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The inelastic neutron, Raman, and infrared vibrational spectra of vitreous Si02, Ge02,
and BeF2 are reported in detail and compared with one another. The neutron spectrum is
shown to be a good measure of the vibrational density of states for glassy Si02 and Ge02,
but a poorer measure for BeF2. The density of states is shown to be split into transverse-
optical —longitudinal-optical bands whose nature is revealed in the infrared and Raman
spectra. Empirical selection rules are noted, including the observation that the HV Raman
spectrum "mimics" the density of states, while the HH spectrum is dominated by matrix-
element effects. The spectra are discussed in terms of an augmented central-force model
which allows prediction of selection rules and relative densities of states. The latter allows
an empirical estimate of the frequency dependence of the neutron scattering coupling coeffi-
cients, showing relatively weak scattering by acoustic modes, especially in the case of BeF2
glass.

I. INTRODUCTION

Considerable progress has recently been made in
understanding the vibrational properties of amor-
phous materials, ' " especially the infrared (ir) and
Raman spectra. " Since the pioneering computa-
tional work of Bell, Dean, and co-workers, ' ' fur-
ther significant insights into the nature of the vibra-
tions have been provided by a rather simple analyti-
cal description introduced by Sen and Thorpe,
based essentially only on local order and nearest-
neighbor central forces.

While the Raman and ir spectra provide great in-
sight into the character of modes in different fre-
quency regimes, they do not provide a very direct
measure of the vibrational density of states (VDOS),
p(co). This is because the coupling coefficients or
matrix elements linking these optical spectra with
the VDOS are not easily obtained, and are
sometimes strong functions of vibrational frequency
co. Previous inelastic neutron scattering studies
of glasses by Leadbetter and co-workers, in-
cluding polycrystalline and vitreous silica, indicat-
ed that inelastic neutron scattering gives a rather
direct measure of p(co), at least for co &250 cm
In particular, the neutron coupling coefficients were

estimated to be slowly varying functions of frequen-

cy, using the results of model calculations of Bell
and co-workers. '

In Sec. II of this paper, we therefore report inelas-
tic neutron scattering measurements on polycrystal-
line and vitreous (v-) modifications of Ge02 and
BeF2 and, for these substances as well as for SiOi,
we show that crystal and vitreous data are very
closely similar. This is a striking result which
shows that p(co) is very insensitive to the details of
the long-range order. This conclusion is reinforced
by noting that the crystal data used in the compar-
ison are for the quartz-crystal modification, which
is not the crystal form having a topology of
tetrahedral packing closest to that of the glass. '
The neutron estimates of the one-phonon VDOS are
then compared with the numerical predictions of
Bell and Dean. ' We note that their model calcula-
tions give broadly correct results, except for the use
of inappropriate non-central-force constants for v-

Ge02 and v-BeFz, and neglect of long-range
Coulombic effects.

Since a major object of this paper is to compare
Raman and infrared with neutron results, we present
in Sec. III a full summary of the experimental "opti-
cal" data. This includes an intercomparison of Ra-
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p(oi ) = g pb(co ) .
b

(2)

This division into separate bands was first done by
Shuker and Gammon ' and is especially impor-
tant for the optical experiments where the coupling
coefficients Cb(co) for the individual bands are ex-

pected to vary greatly from band to band. The
Cb(co ) will be weaker functions of frequency than an
overall coupling coefficient C(co ) defined by the re-

lation

S(to ) —=C(oi )p(~ ) . (3)

For inelastic neutron scattering, the coupling coeffi-
cients are expected to vary little from band to band,
and it is simpler to begin with a relation of the form
of Eq. (3). Much is learned in Sec. V from compar-
ison of the various spectra for the three materials
without reference to microscopic models. Among

man and infrared spectra which reveals the existence
of splittings due to long-range electromagnetic
forces.

In Sec. IV we outline the nearest-neighbor
central-force (NN-CF) inodel and apply it to the op-
tical spectra. A principal result is to conclude that
there must be strong matrix-element effects in Ra-
man scattering, and that the dominant Raman line
marks the position of a relatively small number of
"symmetric stretch" modes, whose frequency is easi-
ly predicted by the NN-CF Inodel.

In Sec. V we compare the neutron, Raman, and ir
spectra. In each case, this is carried out in terms of
suitably reduced experimental spectra S(to ). The re-
duced optical spectra are directly related to sub-
bands b in the VDOS in the form

S(ui) = g Cb(oi )pb(co) .
b

The subscript b denotes bands containing vibrations
of similar mode type. Several of these subbands
may contribute in a given frequency range (i.e., over-

lap), and the total VDOS is given by

these empirical "selection rules" are the observations
that: (1}the HV polarized Raman spectrum "mim-
ics" the VDOS while the HH spectrum does not, (2)
the high-frequency ir data mimic the VDOS while
the low frequency do not, and (3) the TO-LO lines
in the Raman spectra correspond to distinct separate
bands in the VDOS. [A spectrum mimics the
VDOS if the Cb in Eq. (1) are independent of fre-
quency. ]

The results are further discussed in Sec. VI in
terms of a NN-CF model "augmented" by rocking
and acoustic modes at lower frequencies. This en-
ables extraction of the central-(a) and non-central-

(P) force constants, as well as an empirical study of
the distribution of numbers of states amongst the
observed bands. Finally, we obtain from this an en-

couraging empirical estimate of the frequency
dependence of the neutron coupling coefficients.

We are thus able to understand in a semiquantita-
tive manner the general form of p(co } and most of
the neutron, Raman, and ir coupling coefficients.
The most difficult problems remain at the lowest
frequencies (co &250 cm '), where acoustic modes
appear together with modes which are dominated by
bond-bending forces and are also sensitive to the
longer-range structural configuration.

II. NEUTRON SCATTERING SPECTRA

A. Amorphous and crystalline samples

For all three materials, neutron scattering mea-
surements were made on both the glass and the
polycrystalline-quartz modification. The neutron
scattering samples all had slab geometry, and were
held in parallel-sided containers with aluminum-foil
windows. The glass was in the form of sheets and
the crystals were of particle size &100 pm. The
sample thicknesses used are listed in Table I.

The silica-glass sample was composed of sheets of
electrically fused quartz (Thermal Syndicate Ltd. ,
ir-grade Vitreosil), and the crystalline specimen was

TABLE I. Specimen thicknesses for neutron scattering.

Substance

Si02

Form

Glass
Quartz crystals

Thickness (g cm )

2.65
2.59

Glass
Quartz crystals

1.55
0.71 (dry), 1.58 (wet)

BeF2 Glass
Quartz crystals

0.89
1.17
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prepared by crushing synthetic u-quartz single crys-
tals.

The polycrystalline-quartz modification of GeOq
used was a 99.999%-pure material from Koch Light
Ltd. As will be shown below, the first sample exam-
ined contained an appreciable amount of sorbed wa-
ter which was revealed as an anomalously high neut-
ron scattering cross section. This water was re-
moved in a subsequent experiment by heat treatment
at 700'C. The Ge02 glass was made from similar
starting material by melting at 1590'C in a platinum
crucible, fining at 1500'C, and annealing at 520'C.

The BeF2 starting material was anhydrous crystal-
line powder supplied by the Gallard Schlesinger
Chemical Corp. The glass specimen was made by
melting this material at 850'C in a gold-foil-lined
silica vessel, fining at 600'C, and annealing at
140'C. The quartz modification was made by devi-
trifying the actual glass sample used for the neutron
scattering experiments by heating for four days at
400'C. The neutron specimen was prepared by
grinding the devitrified mass in a Pz05 dry box. X-
ray diffraction measurements confirmed that the
product was good-quality quartz-structure crystal.

B. Be filter spectroscopy

The inelastic neutron scattering measurements
were made at the Atomic Energy Research Estab-
lishment (AERE), Harwell, using the beryllium fil-
ter spectrometer on the PLUTO reactor. In this in-
strument, monoenergetic neutrons are obtained
from a crystal monochromator and scattered by the
sample through a liquid-nitrogen-cooled filter of po-
lycrystalline beryllium into a bank of BFs counters.
The upper energy limit to the transmission of the
filter is 42 cm ', and the response of filter and
counters is such that the mean energy of detected
neutrons is 26 cm '. By varying the monochroma-
tor takeoff angle, the incident neutron energy may
be varied up to a useful maximum of about 1400
cm ', determined by the flux of the thermal beam.
Higher-order contamination of the incident beam at
low energies provides an effective lower limit to the
incident energy of about 120 cm '. For low ener-
gies, the incident beam was obtained by reflection
from the I 111I planes of an aluminum monochro-
mator while, for intermediate and high energies, the
I311] and I511] planes, respectively, were used.
The overall energy resolution was better than 10%
over the whole energy range.

The scattering was observed in symmetrical
transmission geometry with a scattering angle of
80', and all measurements were made at an ambient
temperature -20'C. To correct for various sources
of background, counts were made at each energy

with all four possible combinations of the condi-
tions: (1) the monochromator set at, or offset from,
the Bragg condition, and (2) the specimen in or out
of the beam. From these four measurements, the
true scattering of the monoenergetic beam by the
specimen was deduced.

