PHYSICAL REVIEW B

VOLUME 37, NUMBER 8

15 MARCH 1988-1

Network dynamics of chalcogenide glasses. I. Germanium diselenide

U. Walter,*

D. L. Price, S. Susman, and K. J. Volin

Materials Science Division and Intense Pulsed Neutron Source, Argonne National Laboratory, Argonne, Illinois 60439-4843
(Received 6 July 1987)

The scattering function S(Q,E) of vitreous GeSe, at 13 K was measured with inelastic neutron

scattering over a wide range of variables (1<Q <8 A~

, 0<E <45 meV), with use of a chopper

spectrometer at the Intense Pulsed Neutron Source. The data are analyzed in terms of the effective
one-phonon density of states G (E), the Q dependence of S(Q,E) at different values of energy
transfer E, and the elastic structure factor S, (Q). The data are discussed in terms of the normal
modes of vibration of a Ge(Se,,,), molecule. Certain features in the data can be unambiguously
identified with such modes on the basis of the behavior of the dynamic structure factor S(Q,E) at
fixed E. Other features cannot be explained in this way and their understanding must await the de-

velopment of a detailed microscopic model.

L. INTRODUCTION

Chalcogenide glasses provide excellent materials for in-
vestigating various aspects of the dynamics of the glassy
state. Stable vitreous phases, with many possibilities for
the component atoms, exist over a broad range of compo-
sition. Most of these can be readily prepared, by quench-
ing from the melt, in the quantities required for inelastic
neutron scattering. The present paper is devoted to vitre-
ous GeSe,, which appears to be an especially favorable
compound for glass formation.! The following paper? de-
scribes a similar study on vitreous SiSe,. Both GeSe, and
SiSe, provide an interesting comparison with an earlier
measurement on Si0,.>* While all three glasses have
analogous AX, structures, built up by 4 (X, /), tetrahe-
dra, the selenide glasses are distinguished from the oxide
glass by smaller band gaps and heavier mass of the X
atom. As discussed below, the latter has a profound im-
pact on the dynamics of the network.

The structure of vitreous GeSe, has been measured
with both x rays® and neutrons.®~% In contrast to SiO,,
for which all structural data can be interpreted on the
basis of corner-shared SiO, tetrahedra, the GeSe, net-
work appears to incorporate both corner-shared and
edge-shared entities. This is also a basic feature of crys-
talline GeSe,.” Another important, experimental
difference is that Ge has a slightly higher scattering
]
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length than Se, and so the neutron scattering reflects in
part the configuration and motion of the group-IV atom,
in contrast to SiO, where the scattering is dominated by
the O atoms.

II. EXPERIMENTAL PROCEDURES

Since the procedure used in these measurements was
very similar to that used in the SiO, study,* only a very
short outline of the neutron scattering formalism, spec-
trometer, and data-analysis procedure will be given here.

A. Neutron scattering formalism

The basic quantity measured in this experiment is the
double differential cross section:'°
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S(Q,E)) ,
Ry < (Q (1)

where the symbols have the usual connotation and the
angular brackets ( ) signify averages over the atoms in
the sample. The average scattering function (S (Q,E))
appearing in Eq. (1) represents a combination of coherent
and incoherent scattering. Since in both Ge and Se the
incoherent fraction of the scattering cross section is quite
small (~5%), the scattering function of GeSe, is dom-
inated by the coherent part:
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For a solid in which the atoms vibrate about well-
defined equilibrium positions, and at wave vectors Q
which are not too large, the scattering function can be ex-
panded in terms of the orders of phonon scattering:'°

SAQ,E)=S_(Q,EV+S ((Q,E)+S, ,(Q,E)+ --+ . (4)
The first term represents the elastic scattering:
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S, (O E)=S8,4(Q)8(E) , (5)

where the elastic structure factor is given by
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For an isotropic system the terms in the exponent of the
J
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where the e/, ;, and (n;+1)=[1—exp(—fiw; /kT)]™"
represent the displacement vector, frequency, and popu-
lation factor of the normal mode j of the solid. The third
and higher terms in Eq. (4) represent multiphonon
scattering to which two or more normal modes contrib-
ute simultaneously. These generally introduce a relative-
ly smooth and, at low temperatures and moderate values
of Q, low background under the one-phonon scattering.

