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- Crystalline As,S; (orpiment) is a layer-structure semiconductor whose optical properties, under ordinary
conditions, are determined by its diperiodic layer symmetry. We have investigated the effect of hydrostatic
pressure on the optical-absorption edge and the Raman scattering spectrum of orpiment. With increasing
pressure the optical band gap red-shifts rapidly, decreasing from 2.7 eV at P =0 to 1.6 eV at 100 kbar. The initial
slope, dE; /dP at P =0, is — (14=%3) meV/kbar, and the closing of the gap is interpreted in terms of pressure-
induced enhancement of the interlayer-interaction broadening of intralayer bands. At high pressure, dimensionality
effects (2D—3D) are clearly discerned in the vibrational Raman spectrum. An intralayer quadruplet at 355 cm™,
near degenerate at zero pressure, disperses at high pressure as the dominance of the diperiodic (isolated layer)
symmetry is broken and the admixture repulsion of modes of like crystal symmetry forces them apart. A similar
effect occurs at 25 kbar in the forbidden-crossover repulsion of a pair of modes at 145 cm~'. Also, the rigid-layer
modes roughly double in frequency by 100 kbar, corresponding to a quadrupling of the layer-layer coupling.
Finally, the pressure data have been used to separate the phonon-occupation-driven (explicit) and the volume-
driven (implicit) contribution to the temperature dependence of the band gap and the Raman-active phonon
frequencies. We find that E; is controlled by the explicit electron-phonon contribution to dE;/dT. For the
phonons, dv/dT of the low-frequency interlayer-interaction modes is dominated by the volume-driven term, while
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the explicit phonon-phonon effect dominates dv /dT for the intralayer modes.

I. INTRODUCTION

Crystalline As,S, (orpiment) is a layer-structure
crystal’+® whose optical properties have, in recent
years, been intensively investigated, both in the
electronic (visible, ultraviolet, x-ray) and vibra-
tional (infrared, Raman) spectral regimes. Among’
the various reasons for the high level of interest
in this semiconducting layer crystal, two stand
out as being of special importance.

(1) Orpiment is notable as the layer crystal for
which the crucial role of the diperiodic®™* sym-
metry (the proper factor-group symmetry of an
individual two-dimensionally-extended “macro-
molecule”) was first appreciated and analyzed.?
The dominance of the layer symmetry (and, con-
versely, the minor subsidiary role played by the
conventional, triperiodic, crystal symmetry) in
determining the optical properties of As,S; was
established, for its vibrational spectra, in 1971,
In brief, the observation of many degenerate or
near-degenerate Raman-infrared lines, incom-
prehensible from the viewpoint of the crystal sym-
metry, was well explained on the basis of the di-
periodic layer symmetry.?

(2) Orpiment, as well as the isomorphic crys-
tal As,Se;, has served as a valuable crystalline

22

analog of the important chalcogenide glasses of
the same chemical composition and short-range
order. Amorphous As,S; and As,Se, are bulk
glasses of considerable technological significance
as infrared-transmitting windo v materials and as
visible-sensitive large-area photoconductors.
From a fundamental viewpoint, intense activity

on the spectroscopy of these glasses has been
central to recent developments in the physics of
amorphous solids. The relationship between the
nearest-neighbor bonding topologies of crystalline
and amorphous As,S; is essentially that envisaged
by Zachariasen in his classic 1932 paper that des-
cribes what has since become known as the “con-
tinuous-random-network model” for the structure
of glasses.® Spectral comparisons between the
crystalline and amorphous forms of As,S, have
proved to be highly useful for gaining insight about
elementary excitations in both solids,®™ with the
crystalline partner generally serving as a firm
base from which to launch attacks on the less-well-
understood amorphous phase.

Experiments which has thus far been reported
for As,S; crystals include, for the vibrational
optical properties, infrared reflectivity and ab-
sorption in both the fundamental®*° and two-pho-
non® regimes, Raman scattering?'!* and its tem-
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perature dependence,’*!® neutron scattering,'*
and pressure-Raman experiments to 9 kbar.®
For the electronic optical properties, work has
been reported on the absorption and reflectivity
in the visible and ultraviolet,®:’® photoconductivity
in the absorption-edge region,'”**® and (in the
energy equivalent of the far ultraviolet) x-ray
photoemission'® and electron energy loss.* In
addition, transport studies have been reported
which describe time-of-flight mobility measure-
ments perpendicular to the layer planes.!®:2!

