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A new theoretical approach to studying surface vibrations in amorphous solids is applied to silicon dioxide.
The method entails modeling the surface as a Bethe lattice with a dangling bond, and treating the two-

dimensional nature of the surface pnd the surface topography as small perturbations. The theory successfully

describes the nature and origin of the surface states, as well as their relative intensities as observed in recent
infrared-reflectivity and Raman-scattering experiments. Both intrinsic surface effects and those caused by the
presence of adsorbates are discussed.

I. INTRODUCTION

The current widespread interest in solid sur-
faces is due, in part, to the development of a num-
ber of new analytical tooLs adapted specifically
to surface studies and distinct from those applied
successfully in the past to studies of the bulk.
While studies of surface vibrations have always
had enormous potential. for improving our under-
standing of the surface, the difficulty of the experi-
ments has discouraged their use in surface analy-
sis. Unlike surface electrons, surface phonons
are extremely difficult to measure. Photons and

neutrons, the probes traditionally used to detect
phonons, are weakly interacting particles which

-tend to penetrate deeply into the material and

sample its interior. Surface phonons represent
a rich, untapped source of information about the
surface which is just beginning to be exploited. '

Recently, "several experiments have been per-
formed which overcome the problem of the in-
herent bulk sensitivity of the probe by substituting
an extremely porous sample for an ordinary
homogeneous one. A sufficiently Large fraction of
the atoms inside the sample are surface atoms
that the surface phonon spectrum, superimposed
on that of the bulk, may be detected using conven-
tional spectroscopic techniques. The principal
disadvantage of the approach is that the surfaces
are poorly characterized in that they are irregu-
lar and disoriented as a, consequence both of the
preparation methods and of the amorphous nature
of the substrate. Feasible surface-phonon-sen-
sitive experiments are so rare, however, that
these experiments are important despite the poor
surface characterization.

Stimulated by the experimental situation, we
have developed a theory of surface phonons in
amorphous solids. The theory is constructed using
methods recently developed for describing buN,

amorphous solids, ' and is based on the idea that
the first- and second-nearest-neighbor environ-

ment of the surface atoms and the presence of an
infinite substrate alone can account for the be-
havior of most of the surface phonons regardless
of the surface topography. The theory is relative-
ly simple, is realistic, and can be compared read-
ily with experiment.

In this paper, we present a detailed discussion
of the theory using silicon dioxide as a prototype.
%'e have chosen silicon dioxide because of its tech-
nological importance and because of the relative
abundance of experimental information on porous
glass. The methods and ideas we discuss, how-
ever, are applicable to any amorphous material.
The paper is organized as follows. In Sec. II, we
discuss what problems are involved in constructing
a theory of surface phonons in amorphous silica,
what approximations are appropriate, and what

we expect the theory to do. In Sec. III, we deal
with the mathematical. aspects of the theory. In
Sec. IV we investigate the behavior of the surface
predicted by the theory and compare this behavior
with experiment. In Sec. V we study a chemisorp-
tion which drastically changes the surface behav-
ior. In Sec. VI we summarize our results and dis-
cuss the accomplishments of the theory.

II. PRELIMINARY CONSIDERATIONS

The approach we follow in trying to understand
a disordered silicon dioxide surface is motivated
by our understanding of the effects of disorder in
the bulk. In bonded solids, the two fundamental
types of disorder, bond-angle fluctuations and top-
ological disorder, disrupt the long-range order of
the solid while leaving its local structure intact.
As a-consequence, the behavior of the amorphous
and crystalline phases of bonded solids tend to be
very similar locally. ' Both kinds of disorder tend
to broaden the crystal density of states somewhat
and to perturb the character of states within the
first few neighbors of an atom only slightly. In

addition, topological disorder can introduce rings
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FIG. 1. Transformation of Bethe lattice from model
for the bulk to model for the surface. Breaking a bond
generates two fundamental kinds of surface.

of bonds of various sizes into the material whose
effects can be traced to the occurrence of reson-
ances about the rings. ' It has recently been
shown" however, that phonons in bulk amorphous
silica are adequately described when the structure
of the material is modeled as a Bethe lattice, a
bonded network of atoms which has the same local
geometry as the crystal but which has no rings of
bonds. The Bethe lattice is effective in this func-
tion, despite the fact that it lacks the rings of
bonds which any real material must have, because
it is similar to the actual solid locally.

