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The scattering function S(Q,E) of vitreous SiSe, at 50o K1 was measured with inelastic neutron
scattering over a wide range of variables (0.5<Q <12 A ', —20<E <80 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 ener-
gy transfer E, and the elastic structure factor S, (Q). The data are discussed in terms of the normal
modes of vibration of a Si(Se,,,), molecule. Certain features in the data can be generally identified
with such modes on the basis of the behavior of the dynamic structure factor S(Q,E) at fixed E.
Other features imply more complex structural entities, including edge-linked tetrahedral chains
characteristic of crystalline SiSe, and an admixture of corner-sharing units, not found in the crystal.

I. INTRODUCTION

Vitreous silicon diselenide, while less extensively stud-
ied than its germanium analogue, is a stable glass that
can be prepared by melt-quenching techniques. Among
the other members of the Si,Se,_, series of glasses, the
SiSe, composition is characterized by a maximum in the
molar volume and in the glass transition temperature as a
function of x.! The structure of the crystalline form of
SiSe, has been measured by x-ray diffraction:?> it
comprises chains of edge-bonded Si(Se, /,)4 tetrahedra, in
contrast to crystalline GeSe, in which edge sharing and
corner sharing of Ge(Se, ,,), tetrahedra both occur.’ An
extensive series of neutron diffraction measurements* car-
ried out at Argonne National Laboratory on Si Se,_,
glasses indicate that the tetrahedra are predominantly
edge sharing in the glass as well, although Raman
scattering data®~® suggest some admixture of corner
sharing. A recent computer-generated model of Gladden
and Elliott’® infers 15% of corner-shared units from the
diffraction data of Ref. 4. Both corner sharing and edge
sharing appear to be significant in Ge,Se,_, glasses
(preceding paper,'® henceforth cited as I, and references
therein). There is considerable interest, therefore, in ex-
amining the network dynamics of vitreous SiSe, and in
making comparison with results from similar studies on
GeSe, (Ref. 10) and also on SiO,,!! for which there are
firm grounds for believing that the structure is composed
purely of corner-shared Si(O, /,), tetrahedra.

II. EXPERIMENTAL PROCEDURES

The formalism of the inelastic neutron scattering tech-
nique is described in I; we will refer to the formulas given
there where necessary. In this section we will discuss
only those aspects of the SiSe, measurements which differ
from those described for GeSe,.

A. Sample preparation

The preparation of pure silicon diselenide glass re-
quires attention to detail. SiSe, is a line compound with a
melting point of 960°C. It is the only congruently melt-
ing composition within the Se-rich region of the phase di-
agram.' In the vitreous phase it is a moderately reactive
solid that hydrolyzes and decomposes rapidly upon expo-
sure to the room environment. Elemental silicon and
selenium are far less reactive, but in the synthesis of g-
SiSe, they can serve as sources of oxygen and hydrogen
contamination. However, the fused silica ampoule that is
used to contain the SiSe, melt is not easily replaced by a
different container material. This section contains a brief
description of the procedure used for preparing pure
samples of the size (~60 g) required for inelastic neutron
scattering. A full description is presented elsewhere.'?

The glass transition temperature of g-SiSe, is 424°C
and the crystallization temperature is 575°C.' Conven-
tional quenching of Sij 335¢j ;7 melts in 10-13-mm-o.d.
silica tubes results in a largely crystalline product. Even
with accelerated quenching at 500 K/sec,® the
stoichiometric glass melt solidifies into a cylindrical boule
with only a 2-mm annular ring of glass and a core of crys-
talline SiSe,. Bulk samples of the glass have been con-
veniently prepared by moving slightly away from
stoichiometry to compositions Sij 34S€q ¢¢ Or Sij 3,5€ ¢5-
For the purposes of inelastic neutron scattering, this
departure from stoichiometry is not significant and, in
this paper, the glass will be labeled g-SiSe,.

Semiconductor-grade, O-free (< 0.2 ppm) silicon lump
was pulverized in a helium-purged glove box.
Stoichiometric proportions were combined with
99.9995% pure selenium which had been further treated
to remove surface oxide.'”> Twenty-gram batches were
loaded onto pretreated, 10-mm-o.d. fused silica tubes.
The melts were homogenized at 1100-1140°C in a rock-
ing furnace and the vacuum-sealed ampoules were
quenched into a 10% NaOH-H,O bath. The resultant
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SiSe, glass samples were extensively characterized for
stoichiometry, purity, crystallinity, and homogeneity by
chemical analyses, Raman scattering, ir absorption spec-
trometry, and optical microscopy. If samples are not
mounted in evacuated cells or cryostats and handled
carefully, they immediately pick up a chemisorbed sur-
face layer of H,O as revealed by the 1695-cm~!
H-—O—H bending mode.