Finally, it is convenient to define a generalized density
of states G (Q, E) by the relation

%
S, (Q.E)=e ZWEI_Q_E(n+l)G(Q,E), ©)
where
2W=0%u?) /3 (10)

is the average of the mean-square displacements taken
over all atoms in the sample and M ~'= 3 ,M;"!/N. If
the incoherent approximation is assumed to apply, i.e.,
the phase factors in Eq. (8) are assumed to average to
zero for is=i’, and if in addition the other factors can be
averaged independently, G(Q,E) reduces to Z(E), the
one-phonon density of states (see Ref. 4 for a more-
detailed discussion). In the case of a solid with more than
one type of atom, this situation does not hold, even for
incoherently scattering nuclei. Nevertheless, it may be
useful to derive an effective density of states by averaging
G (Q,E) over an extended range of Q, and consider this as
a rough approximation to the true density of states Z (E).

B. Sample preparation

Considerable attention has been given to the prepara-
tion and characterization of vitreous germanium selenide
for these and other experiments. We have observed the
effect of both homovalent and heterovalent anion impuri-
ties (such as oxide and hydride) upon the short-range or-
der (SRO, 3-5 A) and the intermediate-range order (IRO
5-15 A) of the system. Equally important are deviations
from exact stoichiometry (which can be best determined
by in situ optical spectroscopies). This section contains a
brief outline of the procedures used for preparing the
samples of the size (~125 g) required for inelastic neu-
tron scattering. A full description will be contained in a
forthcoming publication.!® Homovalent oxide impurity

(Q-¢)*(Q-el)
“ " AMM,) 0,
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Debye-Waller factor are
W (Q)=0%u?) /6, @)

where (u?) is the mean-square displacement of an atom i
averaged over time.

The second term in Eq. (4) represents the one-phonon
scattering, which at low temperatures (kT <<fiw;) is
confined to the neutron-energy-loss side:

“(n;+1)8(E —fiwr)) , ®

[

changes the local structural unit and alters the SRO by
distorting the symmetry of the Ge(Se, ), tetrahedron. It
modifies the IRO by perturbing the intertetrahedral angle
between corner-shared tetrahedra. It further changes the
IRO by its refusal to enter into edge bonding between
tetrahedra. Aleovalent hydride impurity creates dangling
bonds (which it then saturates) and breaks the connectivi-
ty of the network. The effects on both the phonon and
electron density of states can be significant—even at rela-
tively low concentrations. The sad condition of the ther-
modynamics literature on c-GeSe, (Ref. 11) (and other
crystalline binary chalcogenides) is tangible evidence of
the seriousness of the impurity problem.

Semiconductor-grade germanium and ultrahigh-purity
selenium were the starting materials for glass synthesis.
They were purified to remove anion contamination from
the surface and from the bulk.® Stoichiometric quantities
of the reactants were loaded into 10-mm-o.d. fused silica
tubes in 20-g batches. Acid pretreatment and high-
temperature vacuum bakeout of the tubes were per-
formed to minimize the Si-O and Ge-O contamination of
the melt. The melt was homogenized in a rocking fur-
nace, and the vacuum-sealed ampoules were quenched
into a 10 mass % NaOH-H,O bath. The glass ingot,
which could slip about inside the ampoule, was relaxed at
300°C—a temperature below the range where phase sep-
aration or crystallization occurs.?

The resultant GeSe, glass samples were extensively
characterized for stoichiometry, purity, crystallinity, and
homogeneity by chemical analyses, Raman scattering, in-
frared absorption spectrometry, optical microscopy (po-
larized transmission and infrared transmission), and
differential thermal analyses. Possible concentration fluc-
tuations at the nanostructure length scale (15-100 A)
have yet to be evaluated by analytical electron micros-
copy.

