
PHYSICAL REVIEW B VOLUME 41, NUMBER 3 15 JANUARY 1990-II

Elastic properties of trigonal laminar systems: Brillouin scattering study of Hf, „Zr„S~
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Brillouin scattering measurements on the layered transition-metal dichalcogenides have been per-
formed on samples of the general composition Hf& „Zr„S2. By selecting the exciting frequency to
be in resonance with the absorption edge, both surface and bulk acoustic phonons were simultane-

ously observed. They are utilized in a self-consistent manner to calculate the six independent elastic
constants of trigonal (3m) Hf82, one of the 1owest-symmetry structures studied to date by Brillouin

spectroscopy. The method also eliminates the need for the refractive indices, a consequence that is

particularly valuable in such highly anisotropic or birefringent samples.

There exist several experimental obstacles in the deter-
mination of elastic properties of thin films and layered
compounds. Ultrasonic attenuation requires samples to
be of sufficient size and of a minimum thickness compara-
ble to the acoustic wavelength employed and thus is not
suited for laminar systems. Furthermore, for crystals of
low symmetry, such as trigonal, the increased number of
independent elastic parameters necessitates ultrasonic
wave propagation along crystallographic directions that
are not accessible due to the difficulty of growing and
cleaving the specimen parallel to the appropriate plane of
symmetry. Brillouin scattering has generally been viewed
as an alternate technique that could overcome most such
problems associated with ultrasonic attenuation. Never-
theless, the latter is burdened by other difficulties. In
transparent samples, bulk phonon velocities along
specific crystallographic directions can be measured from
the Brillouin frequency shift by selection of a suitable
scattering geometry, but this requires knowledge of the
material refractive indices. Surface phonons are general-
ly absent or weak in this situation. For opaque samples,
however, the Brillouin spectra are dominated by the sur-
face Rayleigh wave' while the weak and/or broad bulk
modes are normally unreliable for velocity measurements.
Although the Rayleigh mode is independent of macro-
scopic dielectric material properties, it depends on com-
binations of the elastic constants. In general, and certain-
ly in low-symmetry materials, it is not feasible to extract
individual elastic parameters solely from these surface
modes. Thus in addition to weak intensities of bulk exci-
tations in opaque systems and the inadequacy of studying
only surface waves the techniques of Brillouin scattering
requires reliable indices of refraction, including in materi-
als exhibiting optical anisotropies or birefringence as is
often the case in layered systems.

One means to overcome these drawbacks associated
with Brillouin scattering is to select, when possible, the
energy of the incident exciting frequency to lie below but
close to an absorption edge of the sample. The intensities
of both surface and bulk excitations under these cir-

cumstances are strong and of comparable magnitude.
Consequently, by demanding self-consistency between
surface and bulk measurements, it is possible to evaluate
an accurate and complete set of elastic constants, even
for systems of low symmetry, that are devoid of the un-
certainties identified above.

In this work we report Brillouin scattering measure-
ments on a series of highly anisotropic samples having
the general formula Hf, Zr S2 and extract the six in-
dependent elastic constants for HfS2 in the self-consistent
manner outlined above. These compounds crystallize in
the trigonal system (space group 3m), forming layered
structures consisting of sandwiches of three hexagonally
arranged sheets of atoms. The elastic properties are de-
scribed by constants C», C33, C44, C&2, C», and C&4,
their values reflecting the weak van der Waals forces that
hold the stacks of quasi-two-dimensional layers together.
The compounds are indirect-gap semiconductors with a
direct band gap ranging from 2.58 eV for HfS2 to 2.17 eV
for ZrS2. We hence chose the 5145-A line (2.41 eV) of the
Ar laser as our exciting source since strong Brillouin
peaks from both surface and bulk excitations were ex-
pected from HfS2 due to the near-resonant absorption.
With increasing Zr the elastic parameters are observed to
stiffen while the compound progressively becomes opaque
to this exciting frequency. Enhancement in the relative
intensities of the surface versus bulk modes as x increases
reflects the difficulties of evaluating elastic constants as-
sociated with the strongly absorbing trigonal system.

