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The polarized Stokes and anti-Stokes Raman spectrum of amorphous As,S; has been measured at
several temperatures in the range 20-448 °K with a He-Ne laser, and at room temperature with a c.w.
dye laser. Using the Shuker-Gammon data-reduction method, the approximate density of vibrational
states has been determined from the Raman spectra and has been found to be temperature independent.
A new type of spectrum, the depolarization spectrum, has been measured for amorphous As,S;. The
depolarization spectrum has been defined to be the dispersion of the Raman depolarization ratio. The
measured Raman and depolarization spectra have been used to test the validity of the two structural
models of vitreous As,S; proposed to date, namely: the planar-random-network model of Bermudez and
the molecular model of Lucovsky and Martin. It has been shown that both models can be used to
calculate Raman spectra in reasonable agreement with experiment while only the molecular model is
compatible with the observed depolarization spectrum. Further, it has been demonstrated that the
depolarization spectrum, not the Raman spectrum, provides a test of the applicability of the
Shuker-Gammon data-reduction technique to a given amorphous solid. The low-temperature (20 °K)
Raman and room-temperature infrared transmission spectra of orpiment, the crystalline form of As,S;,
have been measured. Several lines unresolved in previously reported room-temperature Raman spectra of
orpiment have been resolved in the low-temperature spectra. The envelope of the approximate density of
vibrational states of orpiment has been found to resemble remarkably the approximate density of
vibrational states of amorphous As,S;. This resemblance has been explained using the molecular model.

I. INTRODUCTION

The current interest in the Raman spectra of
amorphous solids is a manifestation of the rela-
tionship between the structure (i.e., range of
order) and the vibrational spectra of disordered ma-
terials. Naturally, a considerable amount of re-
search effort has been directed towards the four-
fold coordinated semiconducting elements and com-
pounds since those are the substances which are
the most tractable from a theoretical point of view.
For example, amorphous Si and Ge exhibit only
translational disorder and no compositional dis-
order.! On the other hand, with the exception of
the chalcopyrites, the fourfold coordinated amor-
phous semiconductors can only be prepared in the
form of thin films.? But the electrical and optical
properties as well as the structural properties of
amorphous films are notoriously dependent upon
the method of preparation and environmental his-
tory.® In fact, there is still some debate? over
what constitutes a “truly” amorphous film notwith-
standing the theoretical work of Galeener® and ex-
perimental measurements of the optical absorption
edge of void-free amorphous Ge and Si films by
Donovan et al.® and Fisher and Donovan, ? respec-
tively.

Fortunately, there is a class of disordered semi-
conducting solids, the bulk chalcogenide glasses,
which are free from the experimental ambiguities
attendant to thin films. In fact, the chalcogenide
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glasses can be prepared in film as well as bulk
form. Most noteworthy of the chalcogenides is
vitreous As,S;. This material has long been used
in infrared lens and window applications and is
thus commercially available in reproducible form.
In addition, vitreous As,S; is transparent in the
red region of the visible spectrum.® For these
reasons we have chosen As,S; as an ideal material
with which to study the detailed temperature and
polarization dependence of the spontaneous Raman
spectrum of a bulk semiconducting amorphous
solid.

The thermal, electrical, and optical properties
of vitreous As,S; have been extensively studied by
many researchers. ! It is, to date, the only amor-
phous solid in which the resonance Raman effect
has been observed. ! Ward, who first measured
the spontaneous Raman spectra of this material, 2
reported structure which has since been shown by
us to be absent from spectra recorded under proper
experimental conditions.’® More recently, Luc-
ovsky has studied the infrared reflection spectra
of amorphous As,S;. 1 Using the molecular model
of Lucovsky and Martin, ** he has calculated the dy-
namic effective charge of the optical modes and re-
conciled an oscillator fit to the reflectivity data
with the polarized Raman results which we report
here.

In contrast to the molecular model of Lucovsky
and Martin, Bermudez has proposed a computer -
generated two-dimensional A,B; disordered-net-

756



8 TEMPERATURE DEPENDENCE OF

work model for the structure of As,S; and As,Ses. 18
From this model he, like Lucovsky, calculates
properties of the Raman cross section which are
in reasonable agreement with experiment. How-
ever, it is in the predicted polarization properties
of the Raman spectrum that the molecular model
and two-dimensional model show marked differ-
ences. We will show that the two-dimensional
random-network model is not consistent with our
polarized Raman spectra whereas the molecular
model is remarkably accurate in this regard.

It is the polarization properties of the Raman
spectra which provide the critical test of distinctly
different structural models of amorphous As,S; and
not the frequency-shift dependence of the spontane-
ous Raman cross section. Therefore, plots of the
Raman depolarization ratio as a function of fre-
quency should provide valuable, if not primary, in-
formation on the structural features of amorphous
solids. The attention given to polarization prop-
erties by those concerned with Raman scattering
from amorphous solids has been underwhelming;
invariably the polarization properties are merely
reported as empirical observations!? or are com-
pletely neglected. 18 This is particularly surpris-
ing since the spontaneous Raman cross section is
not a physical property which is amenable to a uni-
versal interpretation consistent with all amorphous
solids. For solids such as Si and Ge which are
tetrahedrally bonded in both the amorphous and
crystalline phase the spontaneous Raman cross
section is believed to be intimately related, if not
identical to, an appropriately smoothed density of
vibrational states of the crystal.'” On the other
hand, no such connection exists between the densi-
ty of vibrational states of orpiment, the crystalline
form of As,S;, and the spontaneous Raman cross
section of vitreous As,S,.'® Nevertheless, we will
show that the Raman spectrum of crystalline As,S,
can still yield valuable information about the vibra-
tional properties of amorphous As,S; and vice
versa. Though the infrared and Raman spectra of
orpiment have been thoroughly studied, '*% we
have rerecorded both spectra in order to compare
them, particularly the latter, with the correspond-
ing spectra of vitreous As,S; taken under identical
experimental conditions. Incidental to these mea-
surements we have been able to observe several
new phonon lines in the low-temperature (~20°K)
Raman spectrum of orpiment which were unre-
solved in the previously reported room-tempera-
ture measurements.