B. Neutron measurements

Inelastic neutron scattering measurements were made
by time-of-flight technique, principally on the low-
resolution medium-energy chopper spectrometer' at the
Intense Pulsed Neutron Source, Argonne National Labo-
ratory. The vitreous SiSe, sample was mounted in a spe-
cial aluminum container in order to avoid reaction with
atmospheric moisture. A sample temperature of ~50 K
was maintained in a Displex refrigerator. The sam-
ple was made up of small pieces of glass with a total
weight of 60 g and approximate dimensions of 6.4 cm
high X 7.6 cm wide X0.376 cm thick. It was mounted in
transmission geometry at an angle of 45° to the incident
beam, giving a transmission of 0.841. The incident neu-
tron energy was 101.6 meV, measured from the time-of-
flight spectra in beam monitors up- and downstream from
the sample. The scattered neutron spectra recorded in 36
detector groups covering scattering angles ¢ from 2.6° to
107.4° gave S(Q,E) [see Eq. (1) of I] for a Q range from
0.5 to 12 A ~! (at E =0, smaller for E>0) and an E
range from —20 to + 80 meV. As in the case of GeSe,,
the scattering function is dominated by the coherent part
S5.(Q,E), Eq. (2) of I. Runs were made with the SiSe,
sample (55 h), the empty Al container (47 h), a vanadium
standard (6 h), and an empty sample holder (5 h); the pur-
pose of the last two runs was to calibrate the different
detector groups.

In order to obtain higher-resolution information about
the density of states, a second measurement was made on
the high-resolution medium-energy chopper spectrometer
(HRMECS)"? using the newly installed high-angle detec-
tor banks at ¢=_86.9° 105.9°, 120.9°, and 136.2°. Since
this data set included only these four angles, it was not
possible to study the Q dependence; however, more accu-
rate information about the density of states was obtained,
especially for the region below 50 meV. The incident en-
ergy (96.7 meV) and sample size (61.4 g) were similar to
those of the LRMECS measurement; the sample was
spread out over a larger area, however, giving a higher
transmission (0.888). The sample temperature in this
measurement was 13 K, somewhat lower than that of the
earlier experiment. The difference is not expected to be
significant in this material.

C. Data analysis

The data were analyzed using standard routines.!* A
correction to the LRMECS data for multiple scattering
was made using the Monte Carlo program MSCAT. !> The
kernel consisted of an elastic scattering component, based
on the values for the static structure factor S(Q) mea-
sured in Ref. 4, and an inelastic component based on the
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FIG. 1. 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 scatterings calculated in the Monte Carlo
simulation of the experiment described in the text. The dotted
line shows the uncorrected data.

incoherent approximation'®!! using an initial estimate

for the effective density of states G (E) (see Sec. III B
below). The Monte Carlo simulation was run for 80 000
neutrons. The measured values of S(¢,E) were then
corrected for the effects of multiple scattering and of
self-shielding within the sample. A final intensity nor-
malization (required because of uncertainty in the volume
of sample in the beam) was made so that S(Q) derived
from the corrected S(¢,E) data agreed with the
diffraction data of Ref. 4 (see below). Figure 1 shows an
example of the data before the correction and the multi-
ple and single scatterings calculated within the simula-
tion. The S(¢,E) data were then interpolated onto con-
stant Q to provide S(Q,E) over the (Q,E) range of the
measurement: 0.5<Q <12 A-!' (a E=0 and
—20<E <80 meV.

The HRMECS data were left in the S(¢,E) form be-
cause interpolation was not appropriate in view of the
limited range of detector angles. These data were also
not corrected for multiple-scattering or self-shielding
effects in view of their more limited application.