Figure 1 shows the infrared transmission spectrum of
a-GeSe, prepared without completely appropriate
purification and outgassing procedures. The Ge-O
stretching band at 800 cm™! in curve a represents 30
ppm W oxygen contamination in the glass. Curve b is
typical of the GeSe, glass used in the present work and
contains <9 ppmW oxygen. Curiously, the various
purification routines that are most effective in removing
oxygen often introduce a small but measurable concen-
tration of hydrogen.! This appears as the —Se-H
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FIG. 1. Oxygen content of a-GeSe, as measured by FTIR ab-
sorption spectrometry. (a) 30 ppm W oxygen; A (800 cm™!)
=2.76 cm~'; (b) <9 ppm W oxygen, 4 (800 cm~')=0.95 cm~".

stretching frequency at 2240 cm ™! and not as —-O-H or
H-O-H. The chemistry involved is not understood but
is under investigation.

C. Neutron measurements

The measurements were carried out at the Low-
Resolution Medium-Energy Chopper Spectrometer!® at
the Intense Pulsed Neutron Source at Argonne National
Laboratory. This is a direct-geometry instrument in
which the incident energy is kept fixed and the scattered
neutron energies measured in a multiangle array of detec-
tors around the sample. Data may therefore be collected
simultaneously over an extended range of (Q, E) space.

The sample was positioned in transmission geometry at
45° to the incident beam, and the measurements were car-
ried out with an incident energy of 60.06 meV. Data
were analyzed independently in 41 groups of detectors
with scattering angles ¢ ranging continuously from 2.7°
to 116.0°. The GeSe, sample, consisting of grains 1-5
mm in diameter with a total weight of 127.5 g, was con-
tained in a thin aluminum foil pan of dimensions
75X 100X 6.8 mm. This assembly was mounted in a
copper frame suspended from a Displex refrigerator; the
frame was covered with a cadmium mask. The sample
temperature as measured with a thermocouple attached
to the Cu frame was 13+2 K. Runs were made with (a)
the GeSe, sample (129 h), (b) a vanadium reference 2.825
mm thick (32 h), (c) a Cd absorber (41 h), and (d) no sam-
ple (105 h), inside the Al foil. Transmissions T of the
GeSe, sample and V reference derived from integrated
beam monitor counts were 0.740 and 0.825, respectively.
Composite background runs (e) defined by

§©=78'Y4+(1-T)8' 1y

were subtracted from the GeSe, and V runs, where T is
the appropriate measured transmission. The numbers of
formula units in the beam were estimated as 0.333 and
1.023x 10* for the GeSe, and V, respectively. Using
standard procedures,*!? the corrected V data were used
to obtain normalized S (¢, E ) data for the GeSe, sample.
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FIG. 2. Example of the experimental data for S(Q,E) at a
scattering angle $=63.0°. The solid and dashed lines show the
multiple and single scattering calculated in the Monte Carlo
simulation of the experiment described in the text. The data as
shown by the diamonds have been corrected for the effects of
multiple scattering and self-shielding in the sample.

D. Data analysis

The Monte Carlo program'* MSCAT was used to calcu-
late the multiple-scattering correction to the data, with
the same procedure as that used for Si0,.>* For the
model used in the Monte Carlo simulation, additional
data had to be supplied: the incoherent inelastic cross
section, derived from a density of states Z (E) obtained
by calculating G(Q,E) from the uncorrected S(Q,E)
data and averaging it over the Q range of the measure-
ment; the Debye-Waller factor, which was taken as
exp(—Q2(u?) /3) [see Eq. (10)] where {%2) /3 was calcu-
lated from Z (E) to have the value 0.00257 A% and the
elastic scattering, assumed to be given by

S4(0)=5(Q)—1+4e-*wh7 (12)

where S(Q) was obtained from the diffraction data of
Ref. 8. Equation (12) ensures that the total model
scattering function—elastic plus incoherent inelastic—
integrates to S(Q). The Monte Carlo simulation was
carried out for 100000 events. The calculated multiple-
scattering component was then subtracted from the mea-
sured S(¢,E), and a correction for the self-shielding of
the sample was also applied.