In the present paper, we report results of optical
experiments carried out on crystalline As,S; at
high hydrostatic pressure (to ~100 kbar). Both the
electron and the phonon regimes have been studied:
Measurements have been made of the effect of
pressure on the optical absorption edge, and on
the Raman scattering spectrum. )

A major motivation for this work was to probe
dimensionality effects by altering, via pressure,
the relative importance of the two-dimensional and
three-dimensional aspects of this prototype layer
crystal. While the diperiodicity dominates at P =0,
allowing a weak-coupling picture (nearly noninter-
acting layers) to adequately describe the low-
pressure spectra,? at high pressure the layers
are forced to interact more strongly so that the
layer symmetry should begin to be appreciably
broken by the subsidiary but increasing importance
of the crystal symmetry. In this paper we report
clear evidence that, -at pressures of the order of
100 kbar, the weak-coupling regime is definitely
left behind and the crystal symmetry exerts a
major influence. Such pressure-induced effects
of substantial interlayer coupling are reported
here, for the first time, for the phonon spectrum
of the solid. For the electronic spectrum, the in-
creased coupling accounts for the sign and size of
the extremely large pressure-induced bandgap
shift.

Another motivation was to see if a solid-state
phase transition takes place in the investigated
range of pressure. It does not. As,S; is unusual
in that, unlike the majority of layer crystals, it
does not exhibit any polytypism (polymorphism
involving rearrangements of the layer stacking)
at ambient conditions. This can be attributed to
the structural complexity (low symmetry, large
unit cell) of the individual layer in orpiment. The
layer stacking in the orpiment structure can be
roughly visualized as the “thick” portions of one
layer nesting over the “thin” portions of the next.
Evidently this fitting-together can be efficiently
achieved in only one way; there is no energetically
competitive layer-sequence multiplicity as there
is for high-symmetry systems such as Pbl,, TaS,,
and GaSe. The absence of a solid-state phase
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transition to 100 kbar confirms the remarkable
stability of the layer stacking in As,S,. At higher
pressure, any transition (such as the inevitable-
one to the metallic state) would almost certainly
involve bond reconstruction of the layer itself.

We have observed pronounced effects of pressure
on the electronic and vibrational properties of
orpiment. Although it remains semiconducting to
>100 kbar, the optical bandgap is observed to red-
shift dramatically, shifting from the blue to the
near-infrared. Significant changes are also seen
in the zone-center optical phonon spectrum.
Following a description of the experimental tech-
niques in Sec. II, the results and their intepreta-
tion are presented in Sec. III for the electronic
regime and in Sec. IV for the vibrational regime.
In Sec. V the pressure results are used to dissect
the corresponding temperature dependences into
their explicit (phonon-occupation-driven) and
implicit (thermal-expansion-driven) components.
A brief summary of the main points is given in
Sec. VI.

II. EXPERIMENTAL

The samples used in this work were taken from
microcrystals of natural orpiment (from Zareh '
Schuran, Iran) which had been separated from the
ore by etching with hydrofluoric acid. They were
provided by A. Rimsky (Mineralogy and Crystallo-
graphy Laboratory, Pierre and Marie Curie
University), who also carried out x-ray measure-
ments to check that their lattice parameters
matched those for crystalline As,S;. The small
crystal slabs that were placed in the diamond
anvil cell had been carefully cleaved with a razor
blade perpendicular to the b axis (parallel to
the a-c layer plane, along which orpiment cleaves
very easily). Except for the observation of the
optical anisotropy for light polarized in the a-c
plane (and, of course, the absorption-edge and
Raman-scattering measurements reported here,
which agree with the known spectra of As,S; at
STP), no other characterizations were made.

Optical measurements as a function of hydro-
static pressure were performed by means of the
gasketed, ruby-calibrated, diamond-anvil-cell
technique,?? using a cell built by us?® after designs
by G. Piermarini and S. Block of the National
Bureau of Standards (Washington). The pressure
fluid was the standard ethanol-methanol mixture.?

Sample dimensions in the plane of the cell (nor-
mal to the optical path) were limited by the gasket
hole, and were typically about 200 micrometers.
The thickness was 8 micrometers for optical ab-
sorption and 15-25 micrometers for Raman scat-
tering. The latter dimensions were found to be
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adequate for Raman experiments (carried out in a
back-scattering geometry) using the 6471-A line

of a krypton laser, since As,S; is a strong Raman
scatterer. This laser line was chosen because it
lies within the transparent regime of the crystal,
is low enough in photon energy to induce only a
negligible amount of luminescence in the diamond
anvils, and yet is high enough in photon energy to
excite the ruby luminescence needed for determin-
ation of the pressure. Power incident on the cell
was kept below 80 mW, and no evidence of sample
damage was seen. All of the effects observed were
reversible with pressure. Transmission measure-
ments were done under a Leitz microscope using
unpolarized light. A crystal region about 50
micrometers in diameter was selected for optical
transmission by means of an iris placed at the
image position in the focal plane of the objective.
Scattered light limited the minimum observable
transmittance to about 1073, In both sets of ex-
periments a Coderg T800 triple monochromator
was used. Compressibility measurements along
the ¢ and ¢ crystal axes were made by direct
scaling of photographs taken at different pressures,
under the same optical conditions.