BACKGROUND

The velocity of bulk acoustic phonons propagating
along any crystallographic direction depends on the den-
sity of the material and a combination of elastic con-
stants. In isotropic systems and along a few special direc-
tions of symmetry in anisotropic materials these acoustic
waves separate into purely transverse (shear) and purely
longitudinal (compressional), their velocity often being a
function of a single elastic constant. The surface mode
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velocity, on the other hand, always depends on some
combination of elastic constants even for directions that
correspond to axes of symmetry on the surface. Along
these symmetry directions the polarization of the surface
Rayleigh phonon is confined in the sagittal plane contain-
ing the direction of propagation and the normal to the
surface. For other directions on the surface the elastic
wave is described by a combination of all three polariza-
tions but its velocity retains its dependence on an ap-
propriate combination of elastic constants.

Inelastic light scattering from bulk acoustic phonons is
well known and arises from coupling of photons to the vi-
brations via the elasto-optic (EO) mechanism. This cor-
responds to a modulation of the dielectric constant that
results in inelastic scattering of the light. The resulting
photon frequency shift 5f is related to the bulk phonon
velocity v through

where A, is the wavelength of the incident light and g the
refractive index of the specimen. The direction of the
phonon wave vector, coincident with that of the light in-
side the sample, also depends on q through Snell's law.
Scattering from thermally generated surface phonons, on
the other hand, is a relatively new phenomenon. ' The
velocity v, of the surface acoustic mode is given by

2 sinO;

O; being the angle of incidence relative to the surface nor-
mal. The EO mechanism is also active in light scattering
from surface phonons in conjunction with the ripple
mechanism. ' The latter relates to a corrugation of the
surface by the phonon resulting in a propagating
diffraction grating from which the incident radiation is
scattered. This mechanism dominates scattering from
highly reflecting materials. ' Qualitative analysis of the
scattering cross sections from HfS2 indicates that in the
semitransparent region below the direct gap surface
scattering is also predominantly due to the ripple mecha-
nism.

EXPERIMENT AND RESULTS

The crystals were grown by the iodine transport
method. X-ray diffraction patterns confirmed the space
group of the structure to be trigonal (3m). The density p
of HfS2 was calculated to be 6.03 g/crn, based on a hex-
agonal unit cell of dimensions a=3.622 A and c=5.88
A. The weak van der Waals forces that hold the layers
together enabled cleavage along the a-b, plane exposing
an atomically Aat plane. These smooth surfaces with the
c axis lying normal to them are thus well suited for light
scattering studies.

Most of the Brillouin measurements were performed in
the backscattering geometry with different angles of in-
cidence and polarization appropriate for the phonons un-
der consideration. The experiments were conducted at
room temperature and the scattered light collected by an
f/1.4 camera lens. Approximately 30 mW of 5145-A in-

cident radiation was used on HfS2 and the polarization of
the scattered light was not analyzed. The incident power
was gradually raised with increasing x up to 55 mW in-
cident on ZrSz without signs of any surface damage. The
spectrum of the scattered radiation was analyzed by
means of a tandem Fabry-Perot interferometer' operating
in a sequential six-pass arrangement.

In order to probe the longitudinal and two degenerate
transverse phonons propagating parallel to the c axis,
light was incident normal to the surface of a HfS2 plate-
let. The velocity' of the former depends only on C33
while that of the latter on C~, with q being retained as
an unknown parameter. These two elastic parameters,
especially C~, are intimately related to the strength of
the van der Waals forces bonding different layers.

Due to the trigonal symmetry a series of Brillouin
spectra were obtained using s-polarized light incident at
45' with the sample being rotated through discrete steps
about the c axis. s polarization ensures that the incident
electric field E is maintained perpendicular to the c axis.
Measurements on other HfS2 samples have shown that
the reflectance" at 2.41 eV, and thus g, is the same for
light with E normal to c incident at 8; =0' and O; =90' to
the c axis. It is therefore reasonable to assume that g is
the same for all intermediate O, in the s-polarization
geometry. The choice of O, =45' in our measurements is
a compromise between the need to probe phonons propa-
gating at a large angle relative to the c axis, which re-
quires large 8;, while staying well below 8;=70', the
Brewster angle of the specimen. At this angle the
penetrating intensity of the incident s-polarized light and
thus the Brillouin cross section of the bulk modes is
markedly diminished.

