeSe,. They found that the frequen-
cies of the 4, and companion 4;, Raman bands in the
glass are both relaxed in the liquid, but by different
amounts. According to earlier analysis'® the 4, breathing
mode is associated with tetrahedra in the interior of a
Ge),Sey raftlike cluster, while the 4. mode is associated
with tetrahedra at the edges of the cluster. Magafia and
Lannin found a 3% relaxation of the interior 4; modes
and a 5% relaxation of the 4;, modes. The cluster
analysis of Aronovitz et al. of these rafts showed'® that
approximately 10% of the A,, frequency arises from in-
tercluster forces, so that an additional 2% relaxation of
the A;, mode compared to the 4; mode is traceable to =
20% reduction in the intercluster forces in the super-
cooled liquid compared to the glass.

In the cristobalite geometry we have seen that almost all
of the restoring force for the surface modes comes from
intercluster interactions. It would therefore appear that a
very large infrared shift of surface-related modes should
be observable by melting g-SiO,. Indeed, if the 490-cm ™!
mode is a surface mode, a reduction of frequency of order
50—100 cm™! should be observed, according to our
model, with relatively little reduction in Raman scattering
strength. Other models (which assign the 490-cm™! line
to four-membered planar rings, for example!®) would ap-
parently predict either no change in the line upon melting,
or a reduction of its strength (if the small rings melt) or an
increase in its strength (if the temperature increase pro-
duces an increase in the small-ring population). All these
predictions are qualitatively different and only the present
model predicts a strong infrared shift. This shift could
also be accompanied by broadening and an apparent loss
of scattering strength, but the infrared shift should still be
observable. It is hoped that high-temperature studies of
the Raman spectra of g-SiO, by Walrafen, currently in
progress, will resolve this problem.
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