III. EFFECT OF PRESSURE ON THE ABSORPTION
EDGE

. Figure 1 shows the pressure dependence of the
optical transmission of an As,S,; crystal about 8
micrometers thick (at P=0). Incident light is
normal to the layer plane, propagating parallel to
the crystal b axis. Because of the difficulty of
working with a very small sample in the diamond
cell, the observed transmission curve corresponds
to a mixture of the E||a and E||c polarizations.

This is the reason for presenting the measured
transmission rather than a calculated absorption
coefficient; a calculation of @ is not justified here.

At room temperature and zero pressure, it is
known that the absorption curve for E||a is shifted
upward in energy (by about 0.1 eV at @ =5x10?
cm ™) relative to that for E||c.® If this situation
is assumed to hold also at high pressure, then at
the lowest transmission values (highest plotted
points in the format of Fig. 1) the curves should
approach characteristics corresponding to E||a
as the other more-highly-absorbed polarization
cuts out. The upper part of Fig. 1 corresponds
to absorption coefficients of the order of (5-10)
x10% ecm ™,

Although the absolute value of Eé(P) is not
accurately known from our measurements, the
variation with pressure ¢s well represented by the
variation of the absorption edge, especially at low
pressures where this edge simply shifts in energy
without appreciably changing its shape. This shift
Ahv(P) is shown, in the inset in Fig. 1, for a
transmission of 0.02. The initial slope of this
isotransmission plot can be used to yield an esti-
mate of the pressure sensitivity (in eV/bar) of the
bandgap at P=0 and 7 =300 K,

OE,

= -6
=8 =—(14£3)x107°,

To interpret this result for the bandgap pressure
coefficient, we should first note that pressure
coefficients are generally positive for three-di-
mensional-network semiconductors of the ger-
manium family,?* while a negative value of 9E;/o P
has been found, not only for As,S;, but also for
other layer-structure semiconductors in the rela-
tively few cases in which pressure experiments on
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FIG. 1. Absorption edge of an orpiment sample at several pressures (at 300 K). The transmission of an As,S; crystal
8 micrometers thick is shown plotted (on a logarithmic scale, with values increasing from top to bottom) against photon
energy for unpolarized light propagating parallel to the b axis. The inset shows the pressure dependence of the shift in
energy of the edge, for photon energy corresponding to a transmission of 0.02.



such solids have been reported.?s%7

We propose an argument for the frequent occur-
rence of 8E;/5P<0 in layer crystals by means of
the schematic energy-level diagrams sketched in
Fig. 2.18%5 Let us suppose that a single isolated
layer possesses a (two-dimensional) band struc-
ture in which E§(r,), E3(r,), and E; @) =E5(r,)

— E(r,) are the energies of the conduction-band
minimum, the valence-band maximum, and the
bandgap, respectively. Here 7, is the covalent
bond length (in orpiment, the As-S nearest-neigh-
bor distance), the key parameter characterizing
the layer’s internal structure. Now we turn on the
interlayer interaction (in the familiar condensa-
tion-type gedanken experiment) by bringing together
a large assembly of layers from an initially infin-
ite layer-layer separation to a final separation 7,
corresponding to the actual layer stacking in the
crystal. The new bandgap is denoted in Fig. 2(b)
by Eg(r,,7,); the bandgap of the isolated layer is
denoted in Fig. 2(a) by E4(¥,,7, =«). (Both here
and in the following phonon section, we indicate
an interlayer quantity by the subscript 0 and an
interlayer quantity by the subscript 1.%°)

In the “condensation” of macromolecules from
the isolated-layer “gas” of Fig. 2(a) to the solid
state of Fig. 2(b), each electronic level of the
individual layer spreads out into a band of levels
as the Brillouin zone develops a third dimension
normal to the original two-dimensional zone.

The bandwidths for the bands which evolve from
the two single-layer states that bounded the origin-
al bandgap have been labeled E{(r,) and E3(»,) in
Fig. 2(b). These bandwidths depend on 7,, vanish-
ing for 7, =« and increasing with decreasing 7,.

(a) (b) (c)

SINGLE CRYSTAL CRYSTAL
LAYER AT P=0 AT P>0

} |
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E(n) ES(r-4n)
Eglro,n =) Eglro,n) Eglro.ri—A4r)

—
-~

EY(r) . EY(n iAr.)

FIG. 2. Enhancement of interlayer interaction (shaded
splittings) by pressure, indicated on a schematic energy-
level diagram (after Ref. 18).
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Figure 2(c) suggests what happens when hydro-
static pressure is applied. Pressure appreciably
shortens the very soft interlayer bonds (r,-7,
—Ar,), but has negligible effect on the stiff bond
length 7,. .Lattice-vibrational studies of layer
crystals reveal that Ar,/7, is an order of magni-
tude (or more) smaller than Ar,/7,. Thus the
bandgap under pressure may be regarded, to low-
est order, as Eq(7,,7, —A7,). It is reduced from
the value of the zei'o-pressure gap Eg(7,,7,) be-
cause of the increased interlayer-overlap band-
widths E¢(r, - Ar,) and E¥(r, — Ar,), hence the
negative dE;/dP.