Crystalline As,S; exhibits a layered structure,
the layers of which are composed of distorted but
coupled pyramidal AsS, units.?' The optical prop-
erties of the crystal are dominated by the two-di-
mensional layer symmetry and not by the three-di-
mensional space-group symmetry.'®»2° There is
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evidence that both the layer character as well as
the pyramidal units exist in vitreous As,S;. % In
addition, Rubenstein and Taylor® have interpreted
the nuclear -quadrupole-resonance (NQR) spectrum
of As™ in vitreous As,S; as indicating a distribution
in pyramidal apex bond angles with a maximum
spread of + 2° about the mean. Using the above in-
formation and our Raman-scattering results we are
able to estimate the dispersion of the valence force
constants of the molecular model.

II. EXPERIMENTAL

The samples of amorphous As,S; used in this
study were obtained from the Servo Corp. of Amer-
ica under the trade name Servofrax.® They were
rectangular parallelepipeds of dimension 6X6x1
mm and were polished on all six surfaces to a flat-
ness of 4 \ measured at~5000 A. The samples
were extremely homogeneous and optically isotropic;
we measured a room-temperature extinction ratio
of 30 dB for polarized He-Ne laser light at 6328 A.
Thus, our polarization studies are unencumbered
by the undesirable effects of strain-induced bire-
fringence. A large sample (typical dimension 1 in.)
of Nevada orpiment used for the study of crystalline
As,Sywas obtained from P. Moore of the Geophysical
Sciences Dept. at the University of Chicago. From
it a slab of single crystal 1 mm thick was cleaved
and subsequently cut into several parallelepipeds
of dimensions~4X4Xx1 mm having faces in the ac
crystal plane (see Sec. II B for a discussion of the
crystal symmetry).

All of the Raman spectra reported in this paper
were recorded using the right-angle scattering ge-
ometry. Most of the spectra were excited with 50
mW of 6238-A He-Ne laser radiation®; however,
we also report spectra excited by an argon-ion la-
ser® and by a cw dye laser® operating, respective-
ly, at 5145 and 5910 A. The Raman-scattered ra-
diation was dispersed by a Jarrel-Ash model 25-
100 double monochromator® and detected by an ITT
model FW 130 phototube? coupled to a photon count-
ing system. Peak signals of~ 300 counts/sec were
obtained from vitreous As,S; with a spectral slit
width of 5.4 cm™ and a dark count of 1.3 counts/
sec.

For low-temperature measurements, a five-win-
dow Andonian throttling cryostat® was used, while
for high-temperature measurements a three-win-
dow home-made optical oven was employed. In
both devices, the sample was immersed in a bath
of He gas which was maintained at the desired
measurement temperature. Below 150 °K a carbon
thermometer and bridge-type controller were used
to measure the sample temperature to within+0.1
°K and maintain it constant to within+0.01°K. A
copper -constantin thermocouple was used to mea-
sure sample temperaturesinthe range 150-448 °K



758 R. J. KOBLISKA AND S. A. SOLIN 8

but no automatic controller was used for that tem-
perature interval. Therefore, reported sample
temperatures between '150-448 °K have an esti-
mated error of+4 °K.

Vitreous As,S; is ostensibly transparent at 6238 A;
its absorption coefficient at that wavelength and at
300 °K is ~0.8 cm™.° However, the small residual
absorption coupled with the very low thermal con-
ductivity of this substance (4x10™ cal/ sec cm® C)[!
caused severe optical damage to samples which
were exposed to as little as 50 mW of He-Ne laser
radiation focused to yield an estimated power den-
sity of only 2 kW/cm? Even when immersed in
superfluid He, samples of vitreous As,S; suffered
subsurface damage upon exposure to 2 kW/cm? of
6328-A radiation! Similarly, at liquid-nitrogen
temperature crystalline As,S; exhibits negligible
absorption at a photon energy of 2.41 eV(5145 A), °
yet when immersed in superfluid He this material
could tolerate less than 80 kW/cm? of green argon
laser radiation.

It is interesting to note that the damage to vitre-
ous As,S; occurred instantaneously as evidenced by
the absence of any Raman signal when the incident
He-Ne laser-power density exceeded 2 kW/cm?.
However, when excited with 5145-A radiation hav-
ing a power density in excess of 80 kW/cm?, the
Raman spectrum of crystalline As,S; exhibits a
gradual decrease in intensity with increasing ex-
posure time. Both crystalline and amorphous As,S,
undergo a color change in the irradiated region;
the former transforms from yellow to red, the lat-
ter from red to black. Light- and heat-induced
color changes have previously been observed in
amorphous As,S; %° although to our knowledge no
other measurements of this effect have been made
at liquid-helium temperature. Apparently the very
properties of amorphous As,S; which make it a
choice material for storing optical information®®
are detrimental to the observation of its Raman
spectrum. We were able to obtain reproducible
Raman spectra from amorphous and crystalline
As,S; simply by defocusing the incident laser beam
to obtain a 3-mm spot size (at the 1/¢? power points
for the TEM,, mode) at the sample. !

