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Brillouin scattering from Ga$S under hydrostatic pressure up to 17.5 GPa
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Brillouin scattering in Ga$ crystals has been measured under hydrostatic pressures up to 17.5
GPa. Frequency shifts of the Brillouin lines give the pressure dependence of the elastic constants
C,, and C,,, and the index birefringence. Exponents derived from Murnaghan’s equation of state
are compared with a Lennard-Jones description of interatomic forces in GaS.

PACS numbers: 62.20.Dc, 62.50. + p, 78.35. + ¢, 64.30. + ¢t

Pressure is a fundamental thermodynamic variable and
thus plays a dominant role in our understanding of matter.
In diamond anvil cells, a variety of physical methods can
now be used in the range of 100 GPa, that is, one order of
magnitude higher than ten years ago. Under those condi-
tions, variations in the bond strengths are comparable with
the low-pressure interatomic forces themselves and pres-
sures are of the same order as those encountered in the interi-
or of the earth: this opens new possibilities in condensed
matter physics, which are of interest to geophysics. The most
serious drawbacks of the diamond anvil cell are the sample
size (typically 100 X 100 X 20 g*), and the difficulty of
introducing electrical leads into the cell. Thus a few conven-
tional measuring techniques cannot yet be utilized, and
hence some physical properties remain unprobed at these
high pressures. Elastic properties are a typical example: ul-
trasonic measurements have not yet been possible under
these high-pressure conditions.

Brillouin scattering from NaCl up to 3.5 GPa has been
reported' with a modified diamond cell, where the measure-
ment of the refractive index versus pressure could be avoid-
ed. The experimental conditions in that case require a large
optical aperture and thus limit the maximum pressure to a
small fraction of the capabilities of the diamond anvil cell
techniques (> 50 GPa). In this letter we report results which
were obtained in a normal-incidence, small aperture geome-
try, which can be used over the full range of pressure attain-
able by the diamond anvil cell technique. This method im-
plies three distinct measurements in the same pressure run:
(i) the compressibility of the sample by optical methods; (ii)
the variation of the refractive index, from the observation of
the interference pattern of a plane parallel sample; (iii) the
shift of Brillouin lines in two different polarizations.

Gallium monosulfide was chosen for its high-scattering
cross section” due to its layer structure. In the experiments
we report here, pressure was limited to 17.5 GPa, since a
transition to an opaque phase takes place. The method is
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nevertheless applicable to optically transparent samples
above this value® under homogeneous stress conditions.*
The elastic constants C,, and C,, that we have measured are
compared with existing equations of state. In the case of
GaS, which is not cubic, we have assumed a dependence of
the same form as that of Murnaghan’s equation, but a func-
tion of the linear dimension of the sample. The fits we obtain
and the magnitude of the pressure derivatives of the elastic
constants are compared with the assumption of a simple
Lennard-Jones potential to describe the interlayer forces.

The diamond anvil cell and the five-pass Fabry-Perot
have been described in Refs. (4) and (5) respectively. The
pressure was measured using the ruby luminescence scale.
Stress inhomogeneity was smaller than 0.5 GPa up to 17.5
GPa; the pressure-transmitting medium was the classical 1: 4
ethanol methanol mixture. The free spectral range of the
Fabry-Perot was chosen to be an integral fraction of the fre-
quency shift of the Brillouin lines of diamond in order to
avoid overlap with the lines under study. The spectra were
recorded using ~ 150 mW of the 647.1-nm radiation from a
Kr™ ion laser. As-grown hexagonal needles of GaS$, ob-
tained by vapor transport deposition,® were used. Those
crystals have six natural faces parallel to the axis of the whis-
ker (c axis) and can be readily cleaved perpendicular to the
axis. Thus measurements can be readily performed with
light incident parallel or perpendicular to the c axis.

Direct micrometric measurement’ of the variation of
the needle length (c axis) and of the hexagonal faces (a axes)
lead to the linear compressibilities. The observation of the
interference extrema with light incident on plane parallel
samples, cleaved normal to the ¢ axis gives the variation of
the optical path length, and, knowing Ac/4p, the variation
of the ordinary refractive index n,,. Brillouin measurements
have to be made with light parallel and perpendicular to the ¢
axis. It was found that, up to the highest pressures used here,
the piezobirefringence of the diamonds induced negligible
depolarization, which is not unexpected in this geometry,
where the incidence of light is normal to the window faces
and the unsupported area of the anvil kept at a minimum.