When two (or more) layers intersect the crys-
tal unit cell, another interlayer-interaction band-
structure effect is superimposed on the one des-
cribed above. This was first noted by Lisitsa
et al.?® who proposed it as the electronic analog
of the vibrational Davydov splitting observed for
As,S, and As,Se, by Zallen, Slade, and Ward.? To
visualize it, we may again use Fig. 2(b) but with
each pair of levels representing, not the extrema
of a band of energies for states dispersed along
an axis in % space (as in the previous discussion),
but to a discrete pair of energies at the same k
vector. Such doublets should give rise to multiplets
or fine structure in the direct-transition interband
spectra. Again, the increased splittings induced
by hydrostatic pressure act to decrease Eg.

The situations described in the preceding two
paragraphs are not distinct in an essential way but
are simply two closely-related aspects of the band
structure that reflect the lifting of degeneracies
by interlayer intevaction. Pressure enforces en-
hanced interaction and éincreases the interlayer
splittings. Since orpiment has two layers per
crystal unit cell’”® and is a direct-gap material
exhibiting (at low temperature) multiplet structure
near the electronic threshold,® the second descrip-
tion given above is probably the appropriate one.
Just this mechanism has been shown to apply to
GaSe,?® the direct gap in that case being at the
zone center (I point). These arguments thus imply
that 8E;/8 P is expected to be negative for 2D-net-
work semiconductors and, in fact, for 1D-network
and 0D-network semiconductors as well.?® (Re-
place “interlayer” in the previous discussion by
“interchain” or “intermolecular,” respectively).

No band-structure calculations have been repor-
ted for As,S;, but two have recently appeared for
its isomorphic cousin As,Se;.%°3! Since the optical
spectra in the fundamental absorption regime imply
an approximate rigid-band relationship between
the electronic structures of the two crystals,®
the As,Se, calculations should have relevance to
As,S;. The detailed work of Althaus et al.*! indi-
cates that the direct gap is at I Their paper is ,
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also of interest with respect to the bonding ances-
try of the bands. The conventional-wisdom view
of chalcogenide crystals and glasses is that the
valence band is formed from lone-pair nonbonding
orbitals and the conduction band from antibonding
orbitals.®3% Althaus et ql. find that in crystalline
As,Se, the nonbonding character of the valence
band is lost by extensive mixing with bonding
orbitals. This explains the large number of elec-
trons which contribute to the first main ultraviolet
absorption band in As,Se,;, and since the corres-
ponding band in As,S; exhibits the same oscillator-
strength property® (larger than expected, unless
hybridization is invoked), the same conclusion
should also apply to As,S,. Note that a nonbonding
valence band in a layer-structure chalcogenide
semiconductor should be quite pressure-sensitive,
since the lone-pair orbitals largely protrude into
the compressible interlayer space. Although the
broadening of the conduction band in Fig. 2 is indi-
cated as greater than that of the valence band,

that was an arbitrary choice and the reverse may
be true.3*

The result reported here for crystalline As,S,,
namely the room-temperature pressure coefficient
of —(14+3)x107® eV /bar, can be compared to the
value of this quantity for amorphous As,S,.3* For
a-As,S;, the optical bandgap shifts at a rate of
—(18+2)x107® eV /bar. Thus the effect of pressure
on the gap is essentially the same for the crystal-
line and amorphous forms of As,S;. This situation
was found earlier for c- and a-As,Se;.%" It is
strong evidence that these chalcogenide glasses
are macromolecular in nature,® subject to argu-
ments similar to those given above for explaining
the large pressure-induced red shift of the crystal-
line edges. Of course, the band-structure %k space
context is absent for the glasses, the pressure-
enhanced overlap broadening being applied to
spectral bands which are characteristic of the
weakly interacting individual units. The presence
or absence of long-range order is not important
here; the key aspect, common to both crystal and
glass, is the presence in the solid of discrete
molecules or macromolecules.

IV. EFFECT OF PRESSURE ON THE RAMAN
SPECTRUM

The earlier pressure-Raman study of orpiment
by Zallen, carried out with a conventional
Bridgman-type hydraulically driven optical bomb,
was limited to 9 kbar. It was primarily concerned
with the initial slopes dv/dP of the pressure depen-
dences of the phonon frequencies v, and the results
were helpful in establishing a vibrational scaling

law for molecular crystals that has since been
supported by work on other systems.*® In the
present experiments with the anvil cell, the pres-
sure range has been extended by an order of mag-
nitude to well beyond the “linear-response” regime
of pressure effects. The upper limit of about
100 kbar was set by the eventual loss of Raman-
scattering signal, as the sample became too ab-
sorbing because of the shift (described in the pre-
ceding section) of the edge into the infrared.

