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A(L) of the coexistence curve, &n=A(L)I [T,(L)
—T]/T (~)) 62, should also scale" with L: A(L)

3', rvhere the subscript on p is the "di-
mensionality. " Qur data as plotted in Fig. 3 sug-
gest that the amplitude A(L) varies as L' with z
in the range 0.6 to 0.8. With P, taken to be our
experimental value of 0.5 and P, =0.326,"then
6 =4*0.5.

In conclusion, our experimental results on the
critical-temperature shift suggest a logarithmic
dependence on film thickness for thick films (1
pm~ L~ 60 pm). A "mean-field" value of P =0.5

was determined from the coexistence curve data
taken close to T, (L) for film thicknesses - 6 pm.
These results are consistent with each other and

suggest that long-range interactions are present,
rather than the lattice-gas behavior expected. It
is not clear to what extent the walls constraining
the fluid mixture affect its critical behavior.

Further experiments are in progress.
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We show that longitudinal optical (LO) vibrational modes account for several previous-
ly unexplained peaks in the Raman spectra of vitreous GeO& and SiO . Identification of
LO modes in these and other glasses reduces the complexity of the spectra that must be
explained by simple structural models. It also follows that long-range (Coulomb) forces
should be included in complete theories of the vibrational properties of many glasses.

The Raman spectra, of vitreous germania (v-

GeO, ) and vitreous silica (v-siO, ) have long been
puzzling because each contains peaks which have
not been explained by vibrational calculations
based on the favored structural model. The pres-
ently favored model, proposed in 1932 by Zachar-
iasen, ' asserts that v-SiQ, is primarily a continu-
ous network of nearly perfect SiQ, tetrahedra
connected to each other in such a way that each
corner oxygen atom is shared by a different neigh-
boring tetrahedral unit, thus preserving the chem-

ica1. formula. The disorder that is characteristic
of glasses is accounted for by allowing large vari-
ations in the orientation of neighboring tetrahedra.
This structure is also thought to be appropriate
for v -GeQ, and for severe l other glasses, such
as &, -BeF„v—ZnCl„and r-GeS, .

The Zachariasen model is especially attractive
because it raises the possibility that many prop-
erties can be treated by focusing attention on a
single representative tetrahedral unit, and by as-
suming simple statistical laws for the orientation
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of the neighbors. Using this model, Mozzi and

Warren' have accounted satisfactorily for all the
features seen in the x-ray radial distribution
function of v-SiQ, .

The situation has not proved so simple in the
case of the vibrational properties of these glass-
es. Historically, it was found that the vibrational
frequencies of an isolated tetrahedral unit are too
few in number to explain all of the observed Ram-
an features, and often do not coincide quantita-
tively with many of the observed features. At-
tempts were made to remedy this by choosing
larger "molecular" units, in order to increase
the number of predicted normal modes, ' and by
resorting to quasicrystalline or microcrystalline
models. 4 These a, lternative approaches have not

produced convincing improvements; we view them
as tractable efforts to take into account the inter-
actions of a representative tetrahedron with its
nearest neighbors. This general approach has
culminated in the much more comprehensive cal-
culations of Bell and co-workers, ' which are
based on large (-600 atom) clusters of almost
perfect tetrahedral units interacting with each
other via short-range (nearest-neighbor) bond

forces. In this Letter, we will demonstrate that
a complete explanation of the vibrational spectra
requires incorporation of another type of interac-
tion between the tetrahedra, viz. , the long-range
interaction provided by the Coulomb fields asso-
ciated with certain excitations of the system.

We will first consider the case of germania.
Figure 1 shows the polarized Raman spectra and

the infrared (IR) ref lectivity which we obtained
from a bulk sa,mple of high-purity v-Geo, main-
tained at room temperature. This particular sam-
ple has very low OH content (&5 ppm) and shows
no bubbles under microscopic examination; the
total level of metallic impurities appears to be
quite low (absence of color and luminescence) but

is not precisely known. The Raman intensities
were obtained in the 90' configuration using a
Spex 1401 double monochromator, an RCA 31034A
photomultiplier, an SSR-1110photon counting sys-
tem, and approximately 3.5 W of 5145-A radiation
from a CR-12 Ar' ion laser. The IR spectrum
was obtained with a Perkin-Elmer Model 180
spectrometer equipped with reflectance attach-
ment. In both cases, resolution was better than
5cm '.

