PHYSICAL REVIEW B

VOLUME 44, NUMBER 9

1 SEPTEMBER 1991-1

Elastic constants of As,S;

L. E. McNeil* and M. Grimsditch
Materials Science Division, Argonne National Laboratory, Argonne, Illinois 60439
(Received 8 November 1990; revised manuscript received 7 March 1991)

We have used Brillouin scattering to measure ten of the thirteen independent elastic constants of crys-
talline As,S;. We find that the phonon propagation within the layer plane is largely controlled by the or-
thorhombic symmetry of the layer rather than the monoclinic symmetry of the crystal. The stiffness
within the plane displays a large anisotropy, and the smaller of the stiffnesses within the plane is less
than that along the axis perpendicular to the plane, an unexpected result for a layered crystal. For pho-
nons propagating near the [001] direction the two branches of the velocity show a “mode repulsion” and
exchange their polarizations. In this direction the velocity of the shear wave is larger than that of the

compressional wave.

INTRODUCTION

Because of their quasi-two-dimensional nature, layered
materials have attracted considerable attention. As ex-
pected, the weak van der Waals bonding between layers
has profound effects on many physical properties. !

In particular, the elastic constants of many such ma-
terials [graphite,2 mica,® GaSe (Ref. 4)] exhibit a clear
anisotropy associated with the weak interlayer bonding.
However, all elastic measurements to date have been on
materials of hexagonal or higher symmetry so that,
within the layers, the material is elastically isotropic.
Here we explore the effects of lower in-plane symmetry
on the elastic constants. We have chosen to investigate
these effects in As,S; since it has already been shown that
the properties of the dielectric tensor are governed more
by the orthorhombic symmetry of the individual layers
than by the overall monoclinic symmetry of the entire
crystal. Our results show that the elastic constants also
possess a symmetry very close to that expected for an or-
thorhombic material. However, they exhibit an anisotro-
py which is completely unexpected given the layered na-
ture of the compound: one direction in the plane is actu-
ally “softer” than the direction normal to the layers.

The compound As,S;, which occurs in nature as the
mineral orpiment, is unusual in the sense that it is far
better studied in its amorphous form than in its crystal-
line form. This is because the amorphous form is of tech-
nological importance in infrared optics and is isomorphic
with As,Se;, which is used in xerography, and also be-
cause it displays interesting photoinduced phenomena
such as photodarkening® and photoenhanced diffusion.®
Crystalline As,S; has a layered structure and is of interest
both as a guide to understanding the amorphous form
and in its own right as a prime example of a highly aniso-
tropic molecular solid, in which the diperiodic symmetry
of the individual layer (i.e., the symmetry of the layer
considered as a three-dimensional object with translation-
al symmetry in two dimensions and finite extent in the
third) is dominant over the triperiodic crystal symmetry
in determining the properties of the solid.” Previous op-
tical and vibrational measurements”? of crystalline As,S,
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have included optical absorption and reflection from in-
frared’ to ultraviolet® frequencies, index of refraction in
the visible regime for different polarization directions,®!°
Raman scattering and its temperature’ and pressure'!
dependence, and neutron scattering.'? In addition, pho-
toconductivity and internal photoemission measurements
have been made.® The absence to date of detailed infor-
mation about the elastic constants of the crystal may be
attributable to the difficulties of obtaining high-quality
samples suitable for ultrasonic measurements. By using
Brillouin scattering we have been able to measure ten of
the thirteen independent elastic constants, and to give
further evidence of the importance of the layer symmetry
in this compound.