Figure 3 displays the observed v(P) trajectories
for Raman-active phonons in As,S;. (A few of the
weaker lines seen in other studies?*!*73+15 could
not be monitored here because of the small sample
size in the anvil cell.) A detail of the evolution
under pressure of an interesting portion of the
Raman spectrum is shown in Figs. 4 and 5.

The two lowest-frequency lines in As,S,, at
25 and 36 cm™, have been identified as rigid-
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FIG. 3. Pressure dependence of Raman-active phonon
frequencies in As,S; (300 K). The open circles denote
results of our experiments; filled circles at P=0 are
from Ref. 11 (Razetti and Lottici); and the lines between
0 and 8 kbar correspond to Ref, 15. Dashed lines denote
the (forbidden) “crossing” of the 136 and 154 cm™! modes.
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FIG. 4. Raman spectra produced by the multiplet of
intralayer modes near 355 cm™!: (a) spreading apart
rapidly under hydrostatic pressure (at 300 K); (b) at low
temperature and P=0 (Ref. 13). As discussed in the text,
the high-frequency components of the high-pressure and
the P=0 “triplets” are not the same: The 362-cm™1! line
in (b) weakens and disappears at kigh pressure, while the
high-frequency line in (a) (at 376 cm™! at 61 kbar) is un-
observably weak at low pressure. Because the multiplet
is so tightly spaced at zero pressure, a spectrum ob-
served at 15 K (at which temperature the lines become
considerably sharper) was used in (b) in order to clearly
reveal the stucture at P=0.

layer (RL) modes whose restoring forces are
supplied primarily by the weak interlayer forces.®
As expected, these modes experience the greatest
fractional increase under pressure. At 80 kbar
they have both increased to about 60 cm™, roughly
a doubling in frequency corresponding to a quad-
rupling in force constant.3” The fact that they ap-
proach each other in frequency reflects the overall
decrease in bonding anisotropy produced by hydro-
static pressure. Of course the main aspect of the
decreased anisotropy under compression is the
reduction in the disparity between the stiffness of
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FIG. 5. Detail of the pressure dependences near 355
cm™!, Filled circles are reported zero-pressure values
(see Fig. 3). The high-frequency line seen at high pres-
sure does 7ot extrapolate to the 360-cmt zero-pressure
line, and its intensity (estimated, as a fraction of the
integrated intensity of the triplet, by deconvolution of
the spectra of Fig. 5) decreases with decreasing pressure
from 12% at 61 kbar to 6% at 28 kbar to less than 2% at
P=0.

the intralayer and interlayer bonds, as the latter
gain on the former at high pressure, causing the
crystal to become more “three dimensional” in
a bonding sense.

The high-frequency region near 360 em™, shown
in Figs. 4 and 5, contains intralayer bond-stretch-
ing modes. A triplet of lines is seen which split
apart under pressure. These figures illustrate a
complementary aspect of low temperature (at P=0)
and high pressure (at 7=300 K): Low tempera-
ture permits the resolution of structure via line
narrowing at constant splitting, while high pres-
sure reveals structure via increased splitting at
constant linewidth,3®

At P=0, this triplet can be well observed at
15 K.** At room temperature and pressure, we
could not resolve it under the conditions of our
experiments, but we can make use of the values
reported by Razetti and Lottici'': 354, 356, and
360 cm ™. Extrapolation of the observed high-
pressure frequencies to zero pressure (Fig. 5)
shows that they correspond to the lower fwo com-
ponents at 354 and 356 cm™ but, within our ex-
perimental error, zot to the upper 360-cm™ com-
ponent. We therefore infer the presence of a
quadruplet, one component of which becomes
stronger at higher pressure. This component cor-
responds to the highest v(P) line in Fig. 5, which
has a slope of 0.3 em™ kbar ™!, The observed in-
tensity of this mode, relative to the total Raman
intensity of the “triplet,” increases smoothly with
pressure. Conversely, extrapolating back its
intensity shows that it contributes less than 29 of
the Raman efficiency of the “triplet” at zero pres-
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sure. It is thus not observable at P=0, even at
low temperature. In contrast to this, the fate (at
high pressure) of the mode which, at P=0, is

seen at 360 cm ™! is uncertain because above 30
kbar (where it might have sufficiently split away
from its partners to be unambiguously identified) it
is no longer observable. Its intensity has certainly
decreased, in the same way as several other
modes that we observed in this study, and its
disappearance may also have been accelerated by
a weakly positive, or even negative, pressure
coefficient which would cause it to drown under the
Raman peaks of its stronger companions. The
following discussion will show that this observation
of a quadruplet around 355 cm™ is entirely consis-
tent with expectations.