Figure 2 shows a comparison of the single and multiple
scattering from the Monte Carlo simulation with the
corrected experimental S (¢, E ) data for a typical ¢, 63.0%
the elastic region has been suppressed in order to show
up the inelastic scattering. It can be seen that at this in-
termediate angle the multiple scattering contributes
about 40% of the inelastic scattering; the fraction is
higher at low angles and lower at high angles.

The S (¢, E) data were interpolated onto constant Q us-
ing a spline interpolation,'® thus providing S(Q,E) over
the (Q, E) range of the measurements: O. 6<Q <8.5A°!
(at E=0) and —5<E <55 meV. G( ) was obtained
by means of Egs. (9) and (10), using (u )/3 =0.002 57
A? and averaged over the Q range 2.0-7.5 A~ to obtain
an mmal estimate for the effective density of states. Fi-
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10.0

FIG. 3. Corrected S(Q,E)

nally, the multiphonon component of G (Q, E) was calcu-
lated (again within the incoherent approximation) using
an iterative procedure,4 and subtracted from the data to
yield a ““one-phonon” effective density of states G (Q, E).

III. RESULTS AND DISCUSSION

An overview of the measured S(Q,E) is given by the
three-dimensional plots in Figs. 3 and 4. The total
scattering, shown in Fig. 3, is dominated by the elastic
scattering, with the Q dependence represented by the
structure factor S(Q) and the energy broadening by the
instrumental resolution; this is discussed in Sec. IIT A
below. Figure 4 shows the same region of (Q,E) space
with the elastic region suppressed in order to exhibit the
inelastic scattering. Structure along both Q and E direc-
tions can be clearly observed. This is discussed in detail
in Secs. III B and III C.

A. Elastic and total scattering

The total scattering function S (Q) was estimated by in-
tegrating the measured scattering function S(Q,E) over
the energy interval —5 to + 45 meV, containing most of
the inelastic scattering at this low temperature. The re-
sult is shown in Fig. 5 in comparison with the diffraction
result from Ref. 8. The agreement is reasonably good,
considering the coarser spacing of detectors in the
LRMECS measurement. No normalization was applied

FIG. 4. Same as Fig. 3 but with the elastic region suppressed
to highlight the inelastic scattering. (Note the factor 30
difference in scale.)
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FIG. 5. S(Q) derived from integration of S(Q,E) from this
experiment (O) with that measured in a diffraction experiment
(Ref. 8) ( ).

in making this comparison, i.e., the scattering function
appears to be correctly normalized on an absolute basis
as a result of the experimental procedures followed (Sec.
IIC). The Q dependence in the comparison provides an
additional check on the validity of the multiple-scattering
and self-shielding corrections.

More interesting is the elastic scattering function
S.(Q), estimated by integrating the measured scattering
function over the more restricted region —5 to +5 meV,
sufficient to span the resolution function centered at
E =0. Figure 6 shows the result plotted in two ways: (a)
in the form In[S.,(Q)/S(Q)] and (b) in the form
In[S,(Q)—S (Q)+1], both against Q2. As discussed* in
connection with SiO,, (a) should exhibit structure in
phase with S(Q) while (b) should follow the self-
scattering [see also Eq. (12)]:

1 v
E—— bi exp( _ZW,) (13)
N(b?) 2

with W, given by Eq. (7), as long as thermal vibrations
between different atoms are uncorrelated. Figure 6 shows
that this function is fitted reasonably well by a straight
line corresponding to a mean Debye-Waller factor
exp(—Q*(u?) /3) with (u?) /3=0.00188 A? indicating
that, as in SiO,, the correlations between thermal vibra-
tions on different atoms are relatively small.