Measurements were taken in this particular geometry
at intervals of 10' steps about the c axis, spanning an arc
of 130'. This, as discussed below, was suScient to verify
the trigonal symmetry of the crystals which was mani-
fested by the variation of the relative frequencies of the
two quasitransverse modes. the quasilongitudinal mode
frequency did not change appreciably. This series of
measurements served a dual purpose. First, it identified
the direction of the Y and X (dyad axis of 3m ) axes of the
crystal. Subsequently the spectra provided velocities of
bulk modes in crystallographically independent direc-
tions, allowing the evaluation of different combinations of
elastic constants. The inset' in Fig. 1 depicts inverse ve-
locity curves, on the XY plane, of a typical trigonal struc-
ture (quartz). It can be seen that the velocities —and thus
the Brillouin frequency shifts —of the two quasitranverse
modes are closest for propagation along the Y axis and lie
farther apart along the X axis. The quasilongitudinal
mode, on the other hand, shows much smaller variations
in the XY plane. Qualitatively similar results are expect-
ed, and observed in our experiments, for bulk phonons
propagating in the YZ and XZ planes, respectively. Bril-
louin spectra for wave propagation in these planes are de-
picted in Fig. 1 and clearly reveal the merging of T2 and
T&, the quasitransverse modes along the YZ plane. Thus
it was possible to identify these special crystallographic
planes by monitoring the frequencies of Brillouin peaks
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FIG. 1. Measured Brillouin spectra of HfS2 for phonons
propagating in the YZ (top) and XZ (bottom) planes of the
structure. The angle of incidence was 45' and the 2.41-eV in-

cident radiation was s polarized. The inset shows typical in-

verse velocity curves for phonons lying in the XY plane of a tri-
gonal crystal (Ref. 10). At this free spectral range (50 GHz) the
Rayleigh phonons are buried in the central elastic peak.

A =C44+C»sin 0+C33cos 0—C,4sin20,

B =(C44 —C» )sin 8+(C33 C44)cos 8+C,~sin28,

D =[(C»+C~)sin28 —2C&4sin 8]

C«=(C» —C,2)/2, and 8 identifies the angle between
the phonon wave vector and the Z (=c) axis. These re-

T, and T2 from the discrete set of sample orientations
noted above. '

Analytic expressions for the velocity of the three
acoustic modes can be obtained for the YZ plane. How-
ever, numerical computation is required for phonons ly-

ing in the XZ plane. The velocities of the acoustic pho-
nons in the YZ plane are given by'

v =[[A+(B +D)' ]/2PI'

( quasilongitudinal ),
—

[ [ g (B2+D)1/2]/2
I

1/2

(quasitransverse },
v3 [(C«sin 8+C44cos 8+C,4sin28)/p]'/

( quasitransverse ),
where

suits from the bulk modes provided a sufficient number of
independent equations and allowed a consistent calcula-
tion of the remaining constants C», C&2, C», and C&4 in
terms of g which, as always, remains as an unknown pa-
rameter.

Despite the fact that all the C, 's had been evaluated in

terms of q it was felt that the numerical errors associated
with C», C, z was unacceptably high, over 30%. This
can be traced to the relatively high g of the sample that
results in the photon —and thus the phonon —wave vec-
tor being almost parallel to the c axis. It can be seen in
the equations above that only C» is always multiplied by
sin 8, a very small number. Thus the magnitude of C»
can vary substantially and still have a negligible impact
on the overall numerical fit to the measured bulk veloci-
ties. Hence, in order to improve the measurement of C»
we exploited the relative transparency of the material to
5145-A radiation and its layered nature in another
scattering geometry. s-polarized light was incident on
one side of the platelet and the scattered photons collect-
ed from the other parallel face. The angle between in-
cident and scattered optical paths was maintained at 45'
with the sample, in the form of a flake, lying on the bisec-
tor. The phonons probed are thus characterized by wave
vectors that are constrained to lie on the XY plane of the
crystal and are independent of the refractive index. The
sample was rotated every 10' about its c axis in this
geometry, spanning an arc of 60'. The latter was ade-
quate since the XY plane exhibits a sixfold symmetry.
The (quasi)longitudinal mode observed in this geometry
was strong, hence allowing C&&, which is closely tied to
the intralayer forces, to be evaluated solely from this
measurement with a 5% error.

We now turn to the surface phonon. The Rayleigh ve-

locity along the Y axis depends on a combination of five

C, 's (except C,2), though generally dominated by C44
and independent of g. ' A typical Brillouin spectrum
from HfS2 showing the surface Rayleigh mode propaga-
ting in the XY plane and of comparable strength to the
bulk modes is shown at the top of Fig. 2. The measured
surface and bulk velocities were correlated by requiring
that a single set of elastic constants be sufficient to satisfy
the boundary condition of zero stress at the free surface
and simultaneously fit the measured frequency shifts 5f
of bulk phonons propagating on the XZ and YZ planes of
the crystal. There was only one adjustable parameter-
the refractive index. The g required to achieve this con-
sistency is 3.6. The results for the six elastic constants of
this trigonal system that were thus evaluated are summa-
rized in Table I.