The crystal structure of orpiment is made up of co-
valently bonded layers which are coupled only weakly to
one another, giving the crystal a very pronounced
cleavage plane parallel to the layers, i.e., in the [010]
plane. Within the layers the bonding is exclusively
heteropolar, with each S atom bonded to two As atoms
and each As threefold-coordinated by S. The repeating
unit within the plane contains ten atoms (two formula
units) and has orthorhombic (Pnm2,) symmetry. These
planes are stacked to form a three-dimensional monoclin-
ic crystal (P2,/n) with two layers (and thus 20 atoms) in
the unit cell. It has been shown that the selection rules
for the vibrational spectra are determined not by the
three-dimensional symmetry of the crystal, but by the
higher symmetry of the individual layers.” The domi-
nance of the diperiodic symmetry is also apparent in the
dielectric tensor, whose principal axes coincide with the
crystal axes although that is not required in a monoclinic
crystal.® As will be described below, the elastic stiffness
tensor displays similar behavior.

EXPERIMENTAL CONDITIONS

The sample upon which these measurements were
made was a natural crystal from Macedonia, and as is
usual it was in the form of a thin plate roughly 5 mm
square and 1 mm thick with only two good-quality sur-
faces (both perpendicular to the [010] axis). By using
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several different Brillouin scattering geometries we were
able to measure or set limits on ten of the thirteen in-
dependent elastic stiffness constants. The measurements
were made at room temperature using a 5+4 pass tan-
dem Fabry-Pérot interferometer and 50 mW of 5145- A
radiation from a single-mode Ar™ laser. The refractive
indices n; =3.40 and n;=3.01 necessary to convert the
phonon frequencies to sound velocities v were taken from
Ref. 9. Further conversion to the appropriate combina-
tion of elastic constants made use of the value p=3.43
g/cm? for the density.

RESULTS

In the “platelet” geometry with the phonon wave vec-
tor g lying in the [010] plane (the layer or b plane) we ob-

served two Brillouin peaks for each direction of ¢, one
corresponding to a phonon of quasilongitudinal polariza-
tion and the other corresponding to a quasitransverse
phonon. In this geometry the index of refraction does
not enter. In a monoclinic crystal the Christoffel equa-
tions for phonons in the plane perpendicular to the dyad
axis ([010] axis) produce solutions which as functions of
direction in the plane do not have extrema along the crys-
tal axes, i.e., the [100] and [001] directions are not special
directions in the crystal. These solutions are functions of
the elastic constants C,;, C33, Css5, C;3, C;s, and Cjs.
The values for pv? as a function of the angle 6 between
the phonon wave vector and the c axis are given by the
following expression:

pvi= %(sinze(C“ +Css)+25sinf cosO(C s+ Cys)+c0s?0(Cy; + Css)
+{[sin®0(C; + Cs5)+25inf cosO(C,s + C;5)+c0s?0(Cy3 + Css) 12

_4[Sln46( CIICSS
+Sin20 00520( Cll C33 +2C15C35 - C%:)'
+25inf cos*0(C4;C s

By making a linear least-squares fit of Eq. (1) to the
data obtained in the platelet geometry we were able to ex-
tract the values of C,;, Cs3, Css, Cy3, Cy5, and C;5 shown
in Table I. The uncertainties given in the table corre-
spond to the ranges of values of the constants, varied in-
dividually, which gave acceptable fits to the data. The
data and the resulting fit are shown in Fig. 1.

In the backscattering geometry with q//[010] we ob-
served three modes and were thus able to obtain the value
of C,,=27.1+£0.3 GPa directly from the longitudinal
phonon (the uncertainty here arising from uncertainty in
the index of refraction) and to obtain information about
Cus, Cg6, and C4g from the two quasitransverse modes.
For these modes pv? is given by Eq. (2):

pv =1{Cu T CeeE[(Cyy— C66)2+4Ci6]1/2}- ()

If we designate the two measured values of pv? as
X;=1.3 GPa and X_ =0.5 GPa (corresponding to the
positive and negative roots), we have

Xy —X—=[(C44_C66)2+4C¢216]1/2 ’ 3)

TABLE I. Elastic constants of As,S; (GPa).