C. Data reduction

Given the sensitivities of the incident beam moni-
tor and detector system, the double-differential
scattering cross section d 0./dQ dE may be obtained
directly from the experimental measurements.
However, we are interested primarily in the vibra-
tional frequency distribution of p(co), and it is then
more useful to show the experimental data in the
form of the experimental function G(g, co ), which is
related to the differential cross section by the equa-
tion

G(g, co) =(ko/k)(2'/Q )

X [ii (~)+1] (4)

where k and ko are, respectively, the scattered and
incident neutron wave vectors, and n(co) is the
Bose-Einstein population factor for vibrations of
frequency co.

The significance of this function is that, for one-
phonon incoherent scattering by a monatomic speci-
men, G ( g, co ) is simply the amplitude-weighted fre-
quency distribution. For polyatomic coherent
scatterers, like the substances investigated here, then
in the incoherent approximation, and provided that
atoms of the same chemical species may be assumed
to be dynamically equivalent, it has been shown else-
where ' that

A (Q,co)= gMg '(bl )(pl(ro))e
I

»d pi(~) is the two phonon term, etc. The neutron
coupling coefficient A(g, co) is dependent on g
th~ough the exponential Debye-Wailer factor, where
~q(g)=g (UI). Here Ml is the inass of atom I,
4ir(bI) its total neutron scattering cross section,
and Ul(co) its displacement. The sum is over all
atoms I in a formula unit, while (gl ) denotes the
mean-square polarization vector of atom I over
modes in the neighborhood of co.

The incoherent approximation is valid for values
of Q such that Q &2m./ri where ri is the nearest-
neighbor distance. For the present experiment
Q=ko, so this condition becomes A,o&ri, meaning

G(g, ~)=A (Q,~)[p(~)+p,(~)+ ], (5)

where
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that the incoherent approximation should be valid
for incident energies greater than about 250 cm
This is consistent with the results of cold neutron
scattering experiments on these substances,
which showed significant coherence effects only for
energy transfers less than about 300 cm

D. Neutron scattering results

The experimental results, expressed in terms of
the function G(Q, co ), are shown in Figs. 1—3 for all
the specimens. Following practice in Raman and ir
spectroscopy, the data are presented in terms of the
wave-number equivalent 8' of the phonon frequency
co, where 8'(cm ') =5.31 X 10 ' co(rad/sec). The

scale of G(Q, co)
—=G (Q, 8') is arbitrary but, for each

substance, the results for the glass and crystal forms
are normalized to the same amount of substance.

For silica and beryllium fluoride, the area under
the G(Q, co) curve is closely similar for crystal and
glass. For crystalline germania, the first experiment
using the powder as supplied by the manufacturer
gave G(Q, co) values about a factor of 3 larger than
for the glass. This sample (of unknown surface
area) was shown by infrared spectroscopy to contain
a significant amount of water, presumably adsorbed
on the surface. The experiment was, therefore, re-
peated using a specimen which had been heat treated
at 700 C. The area under the resulting G(Q, co)
curve was very similar to that for the glass, support-
ing our hypothesis that the anomalously high cross
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FIG. 1. Reduced neutron spectra G(Q, W) measured for (a) vitreous Si02 and (b) a-quartz —structure crystalline Si02
powder. The dashed lines are estimates of two-phonon contributions according to Eq. (8). Note the strong similarity of
these experimental estimates of the vibrational density of states for glass and crystal.
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water. The amount of water required to account for
the observed cross section is about 10 g per gram
of Ge02. This surface water amplifies the scattering
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FIG. 2. Reduced neutron spectra G(Q, R') measured
for (a) vitreous Ge02, (b) a-quartz —structure crystalline
Ge02 powder, and (c) wet a-quartz GeO2 powder. Note
the increased cross section (and modified high-frequency
bands) in (c) due to hydrogen in the adsorbed OH units.
Also note the similarity of the G (Q, W) estimate of the to-
tal vibrational density of states for glass and crystal, espe-
cially in the range 0—700 cm

intensity from the Ge02 modes with a frequency-
dependent arnplification factor and gives rise to ad-
ditional scattering which tends to fill in the troughs
near 400 and 700 cm '. This is the general frequen-
cy region for water vibrations but, as no strong
peaks are found in the additional scattering, no con-
clusions are possible about the state of the sorbed
water.

Figures 1—3 show that for all three substances,
G(Q, co) for the glass is very similar indeed to that
for the quartz-crystal modification. The coupling
coefficients A (Q, co ) and the multiphonon scattering
cannot differ greatly between crystal and glass, so
this means that the frequency distributions them-
selves are closely similar for glass and crystal.
Indeed, within the experimental uncertainty, espe-
cially that due to the poor statistics for crystalline
Ge02 at high energies (resulting from less material
and shorter counting times), the glass results differ
from those for the crystal only by a slight broaden-
ing of the peaks. Similar behavior is particularly
noticeable for SiO2 where the crystal data contain a
good deal of structure.

This result is particularly striking because of the
structural relation between the two forms. In all
cases, the structure is based on an AX4 tetrahedron,
but the arrangement of the tetrahedra in the glasses
does not closely resemble that in the quartz modifi-
cations, where the mass density ' is considerably
higher. The density of the glass structure
(p-2.2gcm ) is in general much closer to that of
the cristobalite (or perhaps tridymite) structure
(p-2. 3 gcm ) than to a-quartz (p-2.65 gcm 3).

The similarities in the frequency spectra between
crystal and glass clearly show that, at least for
ro & 200 cm ', p(ro ) is dominated by the short-range
aspects of the structure. The similarity between
glass and crystal means, of course, that a detailed
understanding of p(co) for the crystal should enable
one to predict p(co) for the glass. To model the
crystal, however, is far from easy, and we shall
adopt the reverse viewpoint that the first important
task is to try and understand the vibrational proper-
ties of a given substance which has a given local
structure, the VDOS being to first approximation
independent of the nature and extent of long-range
order. We shall not, therefore, base our discussions
of vibrations on any given crystal approach but
rather on recent theoretical developments which uti-
lize only the very-short-range properties of the
structure.

In Secs. V and VI, the above results will be used
in comparisons with optical spectra and model cal-
culations. For this purpose, it is more convenient to
use smooth curves rather than the raw point-by-
point results. In Fig. 4, therefore, we show the con-
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FIG. 3. Reduced neutron spectra G(Q, W) measured for (a) vitreous BeF& and {b) a-quartz —structure crystalline BeF&
powder. Note again that these experimental estimates of the total vibrational density of states are nearly identical in glass
and crystal.

struction from the experimental results of the
smoothed curves which will be used subsequently.

E. Estimation of the two-phonon
contributions

According to Eq. (5}G (Q,co ) is the product of the
functions A(Q, co) and [p(co)+p2(co)+ ]. It is
not possible to obtain p(co) itself directly from ex-
periment, since we have no experimental knowledge
of the gl appearing in A (Q,co }. However, it is possi-
ble to make a reasonable experimental estimate of
p2(co), the two-phonon contribution to G(Q, co), and

I

also to calculate A (Q, co } for certain models.
In order to circumvent the principal difficulty

arising from the presence of two atom types with
different scattering lengths and frequency-dependent
relative displacements, we use a monatomic approxi-
mation in which we take

G(Q, )-co(b )M 'Ip(co)exp[ —2W(Q)]

+pi(co )],
where the omission of the Debye-Wailer term from
pq(co ) takes rough account of higher-order contribu-
tions. Here

with

[n (co)+ 1]cocoo p
e& p(co )p(co —co')dco'

2p "— co(co —co')[1—exp( fico'/k~ T )]I 1 —exp—[—trt(co co')Iks T ]I—
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FIG. 4. Smooth curves are shown to be used henceforth to represent the points measured for G(Q, W) in (a) u-SiO„(b)
v-Ge02, and (c) v-BeF2. Also shown (dotted lines) are smooth extensions of the estimated two-phonon contributions
{dashed lines) to the origin at W =0. The two-phonon contributions are estimated according to Eq. (8) and cannot be con-
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spurious. Also suspect are the sharp peaks at -125 and -475 cm ' in u-Ge02.
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p QPIPI MI (bI ~~+PI~I (bI ~

I I

and where ficoo is the incident neutron energy, pi is
the ratio of atomic mass to neutron mass, and pi is
the fraction of atoms of type I.

Analysis of the model calculations of Bell and co-
workers' ' (see below), shows that A (Q,ni) is not
a strongly varying function of ro, and it was there-
fore assumed constant in calculating the two-
phonon term. The latter was obtained from Eqs. (7)
and (8) using an iterative procedure, and the results
are shown as dashed lines in Figs. 1—3. The dotted
lines in Fig. 4 are ad hoc extensions of the dashed
lines to the origins. Although these calculations
give only an approximate estimate of the multipho-
non contribution, we feel entitled to conclude that
all the scattering for ni & 1100 cm ' for Ge02 and
BeF2 and co & 1300 cm ' for SiOz is, in fact, multi-
phonon scattering.
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FIG. 6. (a) shows the experimental one-phonon re-

duced neutron scattering spectrum 6' for v-Ge02, where
6' is obtained by subtracting the two-phonon estimate
from the total G (Q, W), both shown in Fig. 4(b).
(b) shows theoretical values for the vibrational density of
states p( W) and for G', based on calculations by Bell and

Dean (Ref. 18) who treated a large cluster with fixed-

surface (oxygen) atoms. The main discrepancies between

the experimental and theoretical G' are the unpredicted
TO-LO splitting of the highest-frequency band, discussed

in Sec. III E, and the additional (sharp) band in p( W) at
about 400 cm '. The latter is ascribed in Sec. IVB to the
use of excessively large noncentral forces in the theory.