The value of (u?)/3 obtained from Fig. 6 is 27%
smaller than that calculated from the density of states
(see Sec. IID). The discrepancy may be caused by the
fact that the latter is not measured accurately at low en-
ergies due to the difficulty in subtracting the resolution-
broadened elastic peak, and this region contributes
significantly to {(u?). Another comparison may be made
with the Debye-Waller factor for pair correlations de-
rived from the interference function measured in a
diffraction experiment,® which gives {(u2)/3=0.0014 A2
at 10 K. Again, this comparison is only meaningful if
correlations between vibrations on different atoms can be
neglected.

exp(—2W)=
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B. Effective density of states

The one-phonon effective density of states G (E) ob-
tained with the procedure described in Sec. II A is shown
in Fig. 7. As discussed in Sec. II A, G(E) is not identical
to the true density of states Z(E), but it should be
reasonably close to it for the case of GeSe,, since the
masses and scattering lengths of the two component ele-
ments are quite similar. As discussed above, the correct
form of the function was difficult to obtain at small E and
this region is omitted from the plot. The density of states
is dominated by five peaks centered approximately at en-
ergies of 9, 11, 25.7, 33, and 36.5 meV, respectively (1
meV ~8.0655 cm™!). In terms of wave numbers, for
comparison with the optical spectroscopy literature,
these correspond to 73, 89, 207, 266, and 295 cm~! asin-
dicated on Fig. 7. The peak at 25.7 meV may have some
structure and, indeed, corresponds to the celebrated 4,
tetrahedral mode which, along with its ‘“companion”
line, has been the subject of extensive study and contro-
versy in Raman studies of vitreous GeSe,.” '~ '® In addi-
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FIG .7. One-phonon effective density of states G (E); the la-
bels attached to features in G(E) give the frequency in cm™!
and, where appropriate, assignments discussed in the text in
terms of modes of a Ge(Se, /,), tetrahedron.

tion to the five main peaks, there are weaker features in
the spectrum around 18.5 and 39 meV (149 and 315
cm™!), which appear to be real and not experimental ar-
tifacts.

Table I compares the energies of the neutron peaks
with those observed in some of the Raman (Refs. 16 and
17) and ir (Ref. 18) spectroscopic studies in the literature.
The entries in a given row simply represent peaks ob-
served in a similar energy interval, which may or may not
represent the same physical feature. The assignments
given by the different authors are shown in the right-hand
part of the table.

There are excellent grounds for believing that a-GeSe,
consists principally of Ge(Se, /), tetrahedra, with both
edge-sharing and corner-sharing configurations present.
In the crystal,9 25% of the Se atoms are involved in edge
sharing and 75% in corner sharing. A similar proportion
in the glass is indicated by both x-ray’ and neutron”®
diffraction results, and also inferred from Raman scatter-
ing data.!®

TABLE 1. Neutron and optical peaks in density of states of a-GeSe,. (Question marks indicate uncertain values.)

Measured frequencies (cm™!) Assignment?
Neutron
(present Raman ir GeBr, GeBr,
work) (Ref. 16) (Ref. 17) (Ref. 18) (Ref. 19) (Ref. 16) (Ref. 17) (Ref. 18) (Ref. 19)
73 82 80 78 E E vyo(E)
89 100 111 F, ve(F,)
1497 140 135
179 175 Ge,
207 201 198 200 234 4, 4, A, vi(4,)
218 212 At Se,
266 240 257 255 F,+Ge, F,
270
294
315? 310 304 328 F, v3(F,)

2Symbols other than conventional symmetry designations have the following meaning:

Ge,: Ge,(Se; ;)¢ units; Se,: dimerized Se-Se units.

AY: A, mode of edge-sharing tetrahedra;
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According to an idea proposed originally by Sen and
Thorpe,? the dynamics of tetrahedrally coordinated 4X,
glasses may be qualitatively understood in terms of the
bond angle 0 at the X atom. If 6~90°, the vibrations of
each A4 (X, /), tetrahedron are effectively decoupled and
the vibrational spectrum resembles that of an isolated
tetrahedron. For larger (or smaller) values of 6, in partic-
ular those exceeding a critical angle 8, =cos™!(2My /
3M ,), the coupling intensifies and it becomes more
meaningful to treat the X (4, ,4), unit as the starting ap-
proximation. This picture appears to provide a reason-
able description of the higher-energy modes of Si0,.>*!
In the GeSe, crystal, the average values of 0 are 80.4° for
edge sharing and 98.0° for corner sharing, both quite
close to 90° and considerably less than 6,=136.5°; the
values in the glass appear to be similar. The isolated
tetrahedron picture should therefore give a good first ap-
proximation. The fifth column in Table I shows the four
fundamental frequencies of the tetrahedral molecule!®
that is the closest analog to GeSe,, namely, GeBr,.
Modes similar to these frequencies are observed in the
optical spectra of both §- and a-GeSe, and assigned with
a reasonable degree of confidence. The exception is the
higher-frequency F, mode which has been assigned to ei-
ther the 250-260- or the 300-310-cm ™! regions of the
spectrum. As discussed earlier, the 4, mode is split into
fundamental and “companion” lines, assigned in Refs. 7
and 16 to corner-sharing and edge-sharing configur-
ations.