The quadruplet is zof a Davydov multiplet arising
from a single intralayer eigenvector. Davydov
doublets, not quadruplets, occur in orpiment,
and only ore member of each doublet is Raman-
active (the other is infrared-active).? Nor is it a
crystal-field multiplet arising from a mode de-
generate in the layer symmetry, since the layer
symmetry is foo low to allow degeneracies. In
both the layer (Pnm2,, or DG32 in Wood’s com-
pilation®* of the diperiodic groups) and the crystal
(P2,/n) space-group symmetries of As,S;, all
modes are nondegenerate. (The infrared-Raman
near-degeneracy of Davydov doublets in the crys-
tal is enforced by the validity of the weak-coupling
picture.? Symmetry enters only in the sense that
the weakness of the layer-layer coupling permits
both eigenvectors of a given Davydov doublet to
be characterized by the same representation of
DG32.) Thus the Raman lines near 355 cm™
arise from diffevent intralayer vibrations.

DeFonzo and Tauc, in a detailed analysis, have
calculated values of bond-stretching mode frequen-
cies of a single layer.!* They find four modes, one
of each of the four layer-symmetry types of DG32
(A,, A,, B, B,), near 355 cm™, In the crystal,
these four layer modes must give rise to eight
crystal modes. Of these, four will be Raman-
active; two of crystal symmetry A, and two of B,
symmetry.? Now while the initial (isolated-layer
limit) modes of a single layer all have different
layer symmetries, the resulting four Raman-
active crystal modes occur as two pairs of similar
crystal symmetry. The two A, modes cannot be
degenerate because, being of the same symmetry,
they will admix to split any such degeneracy,
likewise for the two B, modes. At P=0, this
effect is very small because the crystal symmetry
is, to good approximation, without influence.
However, at high pressure, as each layer is
forced to “feel” the presence of its neighboring
layers, the crystalline environment starts to

take hold and the admixture effect of like-sym-
metry modes must split them apart. The above
analysis provides the explanation of the results
shown in Figs. 4 and 5.

A similar phenomenon occurs in another portion
of the spectrum, near 150 cm™. Here the repul-
sion effect is most prominent in avoiding like-sym-
metry degeneracy, not at P =0, but at high pres-
sure. At P=0, lines are observed at 136 and 154
cm™!, When pressure is applied, the 136-cm™
line begins to shift upward in frequency. Mean-
while the 154-cm™ line splits into two, and its
lower -frequency component begins to be over-
taken by the line originally at 136 cm™. The latter
two lines appear headed for collision (degeneracy)
at about 25 kbar. However, the crossing never
happens. The two lines repel each other, the
natural explanation being that they correspond to
modes of the same crystal symmetry.

The above effects provide definite evidence of
the looked-for dimensionality effects discussed in
Sec. I. Pressure leaves behind the weak-coupling
limit, which is such a good picture at P=0 with
the layer symmetry dominant, and induces three
dimensionality. Put differently, the molecularity
of the solid declines at high pressure. Note that
the splittings induced by pressure cause certain
modes to decrease in frequency.

In connection with the occurrence of negative
values of dv/dP for a few intralayer modes, the
following observations are relevant. The lines at
289 and 293 cm ™! have negative pressure coef-
ficients, as does the lowest-frequency member of
the multiplet of Fig. 5 and a weak line at 326 cm ™
which was monitored in the earlier low-pressure
study.’® Negative pressure coefficients for inter-
nal-mode frequencies have also been observed in
pressure-Raman experiments on the chain-struc-
ture (1D-network) chalcogen crystals Se and Te.3®
Now it is known that in 1D- and 2D-network crys-
tals, it is possible for a molecular dimension to
expand under hydrostatic compression because the
internal strain occurs by a bond-bending deforma-
tion (think of an accordianlike motion). This is
just what happens in trigonal Se and Te; under
pressure, the helical chains actually increase in
length.

By photographic observation of orpiment crystals
while under pressure in the anvil cell, we have
obtained rough estimates of the linear compres-
sibilities of As,S, in the layer plane. The results
for —(1/1) (dl/dP) are +(2+0.5)x10~¢ bar~! and
—(0.1£0.3)x107° bar™~ in the a and ¢ directions,
respectively. The tendency of the layers to ex-
pand under pressure in the ¢ direction may be as-
sociated, by analogy with Se and Te, with the
negative dv/dP seen for some intralayer modes.
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V. THE EXPLICIT-IMPLICIT MIX IN THE
TEMPERATURE DEPENDENCES

If E denotes a characteristic energy or fre-
quency in a crystal, its observed variation with
temperature at constant pressure (P=0) can be
decomposed into two distinct components:

(), (), -5

8T/p \oT/, B ﬁ);

Here V is the crystal volume, « is the volume
expansivity (1/V)(8V/8T)p, and B is the compres-
sibility —(1/V)(8V/aP),. The left side is the

total observed temperature coefficient, usually
written simply dE/dT (constant pressure, i.e.,
P=0, being understood). The first term on the
right is the “explicit” contribution at constant
volume, the “pure” effect of temperature. It
reflects the effect of the change in the vibrational
amplitudes, i.e., the phonon occupation numbers,
at fixed equilibrium positions. The second term,
known as the “implicit” contribution, reflects

the effect of the change in equilibrium interatomic
spacings that accompanies, via thermal expansion,
a change in temperature. The implicit term
—(a/B)dE/dP) is accessible to experiment through
measurement of the pressure coefficient ({E/dP)
=(8E/oP) . ‘