F. The one-phonon contributions to G (Q, m ):
Comparison with cluster theory

I I I

0 500 1000
WAVE NUMBER W (cm ")

FIG. 5. (a) shows the experimental one-phonon re-
duced neutron scattering spectrum G' for v-Si02. G' is
obtained by subtracting the two-phonon estimate from
the experimental total G(Q, W), as given in Fig. 4(a).
(b) shows a theoretical vibrational density of states p( W),
as calculated for a large cluster with fixed-surface (oxy-
gen) atoms by Bell and Dean (Ref. 18). The theoretical
6' in (b) incorporates an estimate from the theory of the
coupling coefficients A (Q, W) in Eq. (5). Agreement be-
tween experimental and theoretical 6' is encouraging as
to the number and position of bands when one realizes
that the theory omits the Coulomb forces that split the
highest-frequency band into an observed TO-LO pair.
There is noticeable disagreement in linewidths.

The estimated one-phonon components G'(Q, co)
are found by subtracting the broken curves from the
solid curves in Fig. 4. They are shown for the three
glasses in Figs. 5—7 where they are compared with
the calculated frequency distribution p(c0) of Bell
and Dean, 's for fixed-surface atoms. In addition to
p(c0) itself, Bell and Dean' have also calculated as a
function of frequency the proportion of the energy
of the modes associated with the motions of the dif-
ferent atomic species. From these results, we are
able to estimate for the model relative values of
(gi(ni) ) and ( UI ), hence A (Q, ro) and
G'(Q, co) =A (Q,co)p(co), as was done by Leadbetter
and Stringfellow. ' The resultant values of 6'(Q, ro)
for the model with fixed ends are shown in the lower
panels of Figs. 5—7. These calculations indicate
that A (Q,ro) is a slowly varying function of co, the
principal effect being merely to change the rel-
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ative weights of peaks between p(co) and 6'(Q, co).
The change is never greater than a factor of 2. The
relative weights will be discussed in terms of the

augmented central-force model in Sec. VI, where an
empirical estimate will be deduced.

Model calculations were also made by Bell and
co-workers, '" ' with the surface atoms free to vi-
brate. This results in additional modes appearing in
regions of the spectrum where extra modes are, in
fact, observed experimentally in the glass compared
with the crystal (e.g., for co-900 cm ' for Si02),
but the extra modes are too strong and sharply
peaked in the model and for brevity are not shown
in this paper.

For all three materials, the calculated frequency
distribution p(c0) is in broad qualitative agreement
with experiment. The same structural model was
used in each case and included only simple central
and noncentral forces for nearest-neighbor bonds, so
this agreement confirms that the gross differences in
shape between the spectra for the three substances
are primarily due to the different mass ratios of the
two atomic species. There are, of course, significant
quantitative differences between model and experi-

FIG. 7. (a) shows the experimental one-phonon re-
duced neutron scattering spectrum 6' for v-BeF2, where
6' is obtained by subtracting the two-phonon estimate
from the total G '(Q, W), both shown in Fig. 4(c).
(b) shows theoretical values based on the fixed-surface
atom large-cluster calculations of Bell and Dean (Ref. 18).
Quantitative agreement between theory and experiment is
not good, except for the division into two groups of
modes, and this is ascribed in Sec. IVB to use of exces-
sively small noncentral forces in theory.

ment which may be attributed first to the use of in-
correct non-central-force constants. Galeener has
estimated from analysis of the optical spectra that,
while the non-central-force constant value used for
Si02 was good, those for Ge02 and BeF2 were,
respectively, a factor of 2 too great and a factor of 2
too small. An improved estimate of the non-
central-force constants will be given in Sec. V. The
second major reason for the inadequacy of the
model is its neglect of the effects of Coulombic in-
teractions. Such effects are very well characterized
in crystals: for example, the splitting of the
highest-energy band in p(co) for quartz into two
components centered near 1080 and 1200 cm ' is
primarily a TO-LO splitting due to these interac-
tions. It was recognized some time ago that
this effect might carry over into the glass and this
has now been very clearly demonstrated in all three
of the materials studied here. We shall show in
Sec. IIIE that clear TO-LO splittings have been
identified in the optical spectra of the glasses, and in
Sec. V that such splittings also affect p(co) itself.
This shows that any complete description of the
VDOS of these materials must incorporate long-
range electromagnetic forces.

III. RAMAN AND INFRARED SPECTRA

This section includes an expanded and unified
presentation of results originally reported in two
letters journals.

A. Glass samples for Raman and infrared
spectroscopy

All samples were in the form of polished rec-
tangular parallelepipeds at least 20 mm long, 10 mm
wide, and 5 mm thick. This large size allowed the
same sample to be used for both Raman scattering
and infrared-reflectivity measurements. All samples
were clear, colorless, and appeared to be bubble-free.
They were well annealed so as to show no strain pat-
terns between crossed polarizers.

The v-Si02 was bulk high-purity Suprasil W-1.
This material is known to have low OH content
(&5 ppm), low metallic impurity levels (total & I
ppm), and extremely low (microscopic) bubble con-
tent. It is not noticeably hygroscopic, and the sam-
ple was continually exposed to room atmosphere.
The Raman spectra of this material are essentially
the same as those of the Vitreosil used in the neut-
ron scattering, apart from negligible effects due to
different water content. The small effects of vary-
ing water content on Raman spectra have been re-
ported elsewhere, as have those of varying
thermal history, or fictive temperature. In
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short, the v-Si02 samples used for all three spectro-
scopies may be taken as identical in structure.

The high-purity u-Ge02 was made at Bell Labora-
tories. ' This particular sample has very low OH
content ( & 5 ppm) and shows no bubbles under mi-
croscopic examination; the total level of metallic im-
purities appears to be quite low (absence of color
and luminescence) but is not precisely known. The
small effects of water content on the Raman spectra
have been reported elsewhere as have the effects of
10% excess Ge (a condition difficult to achieve).
Again, we conclude that the U-Ge02 samples used
for all three spectroscopies can be taken as having
identical structure.

The v-BeF2 for optical studies was made by the
same procedures (in the same laboratory) as the ma-
terial used for neutron scattering, hence the struc-
ture can be taken as identical. Although colorless,
the sample exhibited luminescence under laser exci-
tation, suggesting a higher leve1 of impurities than
existed in the U-Si02 and v-Ge02. Since the materi-
al is hygroscopic and toxic, the sample was polished
in a dry box using disposable gloves, etc., then sealed
in an evacuated quartz ampoule. Rarnan spectra
were obtained with the sample still inside the am-
poule, while ir reflection spectra were obtained with
the sample removed from the ampoule and placed in
a reflectivity chamber fiushed with dry nitrogen gas.

B. Spectroscopic technique

Figure 8 shows schematically the arrangement
used for obtaining polarized Raman spectra in the
90' scattering configuration. The laser was a CR-12
Ar+-ion laser whose output at wavelength A,L was
polarized as indicated by E;„ in Fig. 8. The light
scattered at 90 was collected by an fll lens and

passed through a polarization analyzer and polariza-
tion scrambler into a Spex 1401 double monochro-
mator. Spectral slit width was set at 4 cm
Detection was by means of an RCA 31034A GaAs
photomultiplier and an SSR-1110 photon-counting
system. Use of a reference channel effectively stabi-
lized laser output to one part in 3000. Pulses were
counted for 10 sec at 5 cm ' intervals so that the
peak signal-to-noise ratio was as high as 1000:1 in
the spectra to be presented.

%e label the spectrum HH when the scattered
electric vector passed by the analyzer, E~„ is~aral-
lel to E;„; the spectrum is HV when E,„,IE;„, as
shown in Fig. 8. A purely isotropic scatterer would
give no spectrum in the HV configuration (in the
electric dipole approximation). Thus the existence
of HV scattering reveals the presence of anisotropic
scattering (i.e., a contribution from off-diagonal ele-
ments in the Raman scattering tensor ).

The ir reflectivity spectra were obtained using a
Perkin-Elmer Model 180 spectrometer flushed with
dry nitrogen and equipped with a dual-beam specu-
lar reflectance attachment. The spectral slit width
was always less than 5 cm '. The radiation was
focused on the sample, as shown schematically in
Fig. 9. The angle of incidence of the center ray was
20' (from the normal) and the total spread of angles
in the cone of radiation incident on the sample was
-20'. The incident ir radiation was unpolarized
and all of the specularly reflected energy was detect-
ed (regardless of polarization). It is conventional to
treat the results of such measurements as equivalent
to normal-incidence data (which is not obtainable
with commercial spectrometers), but the distinction
should be kept in mind since reflectivity generally
changes with the angle of incidence.

90' RAMAN SCATTERlNG
INCIDENT

CONE REFLECTED
CONE

TRANSPARENT

II
II
II

SCATTERED
LIGHT

DOUBLE
SPECTROMETER
(PHOTON COUNTING)

INCIDENT
LASER BEAM

EOUT

POLAR IZATION
ANALYZER

SAMPLE

FIG. 8. Geometry of the Raman-scattering experi-
ments reported in this paper, showing the polarization
conventions HH and H V used herein.

FIG. 9. Geometry of the infrared-refIectivity experi-
ments reported in this paper, showing that the center ray
is approximately 20' from normal incidence.
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strong in infrared are weak in Raman, and vice ver-
sa. If one looks at the HV Raman spectra, however,
complementarity is not observed, and more precise
statements concerning selection rules are needed.