Figure 2 compares the reduced Raman spectra'
with the density of vibrational states derived by
Bell and Dean. ' The solid curve represents the
density of states for the condition that the surface
atoms of the cluster (all oxygen) are fixed in their
equilibrium positions, while the dashed line is
the result when the surface atoms are allowed to
move freely. In the spirit of the theory of Shuker
and Gammon, ' we interpret the density of states
as composed of separate sub-bands, each of
which shows up in the Raman spectra with a rela-
tive strength depending on the magnitude of an ap-
propriate multiplicative coupling coefficient.
From this point of view, the cluster calculation
can be viewed as accounting for all of the clear
features in the HH and HV spectra except for
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cal density of vibrational states reported by Bell and
Dean (Ref. 7}.
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two—the sharp peak at -347 cm ' and the very
broad peak at —973 cm '. These two peaks (and
similar ones seen in v-SiO, ) have been ascribed
to defects, impurities, dangling oxygens, and
other inadequacies of the continuous-network
structural model. We shall show that they are
not due to inadequacies of the structural model,
but are due to the existence of long-range Coul-
omb or electromagnetic forces. These forces
have not been considered in formal treatments of
the vibrational properties of glasses, which pro-
ceed traditionally from the molecular or short-
range interaction point of view. '

It is common in studies of polarizable media
such as plasmas and polar crystals to discern
two types of macroscopic modes: transverse and
longitudinal. " In an isotropic medium (such as
a glass), transverse modes are those in which
the average electric vector E is perpendicular to
the direction of periodicity of the wave; their res-
onant frequencies are determined by poles in e,
—= Im(e), where e is the complex dielectric func-
tion of the medium. Longitudinal modes are a
complementary set whose average electric field
is completely parallel to the direction of periodic-
ity. Longitudinal modes resonate at zeros of e,'

in the long wavelength limit assumed in the pres-
ent work, they resonante at poles of the dielectric
energy-loss function Im(- I/e). Converse state-
ments follow: Peaks in c, reveal transverse
modes, while peaks in Im(- I/e) identify longitu-
dinal modes. "

To investigate the possibility of longitudinal re-
sponse in our v-GeO, Baman data, we have there-
fore determined the poles in e, and Im(- I/e), and
have compared their positions with those of the
observed Raman peaks. Kramers -Kronig tech-
niques were applied to the ref lectivity data in Fig.
I in order to extract IR values of e= c, +Em„' and
the latter were used to compute Im( —I/e) = c,/
(e, '+ e,'). The validity of this procedure for pre-
dicting the pos ition and shape of Raman -active
LQ modes from ref lectivity data has been demon-
strated by Barker in studies of crystalline GaP."

Qur results for v-GeO, are presented in Fig. 3.
It is immediately evident that the mysterious fea-
tures at 347 and 973 cm ' in the Raman spectrum
col l espond very closely to dlstlnct peaks at the
same frequencies in the energy-loss function; ev-
en the linewidths are comparable. It is therefore
reasonable to assume that the Raman spectrum
reveals the existence of longitudinal optical exci-
tations centered at 347 and 973 cm ', which are
associated with transverse optical (TO) excita-
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tions centered at -278 and -857 cm ', respec-
tively. It also appears that there is an LQ excita-
tion centered at —595 cm ', associated with a TQ
mode at -556 cm ', although these two lines do
not appear as separate peaks in the Raman spec-
trum. "

We refer to the above modes as opt~al because
they appear at sufficiently high frequencies to ob-
viate the possibility of their being acoustic, using
the usual nomenclature applied to crystals. Also,
since there is as yet no microscopic theory of the
vibrational motions involved, we presently re-
strict the meaning of transverse and longitudinal
to that specified earlier, namely by the nature of
the average electric field in a macroscopic polar-
ization wave. It is unlikely that the microscopic
disP/acements in a TQ mode are transverse to
the macroscopic periodicity; however, more pre-
cise specification of the connection should prove
quite informative.

Similar results have been obtained in studies of
fused silica, as illustrated in Fig. 4. The solid
curves were obtained from Raman scattering and
IR ref lectivity measurements" on a bulk sample
of high-purity Suprasil W-1. This material is
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FIG. 4. Comparison of the reduced Raman spectra
with &2 and Im(-1/~), obtained from a bulk sample of
v-Si02 at room temperature. With the help of other in-
formation mentioned in the text, we deduce that the
B,aman peaks seen at 495 and 1200 cm ' are LO modes.

known to have low OH content (& 5 ppm), low me-
tallic impurity levels (total &1 ppm), and ex-
termely low bubble content. " Comparison of the
observed HH Haman spectrum with the calcula-
tions of Bell and Deanv reveals that the sharp
line at 495 cm ' and the broad peak at 1200 cm '
are entirely unpredicted.