Cy, 99.6+1.0
C, 27.1+0.3
Cis 21.9+1.4
Cu 1.1+0.2
Css 24.0+0.8
Caes 0.7+0.2
Cis 20.6+1.9
Cis —0.3+0.8
Cis —1.2+0.9
|Cyel 0.2+0.2

—C35)+25in’0 cosf(CyC35—C5Cy5)
—2C;3Css)
—C3Cy5)+c0s*0(C33Css —

ciHnt?) . (1)
[

X, +X_=Cyy+Ce - )
Given that Cus and are positive,
then  0=(C,—Cg )2<(c44+c66) and  thus
2/Cul SX . —X_ S +[(Chy+Cs)?+4C3 1'%, giving
[Ciel (X, —X_)/2=0.4 GPa. If |Cyu|=0.4 GPa,

then Cy, —Cg=0 and C,, =Cqe=0.9 GPa. If |Cy4| =0,
then X, and X_ give Cy4 and C¢ directly. The two can
be distinguished by examining the change in pv? as the
direction of g is changed from [010] toward [100] or

[001]. For q//[100], pv? for the two transverse phonons
gives Cg and 1{C, +Cs5—[(Cj,—Cs5)*+4C35]'2,
while for q//[001], pv*’=Ce or 1{C3;+Cs;s

—[(C33—Css)*+4C351'/%]. The second expression in
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FIG. 1. pv, as a function of angle between the [001] axis and
the phonon wave vector g. The symbols represent the measured
values and the lines result from a least-squares fit of Eq. (1) to
the data.
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each case is =Css; because C;5 and C;5 are small com-
pared to the diagonal components. Since Css>>X, and
X_, we can assign C4 to the phonon that increases
strongly in frequency as q shifts from [010] toward [100],
and Cgg to the one which does the same as q shifts from
[010] toward [001]. Our backscattering measurements
for q inclined to [010] allow us to associate X , with Cg,
and X _ with C¢ and lead to the ranges of values given
for the two constants in Table I.

DISCUSSION

The remarkable aspect of the data shown in Fig. 1 and
the elastic constants given in Table I is how closely they
resemble what would be expected from an orthorhombic
crystal. For that symmetry, since C;5s=C;5=0, pv? in
the layer plane is symmetric about the [100] and [001]
axes (i.e., about 0° and 90°). The small values of C;5 and
C,s imply that the weak coupling between the layers al-
lows the vibrations of the individual layers to be largely
determined by the orthorhombic symmetry of the layer
(for which C,5=C;5=0) rather than the monoclinic sym-
metry of the crystal.

In layered materials the weak interlayer bonding re-
sults in small values of C,,, C4y, and Cgz, which should
vanish in the absence of interlayer interactions.!® This
expectation is consistent with our finding C,, << C;; and
Ca4s Co6 <<Cs;s.

The values of the elastic constants given in Table I re-
veal an additional aspect of the unusual structure of crys-
talline As,S;, namely the large anisotropy within the layer
plane. This is apparent from the large disparity between
the values of C;; and C;;. Not only is the value of Cj;
only about 20% that of C,y, it is actually smaller than
that of C,,, the compressive constant along the axis per-
pendicular to the layer plane. Large disparities between
C,; and Cj;, while unusual, are not unknown in mono-
clinic and orthorhombic crystals. For example, in deu-
terated pyridine’*[(CD),N,] the ratio C;;/C,, =0.225.
However, in a layered material it is quite surprising to
find C;;, which is dominated by intralayer interactions,
to be smaller than C,,, which arises from interlayer in-
teractions. We are aware of no other layered material
whose elastic constants display this peculiar property.
The in-plane anisotropy is consistent with the large
birefringence:*!° the refractive index for the electric vec-
tor E//[100] is 13% greater than that for E//[001], a
difference comparable to that of calcite or rutile.