D. Data reduction

The raw spectra in Figs. 10—12 must be converted
into other forms for meaningful comparison with
each other, with the neutron spectra, and with the
predictions of microscopic models for structure and
vibrational response. For example, the Raman spec-
tra are enhanced at low frequencies because at room
temperature there is a greater population of thermal-
ly excited low-energy phonons with which to in-
teract. One wants to remove extraneous temperature
dependencies which give rise to spurious features,
such as the "Bose"peak seen at about 50 cm ' in U-

Si02 and u-Ge02. One also wants to put the data in
a form suitable for direct comparison with p(co ), the
VDOS obtained from neutron scattering experi-
ments, or from vibrational theories.

Galeener and Sen have derived very general ex-
pressions in the harmonic approximation, which re-
late the first-order Raman and ir spectra of a disor-
dered solid to a common set of vibrational densities
of states, or subbands ps(co ). They have shown that
Raman and ir spectra of disordered solids can be
compared on an equivalent basis by contrasting the
reduced Raman spectrum I~

d with the infrared de-
rived quantities coei and coIm( e'), where p-
denotes HH or H V polarization and e is the complex
dielectric constant of the (isotropic) material.

The reduced Raman spectra are calculated from
the direct spectra I~(col,cos) (viz. , Figs. 10—12) ac-
cording to

n =(1—R)(1+R —2R '~ cosy)

k =2R ' sing(1+R —2R '~ cosy)

—k2 2

e2 ——2nk,

Iiil( 6—) =62(E'i +Ez )

(12)

(13)

(14)

(15)

(16)

The results of applying these data-reduction pro-
cedures to Figs. 10—12 are shown in Figs. 13—15.

TO LO
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The real (ei) and imaginary (Ez) parts of the com-
plex dielectric constant e (=Ei+iei) can be comput-
ed from the reflectivity at normal incidence R using
Kramers-Kronig techniques, if R is measured over
a sufficiently large frequency range. The expres-
sions for doing this are as follows:

1 "dlnR
1 o)'+cod

27T 0 dco co —cd

I~d(co)=I~(col. &cos)(col +Q) [n(n)/Q] ', (9)

where coL is the frequency of the incident (laser)
light, and cps

—=coL +0 is the frequency of the scat-
tered light. Thus, Q is the Raman shift, and Q &0
corresponds to the Stokes spectrum (creation of a
phonon, as in Figs. 10—12) while Q p0 gives the
anti-Stokes spectrum (annihilation of a phonon, not
shown), and co:—! Q! is the phonon frequency.
Here

-Im—

0

ENERGY
LOSS

3 —FUNCTION

(c)

n(n)=—[exp(iiin/k, T ) —1]-' (10)

is the Bose-Einstein occupation number for sample
temperature T. For the Stokes spectrum, where
0=—co &0, one has

n (Q)/Q =co '[n (m)+1],
which is a more familiar form. For the anti-Stokes
spectrum (Q =co &0), one has n( )Q/Qco 'n(co).

I I I
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I
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FIG. 13. Comparison of the reduced Raman spectra (a)
of bulk v-Si02 with the imaginary parts of the infrared
derived transverse (b) and longitudinal (c) dielectric func-
tions. Peaks in e2—=Ime and Im( —e ') mark transverse
and longitudinal optical modes, respectively.
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FIG. 14. Comparison of the reduced Raman spectra (a)
of bulk u-Ge02 with the imaginary parts of the infrared
derived transverse (b) and longitudinal (c) dielectric func-
tions. Peaks in e2—=Ime and Im( —e ') mark transverse
and longitudinal optical modes, respectively.
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FIG. 15. Comparison of the reduced Raman spectra (a)
of bulk U-BeF2 with the imaginary parts of the transverse
(b) and longitudinal (c) dielectric functions. Peaks in
e2—=Im( —e ') mark transverse and longitudinal optical
modes, respectively.

There are no approximations in achieving the re-
duced Raman spectra (a), but there are two possible
sources of error in e2 and Im( —e '). First is the
truncation error, arising from the fact that reflec-
tivity was not measured over the infinite range
0 (co & ao. Various reasonable extensions of the re-
flectivity data to lower (& -200 cm ') and higher
(& 1500 cm ') frequencies were tested and found to
have very little effect on the frequencies of the main
features in the derived ei and ez. This indicates
that reflectivity was measured to frequencies that
are sufficiently outside the range of the main reso-
nances in e2. A second possible source of error is
the fact that reflectivity was not measured at normal
incidence, for which Eqs. (11)—(13) hold, but at
-20' off normal. Substitution of off-normal data
for R, although common, needs more investigation,
and might account for the as yet unexplained
"anomalous" sharp line in the high-frequency region
of Im( —e ') for v-Si02 [shown in Fig. 13(c), and
previously commented on in Ref. 48].

E. Comparison of the reduced infrared
and Raman response

Comparison of the ez and Im( —e ') spectra re-
veals the presence of large transverse-
optical —longitudinal-optical (TO-LO) splittings of
the infrared response of these glasses. Peaks in
e2 mark the frequencies of strong absorption of TO
electromagnetic waves, for which the Maxwellian
electric polarization P is transverse to the propaga-
tion vector k of the ir wave, i.e., PJ k. Similarly,
peaks in Im( —e ') mark the frequencies of strong
absorption of LO waves (for which P~

~

k).
The data for v-Ge02 and U-BeF2 show that each

TO peak in e2 has an associated LO peak in
Im( —e ') at somewhat higher frequency, with com-
parable widths and similar strengths [relative to oth-
er lines in the e2 or Im( —e ') spectra]. With this
in mind, Galeener and Lucovsky have drawn the
dashed curve in Fig. 13(c) as more representative of
the true high-frequency LO response of v-SiO~. The
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odd-looking asymmetric sharp line actually comput-
ed from data is then assumed to be spurious,
perhaps arising from treating the reflectivity data
[Fig. 10(b)] as though it were taken at perfectly nor-
mal incidence, rather than 20' off normal.

Note that, in general, e2 contains weak peaks at
positions of the strong peaks in Im( —e ') and vice
versa. This is especially evident for the high-
frequency TO-LO pairs in v-Si02 and v-Ge02, Figs.
13 and 14. This may be a true effect, or it may be a
result of treating the refiectivity as though it were
taken at normal incidence. If the weak peaks are
not artifacts, the existence of LO response (or weak
lines of some other origin) in e2 and Im( —e ')
should come out of a proper microscopic description
of the infrared active modes involved. At the
present level of understanding, the effect seems
more likely to be spurious, indicating a need for new
reflectivity measurements at angles closer to normal
incidence, or for improved analysis of the present re-
flectivity curves.

Galeener and Lucovsky ' first noted that peaks
corresponding to most of these TO-LO pairs appear
in the Raman spectra of v-Si02 and u-Ge02. Similar
behavior has since been reported for u-BeF2, ' u-

GeS2, v-As203, u-As2S3, u-As2Se3, and u-68 69 69 69

B203. There is also evidence for TO-LO splittings
in heavy metal-halide glasses ' and v-P205.

These correspondences can be seen in Figs. 13—15
where the solid vertical lines mark the positions of
peaks in e2 and the dashed lines mark peaks in
Im( —e '). These lines are labeled TO and LO,
respectively, at the top of the figures. One must
consider all three figures to discern the following.

The high- and intermediate-frequency ir TO-LO
pairs (above 600 cm ' for v-BeF2) correspond to rel-
atively unpolarized peaks in the Raman spectra both
in position and halfwidth It is, the.refore, reason-
able to assign these Raman peaks to Raman activity
of the corresponding infrared-active TO and LO
modes. Proof of this assignment would require ob-
servation of some property of the Raman lines
themselves that is indicative of TO and/or LO na-
ture, such as near-forward polariton scattering.
Such scattering requires observation of small shifts
in frequency with changes in the scattering vector
and is likely to be quite difficult, given the width of
the lines. Since there also seems to be little reason to
doubt the assignment, polariton scattering has not
been attempted.

The situation appears to be more complex for the
lowest-frequency TO-LO pair. These two lines oc-
cur in the eave-number range of the dominant Ra-
man line which may obscure their observation in
Raman spectra. The fact that the low-frequency TO
peak occurs at the position of the dominant Raman

peak in v-Si02 is apparently an "accident, " since
this coincidence does not appear in v-Ge02 or u-

BeF2. The fact that the low-frequency LO mode
aligns with a (subsidiary) peak in the Raman spec-
trum of v-Ge02 also appears to be an accident, since
this coincidence does not appear to occur in v-Si02
or u-BeF2. Also, the lowest-frequency TO and LO
lines in e2 and Im( —e ') are much narrower than
the structures seen in the same frequency region of
the Raman spectra. In short, these lowest-frequency
TO-LO pairs appear to be Raman inactive.

This conclusion contradicts an earlier tentative as-
signment of the sharp 495-cm ' Raman line as an
LO mode in v-Si02, but is consistent with a more re-
cent attribution to symmetric stretch motions of
nearly planar fourfold Si-0 rings. ' The latter
work also assigns the 606-cm ' Raman line to pla-
nar threefold rings in u-Si02. Numerous other
models have been proposed for these small sharp
highly polarized lines, but their origin will not
be further discussed in this paper.