Each of the Raman spectra reported here has
been computer corrected for the dispersion and po-
larization dependence of the instrumental transfer
function 7(w,), w, being the frequency of the Raman-
scattered photon.3! Two Raman polarization con-
figurations have been employed and are denoted by VV
and HV. I,y is the scattered intensity when both
incident and scattered radiation are polarized per-
pendicular to the scattering plane, i.e., vertical in
the laboratory coordinate system, while Iyy is the
scattered intensity when the incident radiation is
polarized in the scattering plane and the scattered
radiation is polarized perpendicular to the scat-

tering plane. The depolarization ratio p is given
by p=Iyv/Iyv. Note that for the polarization con-
figurations discussed above, the scattered radia-
tion is always polarized perpendicular to the scat-
tering plane. Therefore, depolarization ratios can
be calculated directly from the raw Raman data
without correcting for the instrumental transfer
function.

Measurements of the unpolarized infrared.trans-
mission spectra of orpiment in the range 150-600
cm~! were made with a Perkin-Elmer model 180
spectrophotometer®? operating in the constant-I,
(dual-beam) mode. The cleavage properties of or-
piment preclude infrared reflection or trans-
mission measurements in which the incident radi-
ation propagates parallel to the layers. Therefore
in the hope of examining infrared modes active
along the b axis of the crystal a “mull” sample of
powdered crystalline As,S; was examined. The
techniques for preparing mull samples are well
known® and need not be elaborated upon here ex-
cept to note that “nujol” oil was used as the sus-
pending medium,

III. RESULTS AND DISCUSSION
A. Approximate Density of Vibrational States

Shuker and Gammon® have suggested a data-re-
duction technique which enables one to derive from
the first-order Raman spectrum of an amorphous
solid what we call an “approximate” density of
states. Specifically, the Raman intensity is ob-
tained from the Fourier transform of the space-
time correlation function of the fluctuations in the
dielectric constant of the material. The Stokes
Raman intensity is given by

L, T)= 5 0547 (L)1 40, o) (1)

where I,g ,4(w, T) is the intensity at a frequency
shift w, g,(w) is the density of vibrational energy
states in band b,n(w, T) is the Bose-Einstein occu-
pation number for a phonon of frequency w at equi-
librium temperature T, C2*" are polarization-de-
pendent coupling coefficients that contain the cou-
pling of band b to the optical radiation field, and
apB(y5) index the incident (scattered) -light polar-
ization. It is assumed in Eq. (1) that all vibrations
within a band couple equally to the radiation. The
anti-Stokes Raman intensity is obtained simply by
replacing [n(w, T)+1] by n(w, T) in Eq. (1). I

the coupling coefficients are band independent, the
approximate density of states

8a (w)=?gb(w) (2)

is proportional to the observed Stokes Raman in-
tensity divided at each frequency shift w by [#(w, T)
+1)/w [or n(w, T)/w for the anti-Stokes intensity].
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Equation (1) predicts a continuum first-order
spectrum for an amorphous solid in contrast to the
discrete-line Raman spectrum exhibited by crys-
talline solids. The discrete-line character of the
first-order Raman spectrum of a crystal is a di-
rect consequence of wave-vector (or crystal mo-
mentum) conservation®; only the zone-center (K~ 0)
phonons can participate in the scattering process.
But the wave vector does not represent a “good”
quantum number for an amorphous solid since such
a solid possesses no long-range order. Therefore,
all vibrational modes can participate in the scat-
tering process and the resultant continuous spec-
trum is, assuming band-independent coupling coef-
ficients, proportional to the total density of vibra-
tional states. For essentially the same reasons,
the infrared spectrum of an amorphous solid is,
assuming band-independent coupling coefficients
(i.e., constant matrix elements), also proportional
to the approximate density of vibrational states.

The Raman intensity calculated from Eq. (1) is a
function of only the phonon frequency and absolute
temperature. The well known w: dependence of an
induced-dipole scatterer® is contained in the cou-
pling coefficients and is apparently assumed by
Shuker and Gammon to be constant over the range
of Raman-scattered photon frequencies, i.e., 5-380
cm™! for vitreous As,S;. However, for spectra ex-
cited by the 6328-A radiation of a He-Ne laser, the
w? term for a 5-cm™! Stokes shift is 9% larger than
the corresponding term for a 380-cm™! Stokes
shift. Therefore we correct our Raman data for
both the instrumental transfer function and the w?
term and obtain from Eq. (1) and the Stokes spec-
trum an approximate density of states given by

-1
galw)= (T" (wy~w) -lu-, (wy-w)nlw, T)+ 1])

Iyy(w, T)/C"Y
x{ I::(w, T)/CEY - 3)

Here T7,(w;-w) is the instrumental transfer function
for light polarized parallel to the spectrometer
grating grooves, w; is the frequency of the incident
photon, and

W= W; - W )

The approximate density of states can also be de-
termined from the anti-Stokes spectra by making
the following transformations in Eq. (3):
Wi =W Wi+ w
and (5)
[n(w, T) + 1]" n(ws T)-
In principle, the Raman data should also be cor-

rected for the temperature dependence and disper-
sion of the absorption coefficient and reflectivity
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FIG. 1. Temperature dependence of the computer-.
smoothed right-angle Raman spectrum of vitreous As,S;.
The incident light was polarized perpendicular to the scat-
tering plane and no analyzer was used in the collection
optics. The region |Av|=11 cm™! has been artificially
treated by the computer and should be ignored. The spec-
tra were recorded with a spectral slit width of 5.4 cm™!.
The (0)’s at the right of the figure indicate the baselines
of the corresponding spectra. These spectra were ex-
cited with the 6328-A radiation from a He-Ne laser.

at the frequencies of the incident and scattered
photons. These corrections are crucial to the ob-
servation of the resonance Raman effect' but have
been omitted here since they require extensive
computer calculation and introduce no alteration
into our interpretation of the Raman data presented
below.