An analysis of the explicit/implicit dissection of
temperature derivatives has been given recently
by Zallen and Conwell*® for molecular crystals,
for the case of phonon frequencies (E-v). For
highly anisotropic crystals (such as As,S;) @ and
B are not simple scalars, but since these two
quantities tend to have similar anisotropies, the
anisotropy of their “ratio” is reduced. In any
case, since a and B are not known for As,S;, the
above relationship is discussed here in a largely
qualitative context. For @/ we adopt an approxi-
mate value of 1.0x1072 kbar /K, based on the known
compressibility® and thermal expansion®' of the
amorphous form of As,S,.

For the electronic bandgap in As,S;, we have
found a value of —14 meV/kbar for (3E;/3P)y
=dEy/dP. This corresponds to a thermal-expan-
sion-induced implicit contribution [-(a/B)dE¢/
dP)] to dE;/dT which is about +0.14 meV/K. In
marked contrast to this, the observed total tem-
perature coefficient (near 300 K) is found to be
an order of magnitude larger in size and of opposite
sign®®: dE;/dT =-1.3 meV/K. It is therefore
evident that it is the explicit contribution which
dominates dE;/dT; in the context of an electronic
excitation this is equivalent to the statement that
the bandgap temperature coefficient is controlled
primarily by the electron-phonon interaction.

For the phonon case, we are in a position to
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perform the analogous explicit-implicit decompo-
sition of dv/dT for about a dozen Raman-active
optical modes. Our results for phonons in As,S,
are displayed in Fig. 6 in a graphical respresenta-
tion that has been described elsewhere by Zallen
and Conwell.®® In this type of plot, each individual
point represents a phonon mode; the point is
positioned according to the pressure (x axis) and
temperature (v axis) derivatives of the mode fre-
quency near P=0, T =300 K. For mode i, x;
=(av;/3P)p=(dv,/dP), and y,=-(3v;/8T)p = —(dv;/
dT). In such a diagram, straight lines through

the origin define loci along which the explicit-
implicit mix indv/dT is constant. We have labeled
several such “isomix” lines by the value of the
dimensionless parameter 7, the implicit fraction
specifying the ratio of the volume-driven term to
the total temperature dependence:

_ eﬂ)(@)”
== g\ap/\ar

-6, (&)

In terms of the above “coordinates” (x;,y;), a
mode ¢ with implicit fraction 7; satisfies y;

=7, (a/B)x;. Thus phonons corresponding to the
volume-driven implicit-dominated situation with
1, =1 lie along a line of slope a/B in Fig. 6, while
phonons corresponding to the explicit-dominated
7, =0 situation lie along a vertical line.

In order to provide a standard of comparison for
our results on As,S;, the upper half of Fig. 6 re-
produces data for crystalline As,S,,*%-%° a chemi-
cally similar but structurally different As-S solid
composed of eight-atom nearly spherical cagelike
molecular units. In addition to its compositional
kinship to orpiment, As,S, is relevant because its
explicit-implicit behavior is well documented and
is typical of molecular crystals. The solid dots
denote external-mode phonons, all with frequencies
below 65 cm ™!, while the open triangles denote
internal-mode phonons with frequencies above
300 cm ™!, For the external modes, there is seen
to be a high correlation between the sensitivity
to pressure and the sensitivity to temperature,
and the trend line is not far from the n =1 case
corresponding to thermal-expansion-dominated
behavior in which dv/dT is close to the implicit
contribution —(a/g)(dv/dP). For the high-fre-
quency intramolecular modes, the explicit contri-
bution is more important as 7 is closer to 0 than
1.

Our analogous data for orpiment is shown in the
lower part of Fig. 6. Included here are the modes
with v less than 70 cm™ as well as those with v
above 280 cm™. The low-frequency modes, in
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FIG. 6. The correlation between the temperature and pressure derivatives of phonon frequencies for As,S;, compared
to the corresponding correlation in As,S; (Ref. 39). Each point represents a Raman-active optical mode whose frequency
has been followed as a function of temperature (at P~ 0) and of pressure (at 7~ 300 K). The solid dots denote interlayer
(intermolecular) modes at low frequencies (<70 cm™?) for As,S; (As,S,), while the open triangles denote intralayer (in-
tramolecular) modes at high frequencies (>280 cm™1). Straight lines define loci of constant explicit-implicit mix in dv/

dT, and are labeled by the implicit fraction 7.

which the interlayer interactions play the dominant
role, are the layer-crystal analogs of intermolec-
ular (external) modes. The high-frequency modes,
clustered in the vicinity of 300-360 cm ™, corres-
pond to covalent bond stretching. Intermediate-
frequency (70< <280 cm™) modes have been
omitted from Fig. 6 for clarity; the behavior of
these bond-bending modes is generally intermediate
between that exhibited by the interlayer and the
bond-stretching intralayer modes. The pressure
coefficients for the modes at 289, 308, 354, and
356 cm ™! are from the present study; the others
are from the accurate low-pressure data of Ref.
15. Temperature coefficients are from Ref. 13 and
from previously unreported results which were ob-
tained in thecourse of that earlier study. As indi-
cated by the error bars, the temperature coef-
ficients are less accurately known than the pres-
sure ones.