IV. THEORETICAL PRELIMINARIES

A. Historical background

Before describing the comparison between neu-
tron, Raman, and ir spectra, it is useful to establish
a simple theoretical picture to guide interpretation
of our observations. Historically, several methods
have been used in attempts to understand the vibra-
tional properties of tetrahedral glasses, most of them
centered on understanding v-Si02. The earliest
method seems to have been to compare spectral
features with calculated frequencies of an isolated
tetrahedral "molecule, " e.g., Si04. Larger molecular
units were considered in an attempt to account for
the fact that the Si04 "units" are not isolated in the
glass, but actually share the oxygen atoms at their
corners. Wadia and Bolloomal used an anchored
tetrahedron model, in which the oxygen atoms of
the Si04 unit were each connected to another atom
A of infinite mass, with the Si—0—A angle set at
180'. Lucovsky and Martin have suggested that
intertetrahedral coupling be accounted for by con-
sidering the vibrations of two molecular units, here
the Si04 tetrahedron and the Si—0—Si waterlike
molecule. All these methods have proven to be seri-
ously inadequate because they do not properly ac-
count for the "coupling" of the Si04 tetrahedral
units.

The intertetrahedral coupling is more adequately
accounted for in three more recent developments,
the large-cluster calculations of Bell and Dean'
(BD), the central-force network model of Sen and
Thorpe2 s (ST), and the cluster Bethe-lattice cal-
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culations of Laughlin and Joannopoulos (LJ).
The most complete of these methods (in that it in-
cludes quantitative disorder) is the BD calculation,
some results of which have already been used in this
paper. While the BD method is of great heuristic
value and promising accuracy, it is cumbersome to
employ since a definite set of coordinates for a large
piece of the glass structure must be established and
treated by large capacity computing methods.
Much useful information has also been obtained us-

ing the elegant methods of LJ; however, these pro-
cedures also require the development of sophisticat-
ed theoretical methods and computer routines for
application to materials other than the v-Si02 al-
ready treated. The BD and LJ methods include both
bond-stretching (central-) force constants a and
bond-bending (non-central-) force constants, which
we collectively call P in this paper.

B. Central-force network dynamics

The central-farce calculation of ST is unique in
that it arrives at simple analytical results, at the ex-
pense of excluding noncentral forces (P) from con-
sideration. Galeener has made a quantitative
study of the accuracy of the ST results and shown
that for u-Si02, u-oeO2, and u-BeF2, the center fre-
quencies of the intermediate- and high-frequency
bands of these glasses (ro3 and r04 in ST) are calcu-
lated within 5%%uo of the values given by the BD
large-cluster calculation. This remarkable accuracy,
coupled with the simplicity of application, has en-

couraged us to use the ST central-force model as a
basis for discussion of our comparison of neutron,
Raman, and ir spectra.

A detailed application of the central-force model
to the Raman and ir spectra of the present materials
has been presented elsewhere. Those aspects
relevant to the present discussion will be related
with the help of Fig. 16. This figure shows
schematically the three-dimensional local order as-
sumed for an AX2 tetrahedral glass, such as the
glasses considered in this paper. This local topology
is repeated throughout space in the model: all A —X
bond distances are the same, all X—3—X angles
have the tetrahedral value cos '( ——,)=109.5', and
all intertetrahedral (bridge) angles A —X—A have the
common value 8. The ring statistics of the structure
are unspecified. The dihedral angles (5) giving the
orientation of two neighboring tetrahedra relative to
the A —X—A plane are also unspecified, and this al-
lows for disorder in the system. If the dihedral an-
gles are not ordered, the system is not periodic and
may have any kind of ring statistics, including no
rings (the Bethe lattice ). The dashed arrows in
Fig. 16 indicate those motions of the X atoms which
turn out to be canonical, where SS stands for sym-
metric stretch, AS for antisymmetric stretch, and R
for rocking motion.

ST assumed that all force constants in this struc-
ture were zero except for the 2—X bond-stretching
constant a. The only simple analytical results ob-
tained were for the spectral limits co; (i =1,2,3,4) of
the two highest-frequency bands in the density of vi-
brational states of such a system. Formulas for
these are given later in this paper [Eqs. (24—(27)].
These band-edge limits are plotted versus cos0 as the
solid straight lines in Fig. 17. The vibrational densi-

ty of states for the model is indicated schematically
by the dashed lines in Fig. 17 for two different an-
gles 0. The relative weights in the VDOS are given
in parentheses, with vertical arrows indicating 5
functions of unit area. These states account for four
of the nine expected per formula unit AX2, the oth-

0.0

-0.2

-0.4

-1.0 .

(3)
90
96

102

107

114
12O

127

134
143

154
180

FIG. 16. Schematic diagram of the local order as-
sumed in the central-force-only continuous-network
model for an AX2 glass. Note the common inter-
tetrahedral angle 0. The X-atom motions shown are de-
fined as symmetric stretch {SS), antisymmetric stretch
(AS), and rocking (R).

FIG. 17. Diagram of the band-edge limits for the
central-force-only model [Eqs. (24)—(27)], showing depen-
dence on 8. The dashed lines are a schematic representa-
tion of the density of vibrational states at two different
values of 8, with relative weights given in parentheses.
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the other two band limits coi and co2. A detailed
discussion for u-Si02, u-Ge02, and u-BeF2 can be
found in Ref. 34.

One result of this procedure is illust ted Fra in ig.
or u-GeO~. Having fit co3 and co4 to the LO

very close to the position of the dominant Raman
pea (marked by the dashed vertical line). A similar
correspondence was found for all three AX2 glasses2
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as shown in Fig. 19, where the solid vertical lines
represent frequencies input to the analysis

as ed vertical lines represent out ut. %hi
a ways near the dominant Raman peak (R) d
not

a, Q)2 oes

and th
consistently correspond to any s t 1 f

an ese selection rule observations are now under-
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FIG. 19. Fi
(24 —2

't of the central-force-only mod 1 E
)—( 7)] to the Raman spectra of (a) u-Sio (b) u-6 0

m e qs.

and c u-
i 2, v- e

LO
u- eF2. The solid vertical lines m k

' '
1mar empirical

( ) values of the frequencies W and W h' h3 an 4 w ic are in-

put to the analysis, while the dashed vertical lines are sub-

, w i e W2 "oes not correspond consistently to an
spectral feature. W i

'
nl

's found in the theory to correspond
to pure SS motion (as defined in Fig. 16) while Ww i e 2 corre-
pon s o pure AS motion, with the cations (A atoms in

Fig. 16) at rest in both cases.
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stood ' as follows.
The state at m& in the ST model is unique. It in-

volves in-phase SS motion of all the X atoms in the
glass while the A atoms are perfectly at rest, and this
is said to be the approximate character of the
mode responsible for the dominant Raman line R in
each glass. This assignment has been supported by
several results, including observation of isotopic
shifts for ' O~' O in v-Si02 that are consistent
with no Si motion in R. It has also been shown by
"graphical construction" that pure SS motion (as
at co~) should be Raman active, while Dure AS
motion (as at co2) should be Raman inactive. Using
a Wolkenstein bond-polarizability model, Martin
and Galeener have shown that there is a 6 function
in the coupling coefficient for the "polarized por-
tion" of Raman scattering at co& in the ST model.
Thus R in Fig. 19 is assigned to very strong Raman
activity by a relatively small number of states hav-
ing SS motion, and should, therefore, not normally
correspond to a peak in the VDOS.

The "polarized portion" (PP) of the Raman
response is given by a simple linear combination of
the HH and HVspectra:

I PP( ) IHH( ) 41Hv( ) (17)

For a collection of randomly oriented and isolated
identical scatterers (like molecules in a gas or
liquid), this quantity is known to involve only the
diagonal elements of the Raman tensor of each mol-
ecule, while the HV spectrum involves only the off-
diagonal elements. Martin and Galeener have
shown that these properties hold for the bond-
polarizability tensor treatment of an AX2 glass in
central forces only. Thus we may regard the direct-
ly measured HH spectrum as a linear combination
of the more fundamental IIV and PP spectra.

V. INTERCOMPARISON OF NEUTRON,
RAMAN, AND INFRARED SPECTRA

I~e(co)- g Cf(col, co)pb(co),
b

(18)

co Im( —e ')- QDb(a))pb(a)), (20}

A. Reduced spectra

As mentioned earlier, Galeener and Sen (GS)
have shown that Raman and ir spectra of disordered
solids can be compared on an equivalent basis by
contrasting the reduced Raman spectrum I~& with
the infrared quantities coe2 and co Im( —e '), whose
extraction from experiment is described in Sec.
IIID. In particular, GS found that

where the coupling coefficients Cb, Db, Db all derive
their frequency dependence from that of the eigen-
vector amplitudes in expressions of the form

Db(co)= +Mt
~

Ut(co)
~

which can be estimated from inelastic neutron
scattering. It was argued by Leadbetter and String-
fellow that, for inelastic neutron scattering from
v-S102,

6 '(g, c0 ) -A (Q, to )p(co ), (21)

where the coefficient A is a slowly varying function
of m over the entire one-phonon frequency range
(with the possible exception of low frequencies).
The direct experimental function 6(g,co) is deter-
mined from the differential scattering cross section
by Eq. (6) and is shown in Fig. 4 for all three ma-
terials. 6'(Q, co) indicates the one-phonon contribu-
tion, obtained by subtracting an estimate of the mul-
tiphonon contributions (also shown in Fig. 4). The
resultant 6'(Q, co) were shown in the upper panels
of Figs. 5—7. Since the estimates of multiphonon
contribution in Fig. 4 are approximate, and are
themselves slowly varying functions of co, we shall
merely keep them in mind and make our compar-
isons with the uncorrected quantities 6 (Q, co ).