Figure 1 shows the temperature dependence of
the computer -smoothed®® polarization-unanalyzed
Stokes and anti-Stokes Raman spectrum of vitre-
ous As,S;. The quasicontinuous character of the
spectra and the highly temperature-dependent low-
energy peak at~30 cm™ are typical of spontaneous
first-order Raman scattering from an amorphous
solid. 3" We note that at any given frequency shift
in the anti-Stokes region the Raman intensity is
linearly proportional to the Bose—-Einstein occupa-
tion number, n(w, T); thus, we are indeed observ-
ing a first-order Raman effect. In order to further
verify that the structure in the Raman spectra of
vitreous As,S; at 140, 189, 230, and 490 cm™ re-
ported by Ward!? was in fact absent from our spec-
tra they were excited with the 5910-A radiation
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FIG. 2. Room-temperature right-angle Stokes—Raman
spectrum of vitreous As,S; excited by the 5910-A radia-
tion of a cw dye laser. Approximately 15 mW of laser
radiation was incident on the sample and no analyzing
polarizer was used. This spectrum was also recorded
with a spectral slit width of 5.4 cm™, The abscissa is
linear in wavelength rather than wave number.

from a cw dye laser.® The result is shown in Fig.
2. We also used the 5145-A argon laser line and
the reflection scattering geometry to record the
Raman spectrum of vitreous As,S;. However, as
a result of the high-absorption coefficient at 5145 A
and low thermal conductivity the threshold laser
power for damaging the sample was so low that de-
finitive spectra could not be obtained.
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FIG. 4. Computer-smoothed HV—polarized Raman spectra
recorded at the temperatures indicated.

In Figs. 3 and 4 we have shown, respectively, the
computer -smoothed transfer-function-corrected
VV- and HV-polarized Raman spectra of amor-
phous As,S;. As can be seen, for each measure-
ment temperature the ratio of the intensities of the
Raman peaks at~ 30 and 344 cm™ is quite different
for the two polarizations; the low-energy vibra-
tions are more pronounced in the HV spectrum,
Thus, for vitreous As,S; the coupling coefficients
in Eq. (1) are clearly not band independent. It is
for this reason that we label the density of states
deduced from the theory of Shuker and Gammon an
approximate density of states.

Figures 5 and 6 show the approximate densities of
states derived by applying, in the manner described
above, the expression given on the right-hand side
of Eq. (3) to the VV and HV Raman spectra of Figs.
3 and 4, respectively. The anti-Stokes spectra of
Figs. 5 and 6 exhibit a much lower signal-to-noise
ratio than the corresponding Stokes spectra; there-
fore, the anti-Stokes-derived approximate densi-
ties of states exhibit a poor signal-to-noise ratio,
especially at low temperature. The approximate
densities of states deduced from the HV and VV
Raman spectra of vitreous As,S; are, disregarding
corrections for absorption, identical but for the
following three exceptions:

(i) The inner peak at~ 180 cm™ when compared
to the peak at 344 cm™! is more intense in the ap-
proximate density of states derived from the HV
Raman spectra than from the VV spectra. This
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FIG. 5. Temperature dependence of the approximate
density of vibrational states of amorphous As,S; deduced
from the Stokes and anti-Stokes VV-polarized Raman
spectra of Fig. 3.

again is a manifestation of the band dependence of
the coupling coefficients in Eq. (1).

(ii) The inner peak occurs at a slightly lower
frequency shift in the HV -derived approximate den-
sity of states compared to its position in the VV-
derived approximate density of states.

(iii) The high-energy peak shifts from 344 cm™
in the VV-derived approximate density of states to
325 cm™ in the HV-derived approximate density of
states.

In support of the Shuker-Gammon theory, we
note that the approximate densities of states shown
in Figs. 5 and 6 are temperature independent. One
expects a true density of vibrational states of an
amorphous solid to change very little with temper-
ature over the range of temperatures explored in
this paper.

It is interesting to note that the Shuker-Gammon
theory was developed to explain the Raman spectra
of molecular-type glasses, e.g., vitreous quartz,
and vitreous As,S;, yet it is for these materials
that the theory is least successful as far as the
assumption of band independence of the coupling
coefficients C3*" is concerned. Moreover, the
approximate densities of states deduced from the
Raman and infrared spectra of glassy amorphous
solids are not identical. !*® Ironically, it is the
tetrahedrally bonded thin-film amorphous solids
such as Ge and Si that are most compatible with
the Shuker -Gammon theory. For instance, con-
sistent with the assumption of band-independent

coupling coefficients, the VH- and HH-polarized
Raman spectra of amorphous Si are, to within a
constant scale factor, essentially identical'’
while the approximate densities of states deduced
from both Raman and infrared measurements are
similar, 1738

B. Spectra of the Crystal

Crystalline As,S; which has C,,’ space-group
symmetry possesses a micaceous layered struc-
ture, #* Zallen et al.'® and Mathieu and Poulet®
have found that it is the C,, layer symmetry and
not the three-dimensional space-group symmetry
which determines the optical properties of the
crystal, We have measured the Raman spectrum
of crystalline As,S; using the right-angle scatter-
ing geometry with the exciting radiation incident
along the crystal b axis, i.e., perpendicular to the
layers and with unknown orientation in the ac plane.
The spectra were recorded at room temperature
and at 20 °K using 6328- and 5145-A laser excita-
tion lines, respectively. The low-temperature
spectrum shown in Fig. 7 contains lines at 315 and
360 cm™! which were barely resolved in our room-
temperature measurements. Weak low-frequency
Raman lines such as the one reported at 36 cm™
exhibit a marked decrease in intensity with de-
creasing temperature; they are not present in Fig.
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FIG. 6. Temperature dependence of the approximate
density of vibrational states of amorphous As,S; derived
from the Stokes and anti-Stokes HV-polarized Raman
spectra of Fig. 4.
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FIG. 7. Raman spectrum of crystalline As,S; recorded
at 20 °K using the 5145-A line of an argon-ion laser.