For the interlayer modes, the overall behavior
is seen to be similar to that found in the simpler

(nearly isotropic, simall-moelcule) case of As,S,.
Although this analysis is approximate because the
high crystal anisotropy complicates the interpre-
tation of the expansivity-compressibility ratio
a/B, the low-frequency modes are clearly char-
acterized by n values which are closer to 1 than to
0. The thermal-expansion-induced, volume-
driven, implicit effect dominates for the inter-
layer modes, as has been documented to be the
case for intermolecular (external) modes by
Zallen and Conwell.*®

For the high-frequency intralayer modes of
orpiment, the situation is much less well-defined
than for the intramolecular modes in As,S,. For
the latter, all modes have dv/dP positive and
dv/dT negative, so that the expli¢it and implicit
contributions have the same sign. Quantitatively,
the magnitude of the explicit term is larger than
that of the implicit term. For As,S;, dv/dP is
negative for some modes, a circumstance which
we have associated with the severe anisotropy in



a layer crystal (e.g., one intralayer dimension
actually expands under pressure). There is little
correlation between dv/dT and dv/dP. Neverthe-
less, the region occupied by the cluster of open
triangles in the As,S, map in Fig. 6 is contained
within a sector which brackets n =0 (roughly given
by -0.3<7n< +0.2) and which does not overlap the
sector (roughly given by +0.6<n< +0.9) containing
the pressure-sensitive low-frequency modes. Thus
the intralayer bond-stretching modes and the inter-
layer modes are distinguished from each other
with respect to their explicit-implicit mix, just
as they are mutually distinct in several other
respects. Although the spread in 7 is much larger
for the intralayer modes in As,S; than for the
analogous intramolecular modes in As,S,, it re-
mains true that 5 is closer to 0 than 1 so that the
explicit effect dominates. Note that a small and
negative n means that the implicit term is not only
small in size but is also opposite in sign to the
total dv/dT, having been overridden by the larger
explicit term (in a situation similar to that found
earlier for the bandgap).

In Fig. 6, the two triangles linked by arrowheads
correspond to the lowest two components of the
355 cm ™! quadruplet. The pressure-induced dis-
persion of the multiplet (shown previously in Fig.
5) has the effect of spreading the points out along
the dv/dP axis in Fig. 6, pushing the lowest into
negative territory.

V1. SUMMARY

Using the diamond-anvil-cell technique, we
have measured the effect of pressure, at room
temperature, on the optical absorption edge and
the Raman scattering spectrum of orpiment. With
increasing pressure the optical band gap red-shifts
rapidly, decreasing from 2.7 eV at P=0to 1.6
eV at 100 kbar. The initial slope, dE;/dP at
P=0, is —(14+3) meV/kbar. The closing of the
gap is interpreted in terms of pressure-induced
enhancement of the interlayer-interaction broaden-
ing of intralayer bands, which is a common char-
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acteristic of semiconducting layer crystals.

The effect on Raman frequencies is greatest for
the rigid-layer modes, which approximately double
in frequency by 100 kbar, corresponding to a
quadrupling of the interlayer force constants. En-
hanced three-dimensionality is also manifest in the
high-frequency part of the vibrational spectrum.

A multiplet at 355 cm™!, near degenerate (to within
5 cm™!) at P =0 because of the weakness of the
layer-layer coupling, splits substantially (> 30

cm ™) at high pressure as the dominance of the
diperiodic layer symmetry is broken and the ad -
mixture repulsion of like-symmetry crystal modes
forces them apart. A similar effect occurs at 25
kbar in a forbidden-crossover repulsion of a pair
of modes at 145 ecm ™,

Finally, the pressure data have been used to
separate the phonon-occupation-driven (explicit)
and the volume-driven (implicit) contributions to
the temperature dependence of the band gap and the
Raman-active phonon frequencies. E; is controlled
by the explicit contribution to dEG/dT, which in
an electronic context corresponds to the dominance
of the electron-phonon interaction. For the pho-
nons, dv/dT of the low-frequency interlayer-in-
teraction modes is dominated by the volume- .
driven term, while the phonon-phonon explicit
effect plays the major role in the more varied
behavior exhibited by the intralayer modes.
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