This elastic anisotropy in the plane manifests itself in
the values of the linear compressibility. The compressi-
bility along [001] is a complicated function of various
elastic constants, including the values C,, and C,; which
are not known. However, measurements of the sample
dimensions in a diamond anvil cell'! have shown that
Xoo1 <O, i.e., that under hydrostatic pressure the [001]
axis actually expands rather than contracting. This has
been attributed to the fact that strain occurs by an accor-
dianlike bond bending as is seen in trigonal Se and Te.
The small force constants associated with this bond bend-
ing lead to the small values of the associated elastic con-

L. E. McNEIL AND M. GRIMSDITCH

S

P21 T S S S S—

25.55+
25.35 +
25.15 +

24.95+

24.75 |

21.751

AT

pv? (GPa)

21.554

21.35

21.15 4

20.95

20.75 it
0 0.5 1 1.5 2

x:lllln.‘
2.5 3

Angle from [001] (degrees)

FIG. 2. pv? as a function of angle between the [001] axis and
the phonon wave vector g, for angles near 0°. Note the break in
the vertical scale. Calculated from Eq. (1) with the values for
the elastic constants given in Table I.

stants. These small constants in turn result in compressi-
bilities which are actually negative for certain directions.

The calculation of pv? at angles very close to 0° (i.e.,
for phonons propagating very near the [001] direction)
leads to an interesting ‘“mode repulsion” shown in Fig. 2.
As can be seen from Eq. (1) at 6=0°,

pUZZ%{C”+C55i[(c33—-C55)2+4C§5]1/2} ) (5)

and since C;5=~0 and C;3=Css, the upper and lower
branches become nearly degenerate.
For an orthorhombic crystal Eq. (5) would give the ex-
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FIG. 3. Polarization of the phonons propagating in the [010]
plane as a function of angle between the [001] axis and the pho-
non wave vector q. Polarization =1 represents longitudinal and
polarization =0 transverse polarization.
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trema of the two branches, but for C,5, C3570 the closest
approach of the two branches occurs at some other angle.
In our case since C;5 and Cj5 are very small this angle is
6~1°. Unfortunately, the angular resolution of our ap-
paratus did not permit us to observe this behavior direct-
ly.

An additional remarkable feature of the phonons in the
[010] plane of this material is revealed in the polariza-
tions of the two branches of the spectrum. We define the
polarization as the square of the scalar product of the dis-
placement vector and the propagation direction so that it
is unity for longitudinal and zero for transverse modes.
Calculation of the polarizations using the measured
values of the elastic constants shows that the two
branches exchange their polarizations for phonon propa-
gation near the [001] direction. As can be seen in Fig. 3,
near 6=90° (the [100] direction) the upper branch is a
pure longitudinal mode and the lower branch is purely
transverse in character, as expected. In this direction the
ratio of the shear wave velocity to that of the compres-
sional wave is 0.49. As 0 departs from 90° the polariza-
tions of both branches become mixed, until for 6 approxi-
mately 10° from the [001] direction the polarizations of
the two are at 45° to the propagation direction. At the
extrema of the two branches near 6= 1°, the polarizations
are almost completely exchanged so that the upper
branch is transversely polarized and the lower branch is
longitudinally polarized. The ratio of the shear wave ve-
locity to the compressional wave velocity in that direc-
tion is 1.07. This is comparable to values in the range
1.02-1.10 measured along the [100] direction in paratel-
lurite!’ (TeO,), one of the few other cases in which this
ratio is larger than unity. In As,S; the slower speed of
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the compressional wave near [001] compared to that of
the shear wave results from the very low value of Cj;
(smaller than Css) arising from the easy bending of the
As—Se—As bond angle.

SUMMARY

We have used Brillouin scattering to measure ten of
the thirteen independent elastic constants of the layered
crystal As,S;, and find that the phonon propagation
within the layer plane is largely controlled by the ortho-
rhombic symmetry of the layer rather than the monoclin-
ic symmetry of the crystal. The layer itself is highly an-
isotropic, with the stiffnesses along the two in-plane axes
differing by a factor of nearly 5. The smaller of these
stiffnesses is less than that along the axis perpendicular to
the plane, an unexpected result for a layered crystal. For
phonons propagating near the [001] direction the two
branches of the velocity show a “mode repulsion” and ex-
change their polarizations. In this direction the velocity
of the shear wave is larger than that of the compressional
wave.
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