The two major problems impeding a simple view
of the disordered surface are the poorly defined
relationship of adjacent atomic sites on the sur-
face and the disorder of the substrate itself. Since
disorder in the substrate is essentially disorder
in the bulk, it follows that the substrate can be
understood, like the bulk, in terms of the bonding
arrangement of the atoms locally. The approach
we use to overcome the remaining problem, that
of intrasurfaee interactions, relies on the ob-
served' tendency in bonded solids for the surface
effects to be highly localized. The high degree of
localization causes the effect of adjacent surface
sites on one another to be small, and the states
induced by the presence of the surface to be char-
acteristic of an isolated site bonded to an infinite
substrate. The principal approximation of our the-
ory is that the surface sites do not interact at all-
that the surface can be accurately modeled as one
site, so ldng as the infinity of the substrate is

accounted for.
The aspect of the material with which we are

primarily concerned is the nature and origin of
the localized surface sites. We want to know why
surface states occur, how the structure of the sur-
face affects them, and what they tell us about the
surface. In order to build a theory which is tract-
able and at the same time capable of describing
the surface states realistically, we need approxi-
mations for both the structure and the Hamiltonian
of the surface which are suited to the questions
we are asking.

Because of the localization of the surface states
and the established' relative unimportance of in-
trasurface interactions, we need not deal initially
with the effects of surface two dimensionality. To
obtain a suitable structural model for the surface,
therefore, we need only break a bond in the Bethe
lattice. The atom with the dangling bond becomes
the site, while the structure to which it is attached
becomes the substrate. The bond-breaking pro-
cedure is illustrated in Fig. 1. The scission of a
bond produces two fundamental types of surface,
one terminating on a silicon atom, and a similar
surface with an oxygen atom attached. Since native
silicon dioxide surfaces are currently thought to
terminate in hydroxyl groups, ' the oxygen-ter-
minated surface is most likely more representative
of real materials. However, both kinds of surface
site should be formed when a sample is broken or
cut.

The Hamiltonian appropriate for the theory is the
one we have used for studying the nature and origin
of phonons in the bulk. ' The Born" Hamiltonian
assigns to every bond a potential energy of the form

U=k&l -~l'+l(&-&&I(x-»"I' (&~

where x and y are the displacements of the atoms
at either end of the bond and z is a unit vector
pointing along the bond. n and P are bond-depen-
dent constants. The Born Hamiltonian is the sim-
plest one which includes both bond-bending and
bond-stretching forces, and it is a nearest-neigh-
bor force law. Its primary disadvantages are that
it does not properly account for the ionicity of the
atoms and that it is not rotationally invariant.
While neither of these problems prevents the bulk
from being described qualitatively, they do intro-
duce up to 30/p inaccuracy in the frequencies of
the states. ' A more sophisticated Hamiltonian
can eliminate this inaccuracy; however, the cor-
rect Hamiltonian is not known and the physically
reasonable Born Hamiltonian is the simplest one
which suits our purpose. It should be emphasized
that the only adjustable parameters in theory are
the two which characterize the Born Hamiltonian
in the bulk.
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III. MANIPULATING THE BETHE LATTICE

Modeling the surface as a Bethe lattice with a
broken bond has the great advantage that the solu-
tion of the bulk problem is also the solution of the
surface problem. Both rely on the existence of a
set of transfer matrices @„, which must be cal-
culated before the density of states of the bulk
can be obtained. As has been discussed previous-
ly, ' the transfer matrix is basically the mechanical
impedance of the atom at the base of a broken-bond
Bethe l.attice when the restoring forces on the atom
itself are artificially maintained at their bulk
values. Qrdinarily, removing a neighbor dimin-
ishes these restoring forces. The transfer matrix
is obtained by satisfying a self-consistency rel. a,-
tion, which is the mathematical equivalent of re-
quiring that bonding three broken-bond Bethe lat-
tices to a silicon atom creates a new broken-borid
Bethe lattice. The transfer matrices are used to
invert the dynamical. matrix and produce the vi-
brational Green's function of the system. The
imaginary part of the diagonal Gr een' s function
matrix elements are proportional to the local den-
sities of states of the problem.