III. RESULTS AND DISCUSSION

A. Total and elastic scattering

Figure 2 shows a comparison between the values of
S(Q) obtained from the LRMECS measurements by in-
tegration of S(Q,E) over the measured range of E (—20
to 80 meV) and those obtained in Ref. 4 from diffraction
measurements. The latter have been corrected to allow
for the small amount of incoherent scattering from Se.
The agreement is seen to be satisfactory. The values from
the inelastic data fall off at high Q because the energy
range begins to be restricted by kinematic effects and so
the higher E part of S(Q,E) is excluded from the in-
tegral. Also, the peaks at lower Q are broader in the in-
elastic data because of poorer Q resolution (about 0.3
A-! compared with 0.09 A ~'in the diffraction experi-
ment).
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FIG. 2. S(Q) derived from integration of S(Q,E) from this

experiment (O) with that measured in a diffraction experiment
(Ref. 7) ( ).

The elastic scattering was estimated by fitting a Gauss-
ian peak superimposed on a smooth background at each
value of Q. This procedure is not strictly valid because
the energy resolution is an asymmetric function reflecting
the shape of the source pulse.!® Nevertheless it appears
to do a reasonable job of estimating the elastic scattering
in the case of incident neutron energies of 100 meV and
above. The fitted intensities were used to estimate S (Q).
Figure 3 shows a plot of the functions In[S (Q)/S (Q)]
and In[S,(Q)—S(Q)+ 1]; the latter is expected'®!! to ap-
proach the mean Debye-Waller factor defined in Eq. (13)
of I in the limiting case where there is negligible correla-
tion in the thermal motions of neighboring atoms. Figure
3 suggests that this condition is reasonably well met, and
that the mean Debye-Waller factor can be roughly ap-
proximated by exp(—aQ?) with @=0.00257 A 2.
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FIG. 3. Structure factors for SiSe, plotted against Q%
In[S,(Q)/S(Q)] ( ); oln[Sel(Q)——S(Q)+l] (-..-); and
(—aQ?) with@=0.00257 A2 (— — —).
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B. Density of states

The effective density of states was obtained by averag-
ing G(Q,E), derived from the LRMECS S (Q, E) data by
use of Egs. (9) and (10) of I and (u?)/3=0.00257 A?,
over the range 4.5<Q <11 A ~!. The result, corrected
for multiphonon scattering using the procedure described
in Ref. 10, is shown in Fig. 4. The spectrum is character-
ized by a broad peak in the region of 12 meV (97 cm™}),
followed by three peaks at a higher energy centered ap-
proximately at 29, 47, and 58.5 meV (234, 379, and 472
cm™!). (The conversion 1 meV = 8.0655 cm~! is used.)
In addition, there is the suggestion of a shoulder at
around 64 meV (516 cm™!) on the side of the highest-
energy peak.

An analogous effective density of states was obtained
from the HRMECS S(¢,E) data by averaging the
constant-¢ data for the four detector banks and is shown
in Fig. 5. The multiphonon component has again been
subtracted. The agreement for the general shape of the
densities of states from the two measurements is quite
satisfactory. However, with the higher resolution of the
HRMECS experiment [3 meV full width at half max-
imum (FWHM) compared with about 6 meV in the
LRMECS measurement], it was possible to resolve addi-
tional features. The broad peak at 12 meV now reveals
considerable structure, with at least two peaks, approxi-
mately centered at 6 and 14 meV (48 and 113 cm™Y), and
possibly a third at an intermediate value around 10 meV
(81 cm™!). The 29-meV peak now appears as a doublet
with peak energies of 27 and 30 meV (218 and 242 cm ™)),
the 47-meV peak is resolved into a doublet with peak en-
ergies 45.5 and 49.5 meV (367 and 399 cm™!), and a new
feature can be distinguished at 37.5 meV (302 cm™)).
The features in the LRMECS data at 58.5 and 64 meV
are not clearly expressed in the HRMECS data because
of the poor statistics at high energy transfer. For the list-
ing of the neutron peak energies given in Table I, the
LRMECS values are used for the last two features and
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FIG. 4. One-phonon effective density of states G (E) from the
LRMECS measurement; the labels attached to features in G (E)
give the frequency in cm~! and, where appropriate, assignments
discussed in the text in terms of modes of an Si(Se, ,,), tetrahed-
ron.
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FIG. 5. Same as Fig. 4, with data from HRMECS.

the HRMECS values for all the preceding ones.

Table I compares the energies of the neutron peaks
with those observed in some of the Raman (Refs. 5-8)
and ir (Ref. 8) measurements in the literature. The en-
tries in a given row simply represent peaks observed 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.