7, but have been observed in our room-tempera-
ture measurements [see Table IJ.

Zallen et al.® examined only single crystals of
As,S;. They could not observe vibrations belonging
to the B, irreducible representation of the C,, point
group since such vibrations are infrared active on-
ly for light polarized parallel to the b axis of the
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crystal. However, Mathieu and Poulet® studied
the infrared transmission of both mull (powdered)
samples and single crystals. They concluded that
three modes at 179, ~ 290, and 394 cm™, which
were definitely present in the spectra of the mull
samples but absent from the spectra of the single
crystal, have B, symmetry. We have also mea-
sured the infrared transmission spectrum of a
mull sample of crystalline As,S; and of a thin sin-
gle crystal. The results of these measurements,
both of which were made using unpolarized light,
are shown in Fig. 8. In Table I we summarize our
Raman and infrared measurements of crystalline
As,S; and compare them with the results obtained
by Mathieu and Poulet® and by Zallen et al.'?

C. Comparison of the Raman Spectra of Crystalline and
Amorphous Phases

Local structural similarities in the amorphous
and crystalline phases of a given substance should

TABLE I. Frequencies and symmetries of the optical phonons of orpiment determined from the present room-tem-
perature Raman and infrared measurements (frequencies only) and the previous measurements of Mathieu and Poulet

(Ref. 20) and Zallen et al. (Ref. 19).

Raman shift in em™!

ir frequency in cm”

1 Symmetry assignment®

Zallen Mathieu and Zallen Mathieu and Zallen Mathieu and
Authors et al. Poulet Authors et al. Poulet et al. Poulet
26 25 25 B,?
37 36 35 Ap?
52 Ay
63 63 60 ?
67° 67 Ay
70 69 69 ?
106 107 105 Ay
136 136 134 140 Ay By?
139 Ay
144°
154 154 152 155 159 150 Ay Ay
157 156 158 Ay
179 179 179 179 181 176 B, B,
182 B,
203 204 201 199 198 201 A, Ay
212"
244 244 B,
278 279 B,
290 290 By+A,
294 293
300 300 299 300 B, B,
309 311 309 311 311 310 Ay Ay
312P
324 326
346 345 346 B, B,
354 355 355 353 354 354 Ay Ay
356°
360 359 359 362 361 Ay
368 364 A,
375 B,
383 382 381 382 383 380 Ay By
392 394 B,

2The symmetry convention is that of Ref. 20.

Ppreviously unreported.
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FIG. 8. (a) Infrared transmission spectrum of a par-
tially unoriented single crystal of orpiment. The radia-
tion was incident along the crystal » axis. (b) The infra-
red transmission spectrum of a mull sample of orpiment.

be reflected in the optical spectra of the two phases.

Therefore we have recorded the room-temperature
polarization-unanalyzed Raman spectra of amor-
phous and crystalline As,S;, under identical exper-
imental conditions. The peak intensities of the
prominent lines in the spectrum of orpiment have
been used in Eq. (3) to determine an approximate
density of crystalline states at the discrete eigen-
frequencies of the Raman-active vibrations. The
approximate densities of states for crystalline and
amorphous As,S; have been normalized to the 355-
cm™ peak of the crystal and are plotted in Fig. 9.%°
The similarity between the two sets of data is re-
markable; the approximate density of states for
the amorphous phase is, but for minor discrepan-
cies, the envelope of the corresponding crystal
data points. The comparison is. at best qualitative
since the dependence of phonon intensities on crys-
tal orientation has not been considered. It might
be argued that the Raman spectrum of powdered
(crystalline) As,S; would be more appropriate for
comparison to the spectrum of the amorphous
phase. However, we could not have studied the
powder under identical experimental conditions as
used for the amorphous phase. Moreover, the en-
velope of the polarization-unanalyzed Raman lines
of the crystal was relatively insensitive to sample
orientation.

T T l I I I I T T

» » e
T I T
l ] 1

o
I
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FIG. 9. Comparison of the approximate densities of
vibrational states of amorphous and crystalline As,Sg
normalized at 355 cm™. The data were derived from the
polarization-unanalyzed Raman spectra of the amorphous
and crystalline phases using Eq. (3) of the text with
Tu(w; = w) = constant and I(w, 300 *K)ymporarizea int the right-
hand bracket.

o

D. Depolarization Spectrum

The polarization properties of the Raman spec-
trum of a crystalline material can be used to de-
termine the group-theoretical symmetries of the
vibrational eigenstates. If oriented single crystals
are studied it is possible, using modern-day tech-
niques, *° to determine the structure, i.e., the
zero and nonzero components, of the Raman tensor
of each active mode and therefore its symmetry
species.

It is not possible, however, to determine the
structure of the Raman tensor from the spectrum
of a polycrystalline solid or powdered crystalline
material, or a liquid or gas because the crystal-
lites or molecules, respectively, are randomly
oriented in space. Instead, the symmetry proper-
ty of each line in the Raman spectra of such sub-
stances is quantitatively characterized by a depo-
larization ratio p defined as the ratio of the inten-
sity of scattered light polarized in the scattering
plane to that polarized perpendicular to the plane.*
Polycrystals, powders, Iiquids, gases, and single
crystals all exhibit discrete first-order Raman
spectra. *? Therefore, the frequency dependence
of the depolarization ratio of these substances*
can be written in the general form

1

p(w)=§)1 p; (w-w;) . 6)

Here we assume that no accidental degeneracies
occur in the Raman spectrum which is composed
of N discrete lines having zero width. Also, p, is
the depolarization ratio of the Raman line having
frequency shift w;. The range of values which the
depolarization ratio can assume will depend upon
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TABLE II. The allowed values of the depolarization ratios p; for linearly polarized incident radiation.