The notation we use is the same used to discuss
the bulk. ' We aga, in pick local coordinates for
ea.ch SiQ, tetrahedron and number the oxygen atoms
1-4. We pick a cyclic permutation 0 of the four
bonds and construct a 3 x 3 matrix S which per-
mutes the bonds according to cr. Using 8, we con-
struct four matrices M„, v = 1, . . . , 4 which describe
the change of coordinates from one tetrahedron
tn its neighbor along the vth bond. We denote the
part of the dynami'cal matrix connecting a, silicon
atom with itself by A, the part connecting the vth

oxygen atom with itself by 8„, and the part con-
necting these two atoms by D„. If we let

A = aP -A —g D„(aP —B„) 'D„,

then we have equivalently for the Green's function
confined to silicon in the bulk

To determine the analogous quantity for the silicon
atom at a silicon-terminated surface, we first
construct the reduced restoring force matrix A,
on the surface atom

A, = — D„=A+ ™D„, (8)

where m and I are the oxygen and silicon masses,
respectively. p, denotes the direction of the dang-
l.ing bond. We then have

Go= (u'-A, —

for the surface Green's function submatrix.
To determine the Green's function submatrix

connecting a neighbor oxygen atom with itself,
we make use of the fact that the Green's function
is its own transpose. If' we let

then the Green's function confined to the oxygen
neighbor in the pth direction is given by

g,'.= (aP —B, -M,D,&, &q, ) '[1+D,($,60~)']

= b, +g,o,gt,

Similarly, the Green's function confined to the next
silicon atom down is given by

«]

Go cd A D $ 1 +D (p)M Qpp()}
v~e(p)

+A, + g, g,Pg,',
' where

D„= D(&u' - B)'MQ, &„& .

The transfer matrices C„are given by

and the Green's function confined to a silicon atom
in the bul. k by

G„= A — D„4~ (5)

If we define additional transfer matrices g„ in the
manner

and so on. In this manner, the Green's function
confined to a. layer beneath the surface is generated
in terms of its value on the previous layer.

If we now chemisorb an atom onto the surface,
for example, an oxygen atom to form an oxygen-
terminated surface, the Green's function may be
propagated into the bulk exactly as before. It
remains only to calculate it for the first two atoms.
If we define the dynamical matrix confined to the
adsorbate as 8', we then construct its interaction
D' with the surface silicon atom.

(8) DI +I (15)
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and the new restoring force matrix for the silicon
atom

A'=A, —( ) 8 (16)

where m' denotes the mass of the adsorbate. We
then have for the surface silicon atom

~l
Go~= co'-A' -D' v' B' 'D' — D g 17

V~A

and for the adsorbate

g = (&o' —8') '(1+D'[((o' &') 'O—'G,']').

IV. RESULTS

Si

0

In Fig. 2 we show local densities of states for
both a silicon-terminated and an oxygen-terminated
surface. The top frame in each case refers to the
surface atom, the next frame to the atom below,
and so on, layer by layer into the bulk.

As we approach the silicon-terminated surface
from below we see two major changes in the local
density of states: a'buildup of Cow-frequency states
around 200 cm ' and a sharp surface state at the
upper edge of the band peaking at 450 cm '. The

first effect is the consequence of the presence of
acousticlike surface states. The gap from 0 to
100 cm ' is a pathology of the Bethe lattice which
stems from its unphysical long-range behavior.
I ow-frequency acoustical phonons are long-wave-
length excitations which the Bethe lattice cannot
describe. Short-wavelength acoustical phonons
have frequencies around 100 cm ' andaredescribed,
correctly by the Bethe lattice. We call these vi-
brations acousticlike because the distinction be-
tween acoustical optical phonons is ill defined in
a material with no periodicity. The presence of
these low-frequency vibrations may also be viewed
as a consequence of the reduction of the restoring
forces acting on the surface silicon atom. Remov-
ing an oxygen neighbor to make the surface dimin-
ishes these forces, which causes the atom to tend
to vibrate slower. The feature at 450 cm ' is a
genuine surface state which involves primarily
vibration of the surface silicon atom. Surface
rel.axation increases the frequency of this state
and causes it to be more distinct, particularly
i.f it falls outside the bulk bands. Both of these
effects disappear by the fourth layer into the bulk.