The neutron spectrum shown in Fig. 7 shows features
which can be quite reasonably associated with the four
tetrahedral modes, as labeled in the figure. Some sup-
porting evidence for this comes from consideration of the
dynamic structure factors, as discussed in the next sub-
section. This leaves the feature at 266 and 294 cm ! and
the possible one at 149 cm™! to be explained. Briden-
baugh et al.!” associate features at 175 and 257 with vi-
brations of an ethanelike Ge,(Se, ;)¢ unit; this interpreta-
tion is consistent with Raman measurements on the Ge-
rich side of GeSe, by Kumagai et al.,'® in which modes

GeSez

10 [ /ﬁ—
E=9.90 meV i
8 17 V. -

5
a@i

FIG. 8. The dynamic structure factor S(Q,E) measured
around E =9.9 meV (O) (80 cm™!); the solid curve passing near
the data points represents a smoothed cubic spline fit to the
data. The dashed curves marked v, and v, represent calcula-
tions based on Ge(Se, ,,) tetrahedra.
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at 175 and 265 cm™! intensify with increasing Ge con-
centration. The question must be considered unresolved
at the present time. The strong peak at 294 cm™! in the
neutron spectrum does not connect with any of the opti-
cal features.

C. Dynamic structure factors

The Q dependence of the scattering function in Eq. (8)
at a given value of E, which arises from the polarization
vectors e/ describing the atomic displacements in the
modes contributing at that value of E, provides, in princi-
ple, a means for identifying the features in the density of
states measured with inelastic neutron scattering. Such
an identification has been successful in the case of the ele-
mental amorphous solid a-Ge,?* but less so in the case of
the compound glass SiO,.> In the case of GeSe,, the ex-
planation of features in the optical spectra on the basis of
a tetrahedral model, as discussed in the last section, sug-
gests the calculation of the dynamic structure factors
from this model to compare with those observed experi-
mentally.

The vibrations of tetrahedral pentatomic molecules
were treated in some detail by Rosenthal®} over 50 years
ago. In particular, she calculated the normal coordinates
for the vibrations and set up the equations of motion in
terms of these coordinates. From these it is straightfor-
ward to calculate the polarization vectors of each of the
five atoms in each mode and calculate the dynamic struc-
ture factor for each mode according to Eq. (8), taking the
appropriate degeneracies into account. The force model
used was the valence-force model which, with only two
parameters, gives a reasonable representation of the nor-
mal modes of tetrahedral molecules.!® The values used
for the two parameters in the present calculation were

1" =188 and f3’=24 kdyn/cm, giving frequency values
of v,, v,, v; and v,=201, 62, 322, and 73 cm~ !, respec-
tively, quite close to the experimental values assigned in
Table I. In any case, the polarization vectors for modes
v, and v, do not depend on the forces, and those for v,
and v, (which are coupled modes) do so only weakly.

Figures 8—10 show the experimental structure factors
measured at three energies corresponding to those as-

GeSe;
2.00 T T T T T T T T T T T T T
176 VA“
b,
1.50 |- E=25.91 meV / .
1.25 |- N4 _
o~ / v
s 100~ X A —
] v 4
® 075 |- W v ,73
= - P
0.50 |— | ~ - —
' b T
0.25 — 5 7
L —m—T L ] ! [
0 1 2 3 4 5 6 7 8
QRh

FIG. 9. S(Q,E) measured around E =25.9 meV (209 cm™!);
notation as for Fig. 7.