The layered nature of the compound manifests itself in
the relative values of C,- . For example, the large C»
reflects strong intralayer forces while C44, which is over
an order of magnitude weaker, arises from the weak van
der Waals forces. The uncertainty in the value of C,4 ap-
pears to be quite large. This is not entirely due to the ab-
solute error itself (only +2 GPa) but in large part to the
very small value of the elastic constant itself. The magni-
tude of C,4 reflects the trigonal character of a structure,
as opposed to hexagonal symmetry where it vanishes.
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Therefore the small value of C,4 in HfS2 indicates that
the compound, although trigonal in structure, has acous-
tic properties lying close to that of a hexagonal solid.
This is hardly surprising since a large number of other
transition-metal dichalcogenides do indeed crystallize in

the hexagonal system.
In order to investigate the mechanism that dominates

scattering from the surface phonon, several scans on HfS2
were conducted at 8, =45' in backscattering with s- and
p-polarized light. The free spectral range of the inter-
ferometer was reduced to allow the emergence of the
Rayleigh mode away from the elastic peak. The Brillouin
cross section of the Rayleigh phonon in the p geometry
was measured to be approximately 3.5 times that of the s
geometry. At 8, =45' and g=3.6, theory' predicts equal
contributions by the EO mechanism for both s- and @-

polarized incident light while the ripple scattering ampli-
tude is about 2.5 times larger in the p than in the s
geometry. The experimentally observed differences be-
tween the two polarizations indicate that Brillouin sur-
face scattering in HfSz, at 2.41 eV, occurs predominantly
via the ripple mechanism. Its contribution is expected to
increase, of course, with metallic character as we have
observed in TiS2

Finally, we comment on a series of experiments in the
backscattering geometry that monitored the change in
the Brillouin spectra with increasing Zr concentration.
The spectra obtained with the same exciting radiation,
5145 A, and p polarized are shown in Fig. 2. The x=0
spectrum has already been discussed. The direction of
propagation of the surface mode for the other samples
was random on the XY plane. A rise in the intensity of
the surface mode relative to the bulk phonons is clearly
observed while the gradual increase of all Brillouin fre-
quencies indicates a stiffening of the bonds as x increases.
It is seen that above x =0.5, the spectra are dominated by
the Rayleigh mode. Subsequently the bulk modes be-
come ineffective in evaluating the elastic parameters.
Indeed it is this feature that highlights the importance of
selecting an appropriate exciting frequency. This step
renders both surface and bulk Brillouin peaks to be of
comparable intensity and hence of value to derive the
elastic properties of these low-symmetry systems.

In summary, we And that for semiconducting materials
by choosing the energy of the incident radiation to lie in
the vicinity of, but below, a strong absorption band both
the surface and the bulk modes in the Brillouin spectrum
are suf6ciently strong to allow a self-consistent calcula-
tion of all elastic parameters without accurate knowledge
of the refractive indices, even for crystals with very low
symmetry. The trigonal structure, though only weakly
departing from hexagonal symmetry in the present case,
is revealed by the frequencies of the quasitransverse
modes. The materials become stiffer as the Zr concentra-
tion increases. Finally, we have identi6ed the ripple am-
plitude as the dominant contribution to the intensity of
the Rayleigh mode in HfSz at 2.4 eV.

FIG. 2. Measured Brillouin spectra showing Rayleigh wave
R and bulk phonons (L, T) of Hf~ „Zr S2 with increasing Zr

0
concentration. The angle of incidence was 70' and the 5145-A
radiation was p polarized. The Rayleigh phonon R is along the
F axis for x=0; its direction is random on the XY plane for all
other x. The free spectral range is 25 GHz. The spectra have
been normalized to account for the dift'erent incident power.

TABLE I. Elastic constants of HfS2 as derived from the self-
consistent 6t to Rayleigh and bulk acoustic modes. All values
are in Gpa.

C)3 C)2 C
143(+7) 39.4(+1.4) 10.1(20.4) 10(&1) 50(+15) 1(+2)
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