Near the oxygen-terminated surface we see three
effects. Again, there is a buildup of states near
200 cm ' associated with acousticlike surface vi-
brations. In addition, there is a sharp surface
state near 850 cm ' associated with bond-stretching
motion of the surface oxygen atom and a band peak-
ing at 300 cm"' associated with a wagging motion
of this atom. Again, the surface effects are by
and large gone by the fourth atomic layer.

In Fig. 3 we have broken the surface local den-

O

~Qua
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C Si

Cl
Si

W, jew, v, ,,

0 )000 0 )000

Frequency (cm ')

Local densities of states vs frequency for sili-
con-terminated (left) and oxygen-terminated (right) sur-
faces, starting from the surface atom and proceeding
layer by layer down into the bulk. The features caused
by the surface are marked with arrows.

1

0 1000 0 1000
Fr equency (crn ")

FIG. 3. Local densities of states vs frequency for
silicon-terminated (top frame) and oxygen-terminated
(bottom frames) surfaces broken down into components
perpendicular to (left) and parallel to (right) the surface.
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allel andsities of states down into components paralle
perpendicular the surface, in order to show the
extent to w ic eh h th surface states are directed.
We find that the surface state at 450 em ' is a
motion of the surface silicon atoIn normal to the
surface. The stretching and wagging peaks of the
oxygen-terminated surface are appropriately nor-

1000 0
Fr equency (cm )

Local densities of states vs frequency forFIG. 4. oca
-t inated surface with successive. y gl stron eroxygen-termina e

of statesrelaxations. eThe surface oxygen local density o s
is on the left, and that of the silicon atom. below i is on

The Si-0 force constants are multiplie re-
spectively by 1.0 (top), 1.25 (middle), and 1.45 (bo om).

withmal and parallel to the surface, respectively, wit
a SIIla aIIlll mount of mixing due to the asymmetry

nei hbors.of the SiO, unit caused by the silicon neig ors.
Th low-frequency surface states are in both kindse

~ ~ ~ t theof surface air y isf l ' otropic. It is interesting tha
a in state a ca ' t 300 m ' involves seduced motion

of the silicon atom immediately below ethe surface
oxygen atom, an e et effect which is partially respon-
sible for the large infrared activity of the state.

When the surface atoms are allowed to relax,
we find generally that the surface states do not
change substantially in character, but tend to in-
crease in frequency. The effect of relaxing the
Si-0 bond at an oxygen-terminated surface is
shown in ig.in Fi . 4. As the Si-0 force constants at
the surface are increased, the very low-frequency
local densities of states remain relatively un-
change, as od, do the bulklike features, while the
stretching and wagging features move steadily
upwal" d.

mi ht oe-One other atomic configuration which mig t oc-
cur in actual silica surfaces is that of two oxygen
atoms dangling into the vacuum. 'g. , hIn Fi . 5, we show
the first two local densities of states associated
with such a surface. Both the stretching and wag-
ging peaks split slightly into doublets, the stretch-

1 However the most pronounced effect is the
100introduction of a sharp surface state at about

cm ' which corresponds to motion of the surface
SiO, unity as a whole against the rest of the sub-

FIG. 5. Comparison of
surface terminated with
two oxygen atom. s with one
terminated with only one
oxygen atom.
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FIG. 6. Experimental infrared and Haman spectra of
porous Vycor glass (solid lines) and bulk fused silica
(dashed lines). The surface-induced features marked
b are due to the presence of Boron impurities, those
marked s are due to surface phonons, and the one
marked d to a defect mode.

group bound to a silicon atom. The other identifi-
cations, however, are new ones based in part on
calculations we have performed to determine the
theoretical intensities of the peaks. The model we
have constructed explains why the stretching peak
is visible only in the Raman effect, why the wagging
peak is visible only in the infrared, and why the
acousticlike surface states alter the Raman spec-
trum the way they do. None of these effects can
be explained in terms of symmetry, and only one
can be explained trivially in terms of the bonding
arrangement.