Material® Vibrational mode type Trace of Raman tensor Range of p;
Symmetric =0 O=p;==
Antisymmetric =0 0sp;=%
Single crystal Doubly degenerate =0 O0=p;sw
Triply degenerate =0 O0=p;se
Polycrystal Symmetric =0 0=p;<%
Powdered crystal Antisymmetric =0 pi=%
Liquid Doubly degenerate =0 ;=%
Gas ) Triply degenerate =0 pi=3%

#Note: For disordered substances, i.e., gases, etc., Raman lines for which p=$ are characterized as depolarized

while those having p <3 are polarized.

the type of Raman-active vibration to which it cor-
responds, the form of the material being examined,
and the polarization properties of the exciting ra-
diation. For linearly polarized exciting radiation,
p; can take on the values given in Table II.

Since the first-order Raman spectrum of an
amorphous solid is continuous, the depolarization
ratio associated with it is a continuous function of
frequency shift. We can expect the structural fea-
tures of the “depolarization spectrum” of an amor-
phous solid to reflect the different symmetry prop-
erties of the vibrational modes. (We will elaborate
on this point in Sec. IV.) Moreover, by analogy
with liquids and gases which are, of course, dis-
ordered systems, the “depolarization spectrum” of
an amorphous solid has an amplitude bounded by
the values 0 and 3. In Fig. 10 is shown the depo-
larization spectrum of vitreous As,S;. This spec-
trum was calculated for each observation tempera-
ture T from the smoothed polarized Raman spectra
Iyy(w, T) and Iyy(w, T) using

p(w)=Iay(w, T)/Iyy(w, T) )

DEPOLARIZATION RATIO s P
[¢1] D
T T
T
@zx‘;
| |

0 1 ] 1 | 1 | TR ]
0 100 200 300 400 500

RAMAN SHIFT (cm™)

FIG. 10. Depolarization spectrum p(w) of vitreous
As,S3. Here p(w)= {Igy(w, T)/Iyy(w, T)),; the brackets
indicate an average over all temperatures. The error
bars indicate one standard deviation about the mean.

and was found to be temperature independent. The
most noteworthy features of the spectrum are the
sharp drop in depolarization ratio at ~ 315 cm“,
the plateau between 100 and 300 cm™, and the rise
to higher values with decreasing frequency shift
below 100 cm™,

IV. STRUCTURAL MODELS AND OPTICAL SPECTRA

Two structural models of vitreous As,S; now ex-
ist in the literature. Both models involve severe
approximations yet each stresses a different aspect
of the known structural features of vitreous As,S;.

A. Planar-Random-Network Model

Bermudez has extrapolated from the layer char-
acter® of both crystalline and vitreous As,S; to a
two-dimensional computer-generated disordered-
network model of the amorphous phase. !® A por-
tion of the network is shown in Fig. 11(a). Note
that the distribution in As-S-As bond angles is
Gaussian while the S-As-S angle is fixed at 120°.
Using his structural model and a two-parameter
potential function involving nearest-neighbor cen-
tral and noncentral interactions, Bermudez has
‘generated and solved the equations of motion and
has calculated the density of vibrational states of
vitreous As,S;. His calculated density of states is
compared in Fig, 12 to our measured approximate
density of states. Suffice it to say that the agree-

As e

(a) (b)

FIG. 11. Schematic representation of the atomic ar-
rangements in (a) the planar-random-network model and
(b) the molecular model.
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FIG. 12. Comparison between (a) the density of vibra-
tional states calculated by Bermudez (Ref. 16) from the
planar-random-network model of vitreous As,S; and (b)
the observed approximate density of states. The two
curves have been normalized at 335 cm™.

ment is reasonable. The low-frequency continuum
in the calculated density of states has been ascribed
to bond-bending modes'® whereas the peak at ~ 340
cm™ corresponds to an antisymmetric As-S-As
stretching vibration. The shoulder at 310 cm™
derives from the stretching of the S-As-S bonds in
the AsS; triangular units of which the network is
composed.

If the network model accurately describes the
dynamical motion in vitreous As,S;, then the eigen-
vectors calculated from that model for any speci-
fied eigenfrequency should yield depolarization
values consistent with our measured depolarization
ratio. Bermudez has analyzed his network model
in terms of the internal modes of the AsS; plane-
triangular unit and the As-S-As “water molecules.”
We therefore use those local structural units to de-
termine the symmetries and depolarization ratios
of the vibrational modes of amorphous As,S;.