Although the correspondence with peaks in
Im(-1/e) is not as perfect as in the case of U-

GeQI, ~S we feel confident that the Raman data in
v-SiO, also reveals three TQ-LQ pairs, at ap-
proximately the following frequencies: 455 and
495 cm ", 800 and 820 cm ', 1065 and 1200 cm '.
This confidence is based on analogy with the un-
equivocal v-GeQ, data, and on several other ob-
servations. For example, the above TQ-LQ fre-
quencies compare quite favorably with the major
pairs reported in crystalline o.-quartz by Scott
and Porto'7 450 and 509 cm ' 795 and 807 cm
1072 and 1235 cm '. Also, our studies of the
Raman spectra of numerous samples of v-SiQ, in-
dicate that the lines identified as LQ are charac-
teristic of the SiQ, network rather than defects or
impurities; the LQ Raman lines do not change in

strength or position with large variations in wa, —

ter content, ' ' metallic impurity levels, o or mi-
croscopic bubble content. o

This work raises a number of interesting ques-
tions. How many glasses have sufficient polari-
zability to exhibit TQ-LQ splittings? We have pre-
liminary evidence for the existence of split-off
LQ modes in the Raman spectra of v-BeF, and v-
B,O„and expect their occurrence in numerous
other glasses. Does a TQ-LO pair in a glass rep-
resent two distinct peaks in the density of states,
or is their separateness caused only by Raman
matrix-element effects? The 1065-cm ' and
1200-cm peaks in v-SiQ, appear as distinct but
broadened features in the neutron scattering data
of Leadhetter and Stringfellow"; it thus appears
that this particular TQ-LQ pair is associated
with separate peaks in the total density of states.
Improved inelastic neutron scattering data on v-
SiO, and similar data on v-GeO~ will help resolve
the questions for the other TO-U3 pairs. The
longitudinal nature of the LQ modes may be veri-
fied independently by carrying out very-high-res-
olution electron energy-loss experiments. Incor-
poration of Coulomb forces into cluster calcula-
tions would be deeply satisfying and would enable
the extraction of meaningful effective charges
from the TQ-LQ splittings. It is evident that the
effective charges must be large and that they may
cause effects in addition to the ones that we have
noted. Polaron effects are a likely example. Fi-
nally, the observation of TQ-LO splittings in dis-
ordered solids suggests their possible appearance
in the Raman spectra of highly polarizable I,I'qu&s.

We are grateful to Professor D. Turnbull of
Harvard University and to Dr. R. H. Stolen of
Bell Laboratories, who kindly provided us with
the high-quality samples of v-QeQ2 used in this
study. We are also grateful to Mr. W. J. Mosby
for skillful acquisition of the Raman spectra, and
to Mrs. M. Rodoni for assistance in computer
analysis of the results. We are further indebted
to Professor R. M. Pick, Dr. R. M. Martin, and
Dr. P. N. Sen for helpful discussions.
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The existence of "critical" slowing down at the rougbeniog transition in Monte Carlo
simulations of both the kinetic solid-on-solid model and discrete Gaussian model is re-
ported. Comparison with critical behavior at the more usual second-order phase transi-
tions shows both similarities and differences that shed light on the nature of the roughen-
ing transition. The roughening temperature is found to be &gI'z- (1.15+0.05)e for the sol-
id-on-solid model.

The roughening transition in an interface be-
tween two phases in a three-dimensional Ising
model has been of interest since Burton and Cab-
rera' first suggested in 1949 that the interface
width should diverge at a temperature, T~, far
below the bulk critical temperature. Since the
lattice-gas interpretation of this model is widely
used in the theory of crystal growth and since
roughening should significantly aff ect both growth
rates and crystal perfection, ' a good understand-
ing of the transition is essential.

In this Letter, I report the existence of "criti-
cal" slowing down at the roughening transition in
a Monte Carlo simulation of the kinetic solid-on-
solid (SOS) model of a crystal surfaces ' [this is
just the kinetic Ising model in the limit of infi-
nitely strong interactions perpendicular to the in-
terface: T, = ~]. By comparing this phenom-

enon with critical behavior at the more usual sec-
ond-order phase transitions, I find both similar-
ities and differences that provide insight into the
nature of the roughening transition. In addition
to accurate values for the static and dynamic
properties of the system, our results include the
best current estimate of the roughening tempera-
ture, ksTu = (1.15+ 0.05)e.' This value is much
closer to the transition temperature for the cor-
responding two-dimensional Ising model (ksT, 'o
= 1.134 59') than previous values' to be discussed
below.

In the SOS model, the height of the surface at
each site, h;, , takes on integral values and is de-
scribed by the Hamiltonian

The kinetics are introduced in the usual way as
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