The reduced Raman spectra and infrared coe2 are
compared with the neutron estimate of the
VDOS 6(g,co), in Figs. 20—22. The longitudinal
response co Im( —e ') is not shown, for simplicity;
its main features appear at the positions marked LO
in the Raman spectra and can be seen directly in
Figs. 13—15. The vertical line at TO marks the
peaks in co@2, D the sharp "defect" lines in the HH

Here b represents a "band" of states, g involves a
sum over three orthogonal directions at each of all
sites, I, Mt is a quantity independent of phonon fre-
quency, and Ui(co) is the frequency-dependent am-
plitude of the eigenvector indicated by I and b. In
general, these coupling coefficients Db, etc., are un-
known and may vary rapidly over a band, as has
been shown to be the case for the dominant Raman
line (in Sec. IV 8 and Refs. 34 and 35).

The coupling coefficients (or matrix elements} in
Eqs. (18)—(20) could be determined experimentally,
apart from a multiplicative constant, if the subband
densities of states pb(co) could be measured directly.
No method for doing the latter is yet known, and
indeed the precise meaning of a subband is not easy
to define in an experiment. A substitute procedure
is to compare the optical spectra against the total
VDOS,

P(c0)= QPb(to),
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FIG. 20. Comparison of the Raman (b) and infrared (c)
bands of v -Si02 with the inelastic neutron scattering esti-
mate of the vibrational density of states approximated by
G(Q, W) in (a). Note especially the splitting of the high-

frequency bands of G(Q, W) into a TO-LO pair, and the
fact that the HV Raman spectrum mimics [cf. Eq. (22)]
the density of states, while the HH spectrum does not.

Raman spectrum, and R the position of the dom-
inant (HH) Raman line. The curves for G(Q, co) are
taken from Fig. 4, where the uncertainty can be
judged. The resolution in the neutron data varies
with co, and can be approximated by 0.05 co,' the
resolution is better than 5 cm ' in the Raman and ir
data.

B. Empirical selection rules

Note first in Figs. 20—22 that the high-frequency
lines identified as TO-LO pairs in Sec. IIIE corre-
spond to separate peaks in G(g, c0). Thus these opti-

FIG. 21. Comparison of the Raman (b) and infrared (c)
bands of v-Ge02 with the inelastic neutron scattering esti-

mate of the vibrational density of states approximated by

G(Q, W) in (a). Note again the splitting of the high-

frequency bands af G(Q, W) into a TO-LO pair, and the

fact that the HV Raman spectrum mimics [cf. Eq. (22)I
the density of states, while the HH spectrum does not.
Also note that the dominant Raman line R in the HH
spectrum clearly lies near the low-frequency edge of a
band of states, as predicted by the central-force model il-

lustrated in Fig. 18.

cal features are associated with separate peaks in the
VDOS, and their existence in the Raman spectra
shouLd not be ascribed to variation of matrix ele-
ments over a single band in the VDOS. These neu-
tron scattering bands are well separated in v-Si02
and v-Ge02, where widths -50 cm ' larger than in
the optical spectra have been observed, in accor-
dance with the poorer neutron scattering resolution
in co.
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FIG. 22. Comparison of the Raman (b) and infrared (c)
bands of u-BeF2 with the inelastic neutron scattering esti-
mate of the vibrational density of states approximated by
G(Q, W) ln (a). Note the splitting of the high-frequency
bands of G(Q, W) into TO-LO pairs, and the fact that the
HV Raman spectrum mimics [cf. Eq. (22)] the density of
states while the KH spectrum does not.

The apparent equality of linewidths suggests that,
in this frequency regime, the optical spectra I~ d and
coe2 have strength S given approximately by

(22)S(to}=g Cbpb(to)
b

That is, the spectra can be represented approximate-
ly as a linear combination of the subband densities
of states ps (t0 ) with a different frequency-
independent coefficient Cb applying over the width
of each band b. In such cases, we say that the spec-
trum mimics the VDOS. The optical spectra then
trace out the shapes of the vibrational subbands.

The intermediate-frequency TO-I.O pairs in Ra-
man and ir also appear to mimic the VDOS. This

can be seen in Figs. 20—22 in the vicinity of -800
cm ' for u-Si02, -550 cm ' for u-Ge02 (except
for HH spectrum}, and 700—1000 cm ' for u-BeFq.
The peaks in G(Q, co) above 1150 cm ' for u-Ge02
and 1000 cm ' for u-BeFz appear to be a two-
phonon response, although the signal-to-noise ratio
is quite poor in this region (cf. Figs. 1—4).

In the low-frequency region of Figs. 20—22, the
HH Raman spectra, toe2 and co Im( —e ') do not
seem to mimic the VDOS. This can be seen at
m ~500 cm ' in all three glasses. In general, the
low-frequency peak in co@2 is much narrower than
the structures of G(Q, t0} in the region co &500
cm '. Although the peaks in toe& and G(Q, to)
align at -280 cm in v -Ge02, similar coincidences
are not seen in v -Si02 and v-BeF2. No obvious pat-
tern emerges, and we are unable to postulate "selec-
tion rules" for infrared activity of modes in this re-
gion of the spectrum. Theoretical progress in this
problem is likely to depend on inclusion of noncen-
tral forces, as will be discussed in Sec. VI.

On the other hand, the reduced HV Raman spec-
trum mimics the VDOS in all three glasses, showing
bands of similar width and peak frequency as seen
in G(Q, c0) for all values of co. This remarkable
correspondence has been supported, although not
proven, by bond-polarizability calculations. The
correspondence is potentially quite useful, since ob-
taining the HV Raman spectrum of most amor-
phous materials is easier and accessible to more ex-
perimentalists than is the acquisition of G(Q, co)
from neutron scattering.

Finally, we turn to comparison of the reduced HH
Raman spectrum with G(Q, t0). The HH spectrum
mimics the VDOS in the intermediate- and high-
frequency regions, presumably because it contains
an intrinsic admixture of the HV spectrum [as dis-
cussed in connection with Eq. (17)]. For frequencies
up through the dominant Raman line 8, the HH
spectrum clearly does mimic G (Q, co }. As discussed
in Sec. IV B, this is because of strong matrix-element
effects favoring SS motions in the polarized portion
of the response I„d.

An example of the polarized portion of the Ra-
man spectrum is shown in Fig. 23 for u-Ge02,' it
was calculated from the experimental spectra in Fig.
21(b} using Eq (17). A.s in the other two glasses,
this spectrum is qualitatively the same as the direct-
ly measured HH spectrum for frequencies up
through the dominant Raman line R, since
I„z «~I„d in this region. Note that 8 occurs near
a minimum in G(Q, to), which we interpret as being
near the low-frequency edge of the band of states
that peaks near 500 cm ' in G(Q, to); this is just as
predicted by the central-force model discussed in
Sec. IV 8, and illustrated in Fig. 18.
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FIG. 23. Polarized portion (PP) of the reduced Raman
spectrum of v-Ge02, obtained from Fig. 21(b) by sub-

4
tracting —of the HV spectrum from the HH spectrum,

according to Eq. (17). Note the absence of the higher-
frequency bands and that this PP spectrum does not mim-

ic any feature in the density of states shown in Fig. 21(a).

Also note that R in v-Si02 and u-BeF2 does not
occur at a maximum in G(Q, co), and may also be
interpreted as occurring near the low-frequency edge
of a subband of states. However, the latter interpre-
tation is less straightforward than was the case for
v-Ge02. For example, there is no convincing peak
in G(Q, co) for u-Si02 in the region immediately
above R (i.e., 450—750 cm '}. Also, R in u-BeFq is
below the position of the lowest-frequency peak in
G(Q, co), rather than above it (as is the case in
u-Si02 and u-GeOq). In the following section, we
interpret this reversal as indicating a rather large
value of P/a for u-BeF2, as was first suggested in
Ref. 34.

VI. AN AUGMENTED CENTRAL-FORCE
ANALYSIS

A. The frequencies and force constants

In Ref. 34, Galeener has shown that peaks in the
theoretical VDOS of the large-cluster calculation by

a =(cop —cot)(3m„/4),

cos8+ 1 =co, (co i —co i ) '(4mx/3m' ),
(2&)

(29)

co 4
——(a /mx )(1—cos8 )+(4a /3m& ), (27)

where 8 is taken as the most probable value of the
A —X—A angle, mz and mz are the masses of the X
and A atoms, and a and P are the central and non-
central —Born-force constants, respectively. From
Table I of Ref. 34, it can be verified that these ex-
pressions allow quite accurate deduction of P/a
from the BDH data. Errors in P/a are typically
-5%.

The frequency coo was tentatively identified with

pure rocking motion of the X atom (out of the plane
of Fig. 16) accompanied by little or no motion of the
A atoms. Equation (23) was first derived for trans-
verse motion of X atoms in the case ofstraight bonds

(8= 180') by Kulas and Thorpe and involves only
the non-central-force constant P, since no bonds are
stretched in this motion. Equations (24)—(27) are
the band-limit formulas for central forces only, first
derived by Sen and Thorpe, and applied to inter-
pret the dominant Raman line R =co

& by
Galeener. This latter interpretation is outlined in
Sec. IV (B) and is unchanged by our comparison of
the Raman spectra with G (Q, co ).