The bending modes of the plane-triangular AsS,
unit of the As-S-As “water molecule” can be either
symmetric or antisymmetric. In fact, the low-en-
ergy continuum in the Raman spectrum of vitreous
As,S; (see Fig. 12) can result from an admixture
of such modes and produce a depolarization spec-
trum with depolarization ratio p(w)<$. The re-
sults for the low-frequency regime shown in Fig.
10 neither conflict with nor confirm the predictions
of the disordered-layer model. Consider now the
high-frequency (w> 250 cm-!) regime. Modes in
the vicinity of the 340-cm™ peak in the Raman
spectrum have been assigned!® to antisymmetric
stretching deformations of the As-S-As “water
molecule.” The antisymmetric modes of a “water
molecule,” which has local point-group symmetry
Céf,, give rise to depolarized Raman lines. From
this and Table II we conclude that the depolariza-
tion ratio should be close to its maximum value of
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3 for w~340 cm™!. In addition the modes having
eigenfrequencies ~ 310 cm™ result, according to
Bermudez, from a deformation of the AsS; planar
unit. The eigenvectors corresponding to w~ 310
cm! [see Fig. 5(f) of Ref. 16] represent a symmet-
ric stretch of the AsS; unit which has local point-
group symmetry Dg,. * But the in-plane symmet-
ric-stretch vibrations of planar molecules with
Dg, symmetry are totally symmetric** and as can
be seen from Table II generate polarized Raman
lines; i.e., p<3$. Thus, the planar-disordered-
network model predicts a rise in the depolarization
spectrum between 310 and 340 cm™ indicating a
change from predominantly polarized to predomi-
nantly depolarized Raman scattering. This be-
havior, as can be seen from Fig. 10, is clearly
inconsistent with the measured depolarization
spectrum which shows a change from predomi-
nantly depolarized to prominently polarized scat-
tering over the range 310-340 cm™,

B. Molecular Model

Lucovsky and Martin have proposed a molecular
model based on the local atomic arrangement
shown in Fig. 11(b) to explain the optical spectra
of amorphous As,S;. They associate bands in the
Raman and infrared spectra of vitreous As,S; with
the intramolecular and intermolecular vibrations
of a basic structural unit, the AsS; pyramid. The
intermolecular modes are identified with deforma-
tions of the triatomic bent chain As-S-As “water
molecule.” (In this respect the planar-random-
network model and molecular model are quite sim-
ilar.) The intermolecular coupling is presumed to
be sufficiently weak that the pyramidal AsS; modes
and the bridging chain As-S-As modes can be
treated independently. In addition, from a group-
theoretical point of view, the AsS; and As-S-As
units are pyramidal XYy and bent planar X,Y mole-
cules with point-group symmetries Cg, and C,,, re-
spectively. The symmetry properties of such mole-
cules have long been known and are discussed in
detail by Herzberg.

In Table IO the symmetry species of the funda-
mental vibrations of the AsS; and As-S-As units
are listed and the corresponding eigenfrequencies,
calculated by Lucovsky and Martin from the molec-
ular model, are compared with the positions of
prominent features in the optical spectra of vitre-
ous As,S;. Though features attributable to the
As-S-As modes have not yet been observed in the
optical spectra of amorphous As,Ss,'® the agree-
ment between theory and experiment is quite re-
spectable.

Observe from Table I that the 309-cm™ v, and
the 344-cm™ p; modes are the symmetric (singlet)
and antisymmetric (doubly degenerate) pyramidal
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TABLE III. Symmetry properties and frequencies of the fundamental modes of vitreous As,S; deduced from the molecular

model.
Molecular structure and point- Calculated frequency Reported frequency Symmetry
group symmetry Mode? (cm™) (cm™) species

vy 344 344° Ay

AsS; pyramid vy 162 164° Ay

£ S-As-S=97.2° Vs 310 310°¢ E
Point Group Cj, vy 133 120-270° E

As,S ‘water molecule” v{ 218 se Ay

£ As-S-As=150° vd 55 oo Ay
Point group C,, v§ 438 oo B,

#Modes are labeled according to Ref. 44.

deformations which generate, respectively, polar-
ized and depolarized Raman lines. Each of these
modes is broadened by the dispersion of the force
constants and apex angles of the pyramidal units
from which the amorphous phase is constructed.
Therefore, the molecular model predicts correctly
the change from predominantly depolarized scat-
tering at 309 cm™ to predominantly polarized scat-
tering at 344 cm™ shown in the depolarization spec-
trum of Fig. 10.

Pyramidal XY; molecules are somewhat unusual
spectroscopically in that all of the polar modes of
this structure are Raman active while all of the
Raman active modes are polar.*” The dominant
ir active mode v3 has maximum intensity in the HV
Raman spectrum; the dominant Raman-active mode
v; has maximum intensity in the VV Raman spec-
trum. Thus, the molecular model properly ac-
counts for the shift in the high-frequency peak from
344 cm™ in the VV-derived approximate density of
states to 325 cm™! in the HV-derived approximate
density of states (see Figs. 5 and 6 and Sec. IIIA).

As mentioned in Sec. I, x-ray?® and infrared?®
measurements indicate that the AsS; pyramidal
unit exists in both the amorphous and crystalline
phase of As,S;. Taylor and Rubinstein® have placed
an upper limit of + 2° on the distribution in pyrami-
dal apex angles in vitreous As,S;. We have at-
tempted to determine whether that distribution of
apex angles is alone sufficient to account for the
continuous nature of the Raman spectrum. From
the vibrational frequencies listed in Table II, the
pyramidal bond-bending and bond-stretching force
constants of the molecular model have been deter-
mined. Using those force constants and the valence
force approximation we find that if the S-As-S
bond angle is altered by +2° about a nominal value
of 97.2° then for a symmetric pyramidal AsS;
molecule

1n=344+4.4cm? , 1,=162:+2.2cm™ ,
v3=310£2.0 cm™ , ,=133:2.0cm™ .