4238 U. WALTER, D. L. PRICE, S. SUSMAN, AND K. J. VOLIN 37

GeSe, The following conclusions could be drawn from the ex-

2.00 ——— perimental structure factors for other values of E, not
178 B displayed here.

(1) The structure factor at 18.1 meV (146 cm~!) cannot

1.50 |- N be identified with any of those calculated for the

et N tetrahedral molecule. In principle, it could be compared

'> 1.00 - N with that of a Ge,(Se, ;)¢ molecule, but this did not seem

% 0.75 - ~ justified in view of the weakness of this feature in the

0.50 — neutron spectrum and the uncertainty about this

0.25 - ~ identification.
o (2) The structure factors measured at 33.0 and 36.2
o 1 8 meV (266 and 292 cm™!) are very similar to that at 39.3

FIG. 10. S(Q,E) measured around E =39.3 meV (317 cm™');
notation as for Fig. 7.

signed to tetrahedral vibrations in Table I. Since the as-
signed frequencies for the v, and v, modes are closer than
the energy resolution of this experiment (AE ~4 meV, or
32 cm™’), the structure factors measured at these fre-
quencies are quite similar, and both would be expected to
contain contributions from both modes. Figure 8 there-
fore shows the experimental structure factor at the mean
energy, 9.9 meV (80 cm~!), and the comparison with the
structure factors calculated for both v, and v,. The other
two modes should be well resolved and Figs. 9 and 10
show their structure factors measured at 25.9 and 39.3
meV (209 and 317 cm~!) in comparison with the calculat-
ed factors for v, and v;, respectively. Since the peaks cal-
culated for the tetrahedral molecule are 8 functions in en-
ergy while the experimental data represent averages over
the resolution width AE, the calculated structure factors
have been divided by AE =4.0 meV for direct compar-
ison with experiment. Apart from this factor there is no
further normalization, i.e., both experimental and calcu-
lated factors in Figs. 8—10 are absolutely and independent-
ly normalized.

It is evident from Figs. 8—10 that the structure factors
calculated for the v,, v;, and v, modes reproduce the
features in the measured factors remarkably well. It is
possible that the v, structure factor is also contributing in
the region around 10 meV, but that is difficult to tell
since it is so featureless. Also, while the amplitudes in
the oscillations of S(Q) for the v, mode are similar to
those calculated, they appear to be superimposed on a
smooth, rising background. The reason for this is not un-
derstood; it is possible that other modes are contributing
to this peak, since this mode has the lowest multiplicity
(1) in the tetrahedral model. A higher resolution mea-
surement might also shed light on this question. Overall,
the high degree of agreement confirms the assignments of
the features in the spectrum with modes of the tetrahedral
molecule, without any model-dependent assumptions.

meV, suggesting that these features are also associated
with vibrations with v, character.

IV. CONCLUSIONS

The structure factor of vitreous GeSe, measured by in-
elastic scattering of 60-meV neutrons gives a general
confirmation of the picture of the dynamics which has
been obtained by Raman and infrared spectroscopy over
the past ten years. Features associated with three of the
four fundamental modes of the Ge(Se,,,), molecule are
unambiguously identified by comparing the structure fac-
tors calculated for those modes with those measured ex-
perimentally. A feature observed in optical work in the
region of 140—170 cm ! appears in the neutron spectrum
but too weakly to permit an analysis on the basis of the
structure factor. The neutron spectrum shows consider-
able structure in the modes around 300 cm ™! associated
with the tetrahedral v, vibration. This is similar in ap-
pearance to the splitting observed in SiO, (Ref. 3) and is
at present unexplained. It is hoped that light will be shed
on these and other remaining questions about the dynam-
ics of this glass by computer-simulation experiments now
underway at Argonne National Laboratory.?*

The total and elastic structure factors derived from the
inelastic data are consistent with previous diffraction ex-
@Pents and a mean-square thermal displacement
(u?)/3=0.00188 A2 They indicate that correlations
between the thermal displacements on neighboring atoms
are negligibly small.
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FIG. 3. Corrected S(Q,E)
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FIG. 4. Same as Fig. 3 but with the elastic region suppressed
to highlight the inelastic scattering.

(Note the factor 30
difference in scale.)