In Table III of Ref. 34, experimental values of 8
and a were deduced, using Eqs. (24} and (26) in or-
der to minimize uncertainty due to the large TO-LO
splitting of co4, while p was taken from Eq. (23).
That is,

TABLE II. An application of the augmented central-force model to the experimentally
determined wave-number values Wp, W&, and W3, using Eqs. (23)—(30). Here Wp is taken
from neutron data, while W~ ( = W~ ) and W3 are taken from the HH Raman spectra, as given

in Figs. 20—22. W is in units of cm, a, and P in N/m. The resultant neutron values for
p/a differ significantly from that {0.18) used by Bell, Dean, and Hibbins-Butler {Ref. 16) in

their large-cluster calculations for all three materials, and differ somewhat from infrared

values, deduced by Galeener (Ref. 34) using infrared estimates of Wp.

AX2

Si02
Ge02
BeFz

W

450
420
295

W3

800
556
810

8
(deg)

130
128
125

545
431
228

1176
930
941

Wp

350
290
370

58
40
77

p/a

0.11
0.09
0.34
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2p= ~coprn~ (30)

B. The ideahzed densities of states

Inclusion of the rocking motion modeled by Eq.
(23) adds one degree of freedom for each X atom.
(The other two degrees of freedom of the X atom in
the Si-0-Si plane of Fig. 16 are already accounted

.for by the central-force-only model. ) This means
that coo adds two vibrational modes to the VDOS
per formula unit AX2. The total count per formula
unit at this point is four modes for central forces
only [cf. Fig. 18(b)], plus two modes for rocking
motion of the X atoms, leaving three modes per for-
mula unit not explicitly accounted for. We assign
these three modes to the three degrees of freedom of
the center of mass motion of a formula unit, i.e.,
essentially to acoustic modes of the glass, which in
the present approximation would have virtually zero
frequency.

We have thus arrived at a simplified model based
on nearest-neighbor central forces only, augmented
by rocking motions and acoustic modes associated
with approximate inclusion of nearest-neighbor non-
central Born forces (p&0). This highly idealized
augmented central-force model gives a schematic
VDOS for the three glasses, as shown by the solid
lines and 5 functions (vertical arrows) in Figs.
24—26. The frequencies c0]] through co4 in these fig-

In evaluating these, co3 and co~ ——co~ were taken
from the Raman data, and the present study pro-
vides no reason to change the results for o; and 0,
which are presented in Table II.

On the other hand, the value of coo was identified
with the low-frequency peak in co@2. Since we have
just shown that this ir peak does not always corre-
spond accurately to a peak in G(Q, ]o), it now ap-
pears better to associate coo with the low-frequency
peak in the neutron determined G(Q, co). The latter
is expected to be a better approximation to the
VDOS in this region of the spectra. The modified
results are given in Table II of this paper, where the
values of mo were taken from the low-frequency
peaks of G(Q, o]) in Pigs. 20—22. This produces
new estimates of p and p/a, but the values of
co]] —co] N3 9, a, and A@4 remain as first given and
discussed in Ref. 34. The last column in Table II,
based on the neutron estimate for p, indicates that
the value of P/a =0.18 used' by BDH was rather
large for U-Si02 and v-GeO2, and rather small for
U-BeF2. Since the discrepancies are large (approxi-
mately twofold), it would be interesting to repeat the
BDH calculations using values of P/a more like
those given in Table II.
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FIG. 24. Schematic diagram of the vibrational density

of states of U-Si02 according to the augmented central-
force model. Two rocking modes are placed at 8'0, the
position of the low-frequency peak in the neutron data of
Fig. 20(a). Three acoustic modes are placed at 8'=0.
These five modes augment the four units of states already
predicted by central forces only. The dashed vertical ar-
row marks the expected position of the dominant Raman
line, at 8'I.

1500
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FIG. 25. Schematic diagram of the vibrational density
of states for U-Ge02 according to the augmented central-
force model. The two rocking modes at Wo and three
acoustic modes at 8'=0 are in addition to the four units
of states predicted by the central-force-only model, shown
in Fig. 18(b). The dashed vertical arrow marks 8'I, the
expected position of the dominant Raman line.

ures are as deduced earlier and listed in Table II.
The singularity in the Rarnan matrix element for
polarized Raman scattering is marked by the dashed
5 function at co ~, as discussed in Sec. IV B.

In reality, these bands and I'3 functions are spread
by disorder in the glass structure and by the neglect-
ed effects of the mode couplings that must occur
when both central and noncentral forces are includ-
ed simultaneously. The acoustic modes are spread
to frequencies above co =0, as in a Debye model.
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C. An empirical study of the subband
densities of states

The augmented central-force (ACF) model
nevertheless allows prediction of the relative weights
of bands in appropriate frequency regions of the
VDOS. For v-Si02, Fig. 24 reveals that —, of the
states should appear between -900 and -1300
cm ', allowing for broadening due to disorder and

2
mode coupling. Another —, should appear between

I I I I I I I I I I I I I I
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FIG. 26. Schematic diagram of the vibrational density

of states for U-BeF2 according to the augmented central-
force model. In this case, neutron data reveal that the
two rocking modes occur at a wave-number value (Wo}
greater than that of the dominant Raman line (W~),
hence they overlap the W&~ W2 band, and strong mode
interactions may occur.

-450 cm ' and -900 cm '. These —, of the states
exist in central forces only; inclusion of noncentral
forces perturbs their frequencies without changing
their number. The ACF model predicts another
2

—, of the states to be spread around the rocking fre-

quency co0, whose position is -350 cm ' when tak-
en from the neutron data as in Table II. The
remaining —, are acoustic modes (shown at zero fre-

quency in Fig. 24, but expected to lie between 0
cm ' and some effective Debye frequency). The ex-

pectations for U-GeOz are qualitatively similar as
can be deduced from Fig. 25. On the other hand,
Fig. 26 shows that the weights group differently in

3
U-BeFz, with —, of the states from -700 to —1000

cm, —, from -250 to -700 cm, and —, below
3

-250 cm
These predictions compare rather well with the

VDOS calculated for a large cluster by Bell and
Dean, ' shown in Figs. 5(b), 6(b), and 7(b). We have
integr'ated the area under the large-cluster p(ro)
curves in those figures and determined the fre-

3 5
quencies marking 9 9 etc. of the total area,
as given in the p(ro ) column of Table III. These fre-
quencies divide the spectra into groups which are
shown in Fig. 27 and correspond approximately to
bands anticipated from the ACF model. The
division is not expected to be perfect since the p(co )

in Fig. 27 are for the case of a cluster all of whose
surface atoms X are fixed in place. Such a cluster is
not stoichiometrically AX&, and the fixing of surface

TABLE III. Division of the density-of-states data into bands having relative weights as

predicted by the augmented central-force model. Here p(e ) is the theoretical VDOS calculat-

ed by Bell and Dean (Ref. 18) for a large-cluster model with fixed atoms on its surface.

G (Q, co ) is the experimental quantity related to the (one-phonon) vibrational density of states

and reported in Figs. 5—7 of this paper. The wave-number ranges listed here for p(co) are

shown graphically in Fig. 27, while those for the experimental G (Q, ro ) are shown in Fig. 28.

Glass

Augmented
central-force

modes

Integrated
fraction of
states &(9

Wave-number range (cm ')
Large Neutron
cluster scattering

p(co ) G '(Q, co )

SiOq Acoustic
Rocking
W~~W3 bands
W2~ W4 bands

3.0
2.0
2.0
2.0

0 —380
380 —500
500 —800
800 —1120

0 —330
330 —480
480 —900
900 —1350

Acoustic
Rocking
W~~W3 bands
W2~ W4 bands

3.0
2.0
2.0
2.0

0 —320
320 —420
420 —590
590 —950

0 —260
260 —430
430 —660
660 —1100

BeF2 Acoustic
Rocking
W&~W2 bands

W3 ~W4 bands

3.0
2.0
1.0
3.0

0 —190
190 —260
260 —400
520 —800

0 —400
400 —700
700 —780
780 —830
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We have applied this procedure to the results of
the neutron scattering experiments. Since p(co) is
not directly measured, and since the neutron scatter-
ing coupling factor A (Q, co ) in Eq. (21) is thought to
be slowly varying, we have simply integrated the
G'(Q, co) curves given in Figs. 5(a), 6(a), and 7(a).

3 5 6 7The frequencies for 9 9 9 and —, of the total area
are listed in the G'(Q, co) column of Table III and
are marked on the G' curves in Fig. 28. The —, and

9 frequencies divide the U -Si02 and U -Ge02 spectra
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(b) VITREOUS
GeO 2
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WAVE NUMBER W (cm '

)

FIG. 27. Division of p(8'), the theoretical vibrational
densities of states of Bell and Dean (Ref. 18), into areas
with relative weights (in parentheses) as predicted by the
augmented central-force (ACF) model. Thus, in (b), the

low-frequency —of the states in u-Ge02 delineate a
9

2
separate band of largely acoustic nature, the next

9

comprise a rather narrow band of largely rocking nature,
2

and the next two bands each contain —of the states that

are predicted by the central-force-only model. Minor
discrepancies are more likely due to the fixed-ends nature
of the cluster model than to an inappropriateness of the
admittedly idealized ACF model. See also Figs. 24—26
and Table III.

atoms removes a substantial (and presently uncalcu-
lated) number of degrees of freedom (and vibrational
modes) from the problem. Nevertheless, the division

3 5 7of p(co) into bands at approximately —,, —,, and —, of
the states is impressive for the U-Ge02 theory in
Fig. 27(b). We conclude that the ACF model pro-
vides a useful simplified picture of the distribution
of vibrational states for the large-cluster calculations
of Bell et al. Moreover, the ACF model suggests a
way to partition the VDOS into bands whose areas
should be in the ratio of known small integers.