Thus, the distribution in apex angles produces on-

'References 12 and 13. °Reference 45.

ly a slight broadening of the fundamental mode fre-
quencies and can certainly not generate the contin-
uous Raman spectrum observed experimentally.
However, for a fixed apex angle of 97.2° a distribu-
tion of +9% in the radial force constant of the mo-
lecular model results for example in a +15-cm™
spread in the v,-mode frequency. The cumulative
effects of the distribution in both force constants
and apex angles can account for the continuous na-
ture of the Raman spectrum. Moreover, a +9%
spread in force constants is by no means unrealis-
tic. The As-S bond lengths in orpiment vary be-
tween inequivalent sites in the primitive cell by as
much as 3%.2' The variation in As-S bond lengths
in vitreous As,S; can be expected to be at least as
large as if not larger. But, according to Gordy’s
rule*® a 3% variation in As-S bond length results in
a ~ 5% variation in radial force constant. Gordy’s
rule is only an approximation*; a spread in radial
force constant of + 9% is therefore quite feasible.
We note with interest that as the AsS; pyramidal
apex angle was increased from its nominal value
of 97. 2° the symmetric v, mode decreased in fre-
quency while the antisymmetric v; mode increased
in frequency. For apex angles greater than 108°,
the y3 mode had a higher frequency than the v,
mode. Therefore, it is not surprising that the
planar “pyramid™ of the random-network model
which has an apex angle of 120° should exhibit an
antisymmetric mode of higher frequency than the
symmetric mode in the region around 320 cm™,
Finally, the molecular model can be used to
qualitatively explain the remarkable similarities in
the approximate densities of states of vitreous and
crystalline As,S; shown in Fig. 9. Lucovsky and
Martin®® have pointed out that all of the major
groups of eigenfrequencies in orpiment coincide
with frequencies determined from the molecular
model. By choosing a structural unit composed of
several pyramids, i.e., a bigger molecule, one
could in principle use the molecular model to ob-
tain all of the vibrational modes and eigenfrequen-
cies of crystalline As,S;. The Raman spectrum or
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equivalently the approximate density of states of
the amorphous phase can then be obtained by appro-
priately broadening the discrete Raman lines or
peaks in the approximate density of states of the
“large molecule” to account for the distribution in
force constants and bond angles. For example, if
the force-constant and bond-angle distributions are
Gaussian, the approximate density of states of vit-
reous As,S; shown in Fig. 9 could be obtained by
replacing each peak in the approximate density of
states of the crystal by a Gaussian line and sum-
ming the overlapping amplitudes. Ward has intu-
itively but quite successfully used this procedure
to calculate the Raman spectrum of vitreous As,Ss
from the spectrum of orpiment. 12

V. CONCLUSION AND SUMMARY

The polarized Raman spectra of vitreous As,S;
have been studied as a function of temperature and
compared with the spectra calculated from the pla-
nar-random-network model and the molecular mod-
el both of which give reasonable agreement with
experiment. A new spectrum, the depolarization
spectrum, has been defined for amorphous solids.
Only the molecular model of vitreous As,S; yields
results in agreement with the observed depolariza-
tion spectrum. In addition, it is the depolarization
spectrum, not the Raman spectrum, which deter-
mines the applicability of the Shuker—-Gammon
data-reduction technique to a given amorphous sol-
id.

Inherent in the molecular model is the assump-
tion of negligible intermolecular coupling. On the
basis of that model, the depolarization ratio of an-
tisymmetric vibrational modes is 3. Yet the depo-
larization spectrum of vitreous As,S; has a maxi-
mum amplitude of 3 °° (at ~11-cm™ Raman shift)
(see Fig. 10). We believe that the failure of the
depolarization spectrum to achieve the theoretical
maximum amplitude of § is a manifestation of in-
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termolecular coupling. The coupled modes have
admixtures of symmetric and antisymmetric eigen-
vectors of the AsS; unit.

Finally, it is possible to roughly characterize
amorphous sofids by their molecularity. Clearly
vitreous As,S; and As,Se; are molecular since the
molecular model works quite well for these mate-
rials. Amorphous Si is nonmolecular; for any
chosen molecular structural unit of that substance
the intermolecular coupling is just as strong as the
intramolecular coupling. On the basis of the above
discussion, amorphous Se and Te might best be de-"
scribed as quasimolecular.

Molecular amorphous solids and nonmolecular
amorphous solids yield qualitatively quite similar
Raman spectra which are continuous and exhibit
broad peaks but no sharp structure. On the other
hand, molecular and nonmolecular amorphous sol-
ids exhibit quite different depolarization spectra.
For instance, the depolarization spectrum of tetra-
hedrally bonded amorphous Si has a constant'” am-
plitude. Apparently, the more molecular the amor-
phous solid is, the more irregular is its depolar-
ization spectrum. The dépolarization spectra of
amorphous Se and Te should be of considerable in-
terest since these materials have a mixture of mo-
lecular and nonmolecular properties.

Note Added in Proof: Profitt and Porto have re-
cently described a technique which can be used to
automatically record depolarization spectra. See,
W. Profitt and S. P. S. Porto, J. Opt. Soc. Am.
63, 77 (1973).
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The polar-phonon spectrum of paratellurite has been obtained from polarized infrared reflectivity at
295 and 85 °K. The eight E and four 4, modes are identified; the mode frequencies, oscillator
strengths, and dampings are determined from a dispersion analysis of the data. The anisotropic
frequencies of the coupled 4, and E modes for oblique phonons in the extraordinary ray are also

presented.

The polar-phonon spectrum of paratellurite has
been obtained from the polarized infrared reflec-
tivity at 295 and 85 °K. Paratellurite is a tetrag-
onal, D}, form of TeO, with four formula units in
the elementary cell.! The zone-center optical
phonons have the symmetries 44, +4A,(z) +5B,
+4 B, +8E(x,y), «f which the infrared-active

branches are labeled with their polarizations where
2 is parallel to the crystal c axis. All of these
lattice-mode symmetries are Raman active except
for the pure A,(z) phonons. In this paper the eight
E and four A, modes are identified; and the mode
frequencies, oscillator strengths, and dampings
are determined from a dispersion analysis of the