To calculate an approximate infrared spectrum,
we perform the sum'

Xyhonons M qf Gf Jqf
ff

where Gf& is the Green's function submatrix con-
necting atoms z and j and qf is the change on the
ith atom. Following Kleinman and Spitzer, "we let qf
be a tensor whose value depends on the configura-
tion of bonds around the atom. If r„ is the unit
vector pointing away from the atom along the p, th
bond, then the effective charge tensor is given by

str ate.
Some of the changes induced by the presence of

the surface in the theory have been observed in ex-
periment. "' In Fig. 6 we show Raman and infrared
ref lectivity measurements performed by Murray
et al. ' on samples of porous Vycor glass. Porous
Vycor is a spongelike form of amorphous silicon

0
dioxide containing 28'Pp voids roughly 40 A in dia-
meter. This material has surface-to-volume ratio
sufficiently large that these measurements are
sensitive to the surface phonons. The features
in these spectra which are characteristic of the
porous material we have marked with arrows.
Those marked with b have been identified conclu-
sively as being due to boron impurities in the
Vycor. '" Those marked. s are due to surface
phonons characteristic of a simple oxygen-ter-
minated surface. The one marked d has properties
consistent with what one would expect for a sili-
con-terminated surface state. We identify the peak
at 980 cm ' in the Raman spectrum as the oxygen-
stretching vibration, the peak at 380 cm ' in the
infrared as the oxygen-wagging vibration, and the
buildup of Raman intensity below 100 cm ' at the
expense of intensity at 250 cm ' as a signature of
the acousticlike surface states. All. of the features
in the theory appear at slightly higher frequencies
in the experiment because of the increase of the
interatomic forces at the surface caused by relaxa-
tion.

The peak at 980 cm"' has been thought for some
time' to be the stretching vibration of an hydroxyl

q= al+ P g r„r„, ,

Va~ r„. (22)

By this mechanism the sili-con atoms are invisible
in the Raman effect in the bulk because the bond
unit vectors sum to zero. However, at a silicon-
terminated surface, the surface silicon atom does

where o.'and P are constants fitted to the infrared
activity of the bulk. Because the surface atom is
missing a bond, its effective charge can be differ-
ent by this mechanism than that of a similar atom
in the bulk. We treat the oxygen atom at an oxy-
gen-terminated surface as though it were unbonded
on one side, even though in practice it is bonded
to a hydrogen atom. The approximation that it is
unbonded is appropriate in this case because the
O-H bond is essentially rigid at these low fre-
quencies.

The Raman intensity is similarly approximated
by'

I tellelty I P(Vet)Gtt(Vtett),
fg

where Vnf denotes the derivative of the polarizabil-
ity of the material with respect to displacement
of the ith atom. For Vnf we again follow Kleinman
and Spitzer" and adopt a mechanism in which the
polarizability increases when bonds are com-
pressed. If r„denotes the unit vector pointing
away from the atom along the p.th bond, then
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interact.
Using these mechanisms, we have calculated ap-

proximate infrared and Raman spectra for both a
silicon-terminated and an oxygen-terminated sur-
face. These are compared with identical calcula-
tions performed for the bulk in Fig. V. As with the
bulk, ' we restrict the sums (19) aud (21) to a small
cluster of atoms at the surface, the size of which
is limited by the extent to which the Bethe lattice
structure approximates that of the actual solid.
Because the surface states are confined to the first
few atomic layers, we found it suitable to restrict
the sums to an SiO, unit, except in the case of the
silicon-terminated surface, where an SiO, unit
was used. Each spectrum has been renormalized
by the number of atoms in the cluster, so that its
integral, weighted by co, is 1.

In the theoretical Baman spectra, we see that
both kinds of surface tend to increase the very low
frequency signal associated with the acousticlike
vibrations. The oxygen-stretching peak is pro-
nounced in the spectrum of the oxygen-terminated
surface, while the wagging peak is not. This is
easily understood from the point of view that only
the stretching vibration compresses the bond.
However, the wagging peak is additionally sup-
pressed by the tendency of the silicon atom im-
mediately below it to sit still at 300 cm '. The
surface state at 450 cm ' jn the silicon-terminated
surface is not enhanced in the Raman effect. For
this reason we believe that silicon-terminated sur-

faces do not produce the peak labeled d in the ex-
perimental Baman spectrum. However, we believe
the two are intimately related. Since the surface
site is in our model identical to.a broken-bond
defect, the Raman calculation indicates that a sili-
con atom with a dangling bond is probably not the
cause of the peak, . as has been proposed. " If two
such defects are bonded together to form a Si-Si
defect, however, there arises a defect state near
the proper fr equency which desi res from this sur-
face state. The Raman scattering from this defect
could be quite large if the polarizability derivative
of the Si-Si bond were sufficiently large, and the
state would be invisible in the infrared because of
symmetry.