As discussed in Sec. I, SiSe, is believed to consist of
Si(Se, ), tetrahedra; the fraction of homopolar bonds,
required for other types of structure, appears to be
<1%.* A model based on isolated tetrahedra should
therefore provide a reasonable starting point for discuss-
ing the dynamics of the glass. In the Sen-Thorpe picture,
discussed in Sec. III B of I in connection with GeSe,, the
value of the critical bond angle 6§, is imaginary for SiSe,,
and so the isolated tetrahedral model is appropriate for
any value of the bond angle 8. This makes the density of
states appear very different from that in SiO,, where
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0>0, and the O(Si, ), unit provides a more suitable
starting point.!! The sixth column of Table I shows the
four fundamental frequencies of the closest tetrahedral
molecule, SiBr,.!” As in the case of GeSe,, modes close
to the molecular frequencies are observed in both crystal-
line and amorphous SiSe,,'® and can be assigned to the
general character of the molecular frequencies with
reasonable confidence. However, it is clear that the dy-
namics of the glass are more complicated than this simple
picture allows: recent Raman measurements®~’ identify
four optical peaks in the region of the v;(4,) tetrahedral
vibrations (210-250 cm~!) and at least four more in the
region of the v;(F,) vibration (350-520 cm™").

Griffiths et al.” and Tenhover et al.® have attempted
to interpret the Raman spectrum of SiSe, glass by draw-
ing an analogy to the spectrum of the crystal. Ortho-
rhombic SiSe, is made up of chains of edge-sharing
Si(Se, ;)4 tetrahedra. This analysis reveals 15 optical
modes, or which nine are Raman active and five ir active.
None is both Raman and ir active. The authors proceed-
ed to identify features of the optical spectra of both crys-
talline and vitreous material with these modes, as indicat-
ed in columns 9 and 10 of Table I. On the basis of the
atomic displacements in these modes, one (4,) could be
associated with the v,(E) tetrahedral mode, two
(Byg,B3,) with the v,(F,) tetrahedral mode, two more
(B,g, 4,) with the v|( 4 ) mode, and six modes, three Ra-
man active (By,,B,,,B;,) and three ir active
(B,,,B3,,B,, ), with the v;(F,) tetrahedral mode. These
modes may be sufficient to account for the features ob-
served in crystalline SiSe,, but even this cannot be evalu-
ated critically without accurate depolarization ratio mea-
surements. The analogy breaks down for the glass in
significant ways. The assignment of the Raman feature at
70 cm ™! to the v,(E) tetrahedral mode requires Ay sym-
metry. However, Susman et al.® have obtained accurate
polarized Raman spectra and have shown that this mode
is unpolarized. The v,(A4,) region of the spectrum
remains an enigma since only two of the crystalline

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

Neutron Measured frequencies (cm™!) Assignment®
(Present Raman/ir SiBr, SiSe, SiBr,
work) (Ref. 5) (Ref. 6) (Ref. 7) (Ref. 8) (Ref. 17) (Ref. 5)  (Ref. 6) (Ref.7) (Ref. 8 (Ref. 17)
48
81 70 70 68 90 ES A4, A4, v (E)
113 125 131 ~110 137 BBy,  vi(Fy)
213 213 202 A, A, B
218 219 222 218 216 A} 4, clsx Bis
237 240 236 A At Cs
42 245 248 245 42 249 ar ar 4, 45
302 307 303
367 357 358 350 ES B, By, B,
399 387 380 390 (ir) B,, B,,
472 470 470 460 (ir) 487 CS B,, vi(F,)
490 (ir) B,,
5167 515 521 515 By, By,

2Symbols other than conventional symmetry designations have the following meaning: A4 {:

corner-sharing tetrahedra; ES: edge-sharing tetrahedra.

A mode of edge-sharing tetrahedra; CS:
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modes appear in this region compared with the four ob-
served in the Raman spectra, and all four are highly po-
larized.’

A possible solution to this discrepancy was suggested
by Griffiths et al.,” based on the possible occurrence of
corner-sharing tetrahedra in the glass, which are absent
in the crystal. A minority component of such entities is
consistent with the diffraction data.*’ Sugai® has ad-
vanced a stochastic model for the concentration of these
entities as a function of composition for several chal-
cogenide glasses. For SiSe,, assigning the 213- and 222-
cm~! Raman peaks to the 4, (corner-sharing) and the
240- and 248-cm~! Raman peaks to the A} (edge-
sharing) modes (he does not comment on why there are
two of each), Sugai estimates 20-25 % of the Se atoms to
be in corner-sharing configurations. It is to be noted that
Refs. 5-7, while adopting a similar interpretation in
terms of mixed corner and edge sharing, give three
different assignments for the four modes.