I I I

I I I

G~ (Q, W)

—NEUTRON EXPERIMENT

I I I I
f

I I I

(c) VITR EOUS
BeF2

12—

8—

I I I I

0 500 1000 1500
WAVE NUMBER W (cm ~

)

FIG. 28. Division of the experimental estimate of the
vibrational density of states approximated by G&(Q, W)
into areas of relative weight as predicted by the augment-
ed central-force model. Correspondence with obvious
features is not as good as in Fig. 27 for theoretical state
densities, suggesting that the neturon scattering coupling
coefficients A in G~(Q, W)~A (Q, W)p(W) are relatively
small at lower frequencies. The pairs of vertical arrows
mark the apparent "natural" separation of bands, at
8'l ——8'g (the position of the dominant Raman line) and
at the obvious "gap" between groups of states, seen to lie
between W2 and 8'3 in Figs. 24—26. The arrows are ex-
pected to divide the density of states into groups of
predictable relative weights, enabling the empirical esti-
mate of the frequency variation of A given in Table IV.
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into groups of bands approximately as anticipated
from the ACF model, keeping in mind the TO-LO
splitting of the high-frequency modes. The
division of the u-BeF2 spectrum (at 780 cm ' in
Fig. 28) fails to divide the spectrum into the two dis-
tinct groupings anticipated from the ACF and
large-cluster models. Inspection of Fig. 28 suggests

6
that the —, frequency should have been -550 cm
This substantial discrepancy may point to signifi-
cant co dependence of the coupling coefficients
A (Q, co ) in u-BeFz. Were the discrepancy due to un-
derestimation of the two-phonon contribution in
Fig. 4(c), the co dependence of A would likely be even
greater.

D. The neutron coupling coefficients

One can use the ACF model to obtain an empiri-
cal estimate of the variation of A (Q,co) from band
to band. Study of Figs. 24—26 reveals two relatively
unambiguous dividing points: co &, which is marked
experimentally by the position of the dominant Ra-
man line, and the center of the gap between the band
edges coq and cos. These frequencies are marked in
Fig. 28 by the pairs of vertical arrows, thus dividing
the spectra into three regions listed numerically in

Table IV. The ACF model, therefore, predicts rela-
tive densities of states p as shown in Table IV, and
integration of the curves in Fig. 28 gives the corre-

sponding partial areas 6' also shown in the table.

The empirical estimate of the relative coupling coef-
ficient over each range is given by A in the table, ac-
cording to Eq. (21) and comments in the table cap-
tion. We shall discuss these results shortly.

An entirely theoretical estimate of A has been ob-
tained for the corresponding groups of ACF states
using the cluster theory curves and dividing frequen-
cies given in Fig. 27. These values are entered in the
last column of Table IV. They are obtained by tak-
ing the ratio of the areas under the G'(Q, co) and
p(co) curves over the appropriate range [which can.
be found in the p(co) column of Table III]. For ex-
ample, the cluster theory curves for u-BeF2 are in-
tegrated over the ranges 0—190, 190—400, and
520—800 cm ', corresponding to the ACF grouping
of states in the cluster theory. According to the last
column of Table IV, the cluster theory estimates of
A are qualitatively similar for all three glasses, de-
creasing from about 1.35 to 1.00 as band frequencies
increase. Figure 27 shows that cluster theory
predicts the largest neutron coupling coefficients in
the region of the rocking modes [which give the
highest peak in the theoretical 6'(Q, co )].

According to Table IV, the empirical ACF values
of the relative coupling coefficients A vary little
(&20%) with frequency for u-SiOr and u-GeOz.
The observed tendency towards enhancement
(A & I) at low frequencies is perhaps somewhat
weaker than predicted by cluster theory. Consider-
ing the approximations involved, one may regard the

TABLE IV. An experimental estimate of the relative coupling coefficients A (Q, co ) involved in G (Q, co ) ~A (Q, co )p(co ).
The wave-number ranges are chosen from the experimental neutron and Raman data as marked by the vertical arrows in

Fig. 28, and as explained in the text. The expected fraction of vibrational states in each range p is as predicted by the aug-

mented central-force model, and summarized in Figs. 24—26. The observed fractional area 6 is obtained by integration

of the experimental curves in Fig. 28 over the indicated ranges. The resultant average coupling coefficients A are given by
6'/p and are then normalized for each material to give A =1 over the highest-frequency band. For Si02 and Ge02, these

empirical coupling coefficients are nearly frequency independent, while for BeFz they are clearly smaller at low frequen-

cies. The theoretical estimates are obtained in a similar way from Fig. 27, which is based on large-cluster calculations.

61

Glass

Si02

Augmented
central-force

modes

Acoustic and rocking
W~ —+W3 bands
W2~ W4 bands

Wave-number

range
(cm-')

0 —450
450 —910
910 —1350

Expected
fraction of
states )& 9

5.0
2.0
2.0

Observed
fraction of

area X9

4.7
2.3
2.0

Empirical
coupling

coefficient

0.94
1.15
1.00

Corre-
sponding
cluster
theory

1.35
1.29
1.00

Ge02 Acoustic and rocking
W~ —+ W3 bands

W2 —+ W4 bands

0 —420
420 —700
700 —1100

5.0
2.0
2.0

5.0
2.2
1.8

1.11
1.22
1.00

1.25
1.18
1.00

BeF2 Acoustic and rocking
W) —+ Wp

W3 —+ W4 bands

0 —295
295 —550
550 —1030

3.0
3.0
3.0

1.9
2.5
4.6

0.41
0.54
1.00

1.41
1.38
1.00
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two methods of estimating coupling coefficients as
in satisfactory agreement for U-Si02 and U-Ge02,
but not for v-BeF2.

According to the ACF analysis, the neutron cou-
pling coefficients for the low-frequency U -BeF2
bands (0—400 cm ') are about 0.5, rather than the
approximately 1.4 calculated from Eq. (6) and the
cluster theory. This discrepancy is not a fault of the
ACF model as such, since Fig. 27(c) shows clearly
that the p(co) of cluster theory assigns precisely the
same relative number of states (6 and 3) to the low-
and high-frequency groups of bands. The dis-
crepancy seems too large to point to possible omis-
sions in details of the structure (a few fivefold-
coordinated Be atoms or the force-constant model
(large P and/or nonzero next-nearest neighbor in-
teractions ). It may point to failure in u-BeF2 of
some of the assumptions leading to Eqs. (5) and (6),
or to undetected error in the use of the participation
ratios' to evaluate those equations for v-BeF2. The
precise origin of the discrepancy is unknown.

Brawer' has recently computed p(co ) and
G '(Q, co ) for u -BeF2 from molecular dynamics

2
simulations of the structure. He finds that —, of
the states are in the low-frequency group, in agree-
ment with p(co) for the ACF and large-cluster
models. His predicted G'(Q, co) has approximately
equal area in both groups, in agreement with experi-
ment, and thus supports the ACF empirical estimate
of A in Table IV.

VII. CONCLUDING COMMENTS

We have shown that the inelastic neutron scatter-
ing spectrum G(Q, co) of a glass containing two
chemical elements gives a useful measure of the
VDOS, at least for the special cases of v-Si02 and
v-Ge02. We have observed that the HV Raman
spectrum rnimics the VDOS, and that the dominant
line in the HH Raman spectrum marks the low-
frequency limit of the bands that are due mainly to
central forces. This allows division of the VDOS

into regions whose relative weights are predicted by
a simple theory in which central forces are augment-
ed by rocking and acoustic bands (associated with
approximate inclusion of noncentral forces). These
relative weights agree reasonably well with the re-
sults of cluster theory for all three materials and
with the neutron experiment on v-Si02 and v-GeO2,
and thus provide evidence that the neutron scatter-
ing coupling coefficients in these materials have
only a weak frequency dependence. The frequency
dependence appears to be greater in v-BeFq.

Several improvements are called for. Intense
pulsed neutron sources should enable acquistion of
neutron data with better signal-to-noise ratio and
resolution for both the present materials and other
glasses. Such measurements should be done and
compared with Raman and ir data, e.g., to see if the
true linewidths in neutron and optical spectra are
the same (i.e., to test the accuracy with which vari-
ous portions of the optical spectra mimic the
VDOS). Future calculations of the dynamics of
models should not stop with calculation of the
VDOS, but should proceed to compute the neutron
G(Q, co) according to Eqs. (5) and (6) or improved
substitutes. This is because all the necessary infor-
mation [including the eigenamplitudes U(co)] is ac-
cessible during the dynamical calculation, but not
afterwards. Success in predicting the relative
weights of states using the augmented central-force
model suggests efforts to more correctly include
noncentral forces in this approach to the problem.
The results might then lead to understanding of the
selection rule observations for low-frequency Raman
and ir response.
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