In the theoreticaI. infrared spectrum, we see a
strong enhancement of the oxygen-wagging vibra-
tion and a complementary reduction of the stretch-
ing peak. If the surface oxygen atom were con-
sidered by itself, both of these vibrations would be
infrared active. The cooperative motion of the
substrate atoms, however, in conjunction with the
particular effective charge tensors used, causes
the stretching peak to be suppressed. The silicon-
terminated surface has little effect on the infrared
spectrum. There is a slight enhancement of e,
near the surface state at 450 cm ', but the en-
hancement is probably too small to be observed
in experiment. The enhancement of the low-fre-
quency surface states in the infrared is again a
cluster effect.
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than the substrate, is tending to remain station-
ary. The stretching vibration is no longer an ad-
sorbate motion but one of the silicon atom under-
neath it. This explains why the vibration is stuck
at the top of the silicon-like bands at 750 cm '.
Increase of the adsorbate mass cannot mooe the
stretcking vibration below tkese bands. Of course,
if the bonding is weakened, this state will soften
and eventually become the 450-cm ' surface state
of the silicon-terminated surface. However, we

believe a fully chlorinated surface should show up

in Vycor glass as an augmentation of the 800-cm '
bulk band in the Baman effect, perhaps a similar
effect in the infrared, and a complete disappear-
ance of the 980- and 380-cm ' hydroxyl-induced
surface states.

VI. SUMMARY

1400
F pqUnay (cm )

FIG. 8. Local densities of states versus frequency
for a chlorinated silica surface starting from the sur-
face atom (top) and proceeding layer by layer down

into the bulk.

V. CHLORINE CHEMISORPTION

Since we have found the model to be completely
consistent with existing experimental information
about silicon dioxide surface, we may use it to
investigate the effects of chemical impurities on
the surface. In Fig. 8 we show the result of bond-
ing a chlorine atom onto a silicon-terminated sur-
face, the situation which is thought" to prevail
when porous glass is chlorinated. The force con-
stants connecting the chlorine atom to the surface
silicon atom are taken to be the same as those
connecting oxygen to silicon. The force constants
are a little too large, the bending constant more
so than the stretching constant, but the amount is
not significant, especially in light of relaxation ef-
fects. As with an oxygen-terminated surface, we
see stretching and wagging states of the surface
atom. However, because of the greater mass of
the chlorine atom, the mixing of these states into
the bulk bands is very pronounced. The wagging
vibration is now found to have merged into the
acousticlike bands and to be no longer distinguish-
able from them. The stretching vibration moves
downward only as far as the top of the siliconlike
bands at 750 cm ', and becomes very siliconlike.
This calculation indicates that the adsorbate rather

We have presented a theory of surface phonons
in amorphous silicon dioxide based on the use of
the Bethe lattice as a model for the structure of
the amorphous material. The theory treats the
surface as an isolated atomic site which is bonded
to the Bethe lattice everywhere the site ordinarily
bonds to the substrate. The theory is motivated
by the observed tendency in bonded solids for the
two-dimensional nature of the surface to be less
important, in most respects, than the bonding
arrangement near the surface and the infinity
of the substrate. We have constructed our model
using a simple nearest-neighbor Hamiltonian con-
taining two parameters which are fit to the bulk.
We have used it successful. ly to interpret and

clarify infrared and Raman scattering experiments
performed on samples of porous Vycor glass. We

have also predicted the effects on the Raman and

infrared spectra of chlorinating the glass.
The most important accomplishment of the theory

is the demonstration that the poteritially complicated
surface of an amorphous solid can be understood
almost completely in terms of the bonding on and
near a surface site. We have isolated the various
effects of the substrate, identified the most im-
portant one, namely, the substrate's infinity, and
found a way of including it in the model so that the
important local effects can be identified. Since the
tendency of the surface states to be localized at the
surface is a property of all bonded solids, crystal
and amorphous, the theory and the simplifications
inherent in it are also applicable to crystal sur-
faces. Accordingly, the methods discussed in this
paper can be applied to an enormous variety of
materials. We feel that the approach holds great
promise for clarifying some of the fundamental
problems of surface physics.
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