The mode observed both in the Raman spectrum and
in the HRMECS neutron spectrum around 305 cm™! is
also unaccounted for on the basis of the crystalline mode
analysis. Griffiths et al. suggest an analogy with a mode
found in FSiBr; molecules.

C. Dynamic structure factors

As demonstrated in I for the case of GeSe,, the Q
dependence of the scattering function at a given value of
E provides, in principle, a means of identifying the
features in the density of states observed at that energy.
The calculations based on a tetrahedral model described
in I were repeated with parameters appropriate for SiSe,.

The values used for the force constants were f}’ =260
and f3' =27 kdyn/cm, giving 67, 84, 236, and 532 cm™!
for v,, v4, v, and v;, respectively. The structure factors
are not very sensitive to the values of the forces, however.
Figures 6-8 compare the calculated structure factors for
the v,, v, and v; modes with the measured structure fac-
tors at E=13.9, 30.6, and 60.1 meV (112, 247, and 485
cm™Y), energies close to those of the features in the densi-
ty of states ascribed to those modes (see Table I). The v,
mode was not included in this comparison since it is not
adequately resolved from the elastic scattering; acoustic
modes must also be contributing in this region. The
agreement between calculated and measured structure
factors seen in Figs. 6-8 is reasonable but not as impres-
sive as in the case of GeSe,, discussed in Sec. III C of 1.
There are probably two reasons for this: the statistical
quality of the data is not as high in the GeSe, experiment
(shorter run times and lower source flux at the time of the
measurement), and the scattering is dominated to a
greater extent by the Se atoms, which are probably more
sensitive to the coupling of the tetrahedra than the
group-1V atoms at the centers.

For completeness, Fig. 9 shows the structure factor
measured at E =48.2 meV (389 cm™!). This does not
resemble the behavior calculated for the v, tetrahedral
mode as much as the structure factor measured at 485
cm™! (Fig. 8), which supports the interpretation of the
Raman peaks in this region in terms of modes of the SiSe,
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FIG. 9. S(Q,E) measured at 48.2 meV (389 cm ™).

(edge-sharing tetrahedra) crystal structure. It would be
instructive to calculate the neutron structure factors for
the fundamental unit of the crystalline structure, the
analogue of the diborane molecule, but this has not been
done in the present work. Additional insight into the na-
ture of these modes may be provided by molecular-
dynamics simulations now in progress at Argonne Na-
tional Laboratory.'®

Finally, the question arises as to whether a neutron
structure factor analysis can shed light on questions such
as the assignment of the four Raman modes observed in
the v,( 4,) region and the identification of the 305-cm™!
mode. The answer is, in principle yes, but that such a
determination would require a neutron spectrometer with
resolution of 0.5 meV or better at 30-meV energy transfer
and the angular range and intensity of LRMECS. Such
capabilities probably do not exist anywhere at the present
time, but may be hoped for in the new generation of spal-
lation sources.
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IV. CONCLUSIONS

The neutron inelastic studies reported in this work pro-
vide a picture of the dynamics of vitreous SiSe, that is
generally consistent with that derived from optical mea-
surements over the last ten years. Features associated
with three of the four fundamental modes of the
Si(Se, »,)4 molecule can be identified in the one-phonon
density of states, and are confirmed by a structure factor
analysis; the lowest such mode overlaps the elastic and
acoustic mode scattering. The data reveal two peaks in
the region of the v,( 4 ,) tetrahedral mode compared with
the four observed in high-resolution Raman scattering;
they do not therefore settle the controversial assignments
of these modes. It seems likely, however, that the multi-
plicity of these modes is due to a coexistence of edge and
corner sharing of the Si(Se,,,), tetrahedra. A peak ob-
served in the Raman spectrum at 305 cm™! appears
clearly in the higher-resolution neutron data; its origin is
not determined at the present time. Three and possibly
four features are observed in the region of the v;(F,)
tetrahedral mode; these may reasonably be explained by
vibrations of the edge-linked tetrahedral chain structure
found in crystalline SiSe,.
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