In Fig. 1, we present the measured frequency shifts as a
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function of pressure. v, and v, correspond to a phonon prop-
agating in Ga$S perpendicular to the c axis, for polarizations
of the electric vector of incident light repectively perpen-
dicular and parallel to the ¢ axis. The ratio of v, and v, direct-
ly gives the birefringence of the sample as a function of P, and
it should be noted that, as the phase transition is approached,
the crystal becomes optically isotropic. The frequency v,
corresponds to a phonon propagating along the axis. It is
related to v, and the elastic constants as

(vi/v3) = C1/Cs,

independent of refractive index or density changes. From
Fig. 1, it is then also clear that the sample is approaching an
isotropic bonding scheme, (i.e., Cy;—Cj;). Using the vari-
ation of the refractive index and of the density of GaS with
pressure, we calculate the elastic moduli C,, and Cs; of GasS,
which are shown in Fig. 2. Our values of elastic properties
under high pressure can be compared with existing equa-
tions of state. In this letter, we have fitted our results with the
Murnaghan equation®:

P=(Bo/B; [(p/pd)™ ] 7", (2)
where B, is the bulk modulus at atmospheric pressure, B¢ its
derivative with respect to pressure, and p the density. From
Eq. (2), it follows that

B =By p/pol”". ()
In the case of an elastically isotropic medium,

B, = C,, — 4/3C,,. Assuming that C,, is either small, or
had the same density dependence as C,,,

Cii(p) = Cp,(0) P/PO)BO- (4)

Equation 4 may be extended to the noncubic case by
assuming that the dominant forces that determine C,, and
C,, are along the g and ¢ directions, respectively, which leads
to

Cii = C1,(0) (a0/a)" * (5)

Cs3 = C33(0) (co/c)® 1" (6)

Those equations define B | and B | in such a manner
that for a cubic crystal they coincide with B ; of Eq. (4).

In Fig. 3, we plotted the logarithm of the elastic moduli

versus a,/a for C,, and cy/c for Cs; in GaS. The fit of the
experimental results with straight lines yields B | = 2.2, and
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FIG. 1. Brillouin frequency shifts in Ga$S at room temperature vs pressure
for three different geometries.
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” Those values may be compared with the isotropic case:
in the course of these experiments, we also measured the
Brillouin shift from the pressuretransmitting medium, a 1:4
mixture of ethanol and methanol, which is an overdriven
fluid up to 10 G Pa. Brillouin shifts were measured under
pressure. The density and refractive index variations were
extrapolated from published data.’ The empty stars in Fig. 3
represent the elastic modulus of the ethanol methanol mix-
ture versus po/p [Egs. (3) and (4)]. We find here that B ; is
close to 7. This value can be very simply explained using a
Lennard-Jones-type interaction potential:

& = (a/r'?) —(B/r9) Wl
where r is the interatomic distance and a and S are constants.
Using the equilibrium distance and force constant at zero

pressure as fitting constants, we obtain, accurate only to first
order in 4r/r,,

C=Coro/r, (8)

which is equivalent to B = 7. One would expect Eq. (8) to
be a good approximation when Van der Waals forces are
responsible for the attractive potential, e.g., B’ = 7.0. Infact,
from the values we deduced for GaS, we see that B | is the
order of magnitude of three-dimensional isotropic B val-
ues. This is not the case for B | . This is to be related with the
fact that, in hydrostatic compression, most of the deforma-
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FIG. 3. Elastic moduli {log. scale) of GaS and the methanol-ethanol mixture
vs the inverse of cell dimensions of GaS (lower scale) and vs reduced density
for ethanol-methanol (upper scale). For the latter, we also included the data
of Ref. (13) for p/p, < 1.2.
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tion in GaS takes place within the interlayer space.'®

In the previous paragraph, we have used Murnaghan’s
and related equations to fit our results. The reason for choos-
ing this formula rather than other existing ones is that fits to
C,, in ethanol methanol according to the equations of state'’
and Birch, Tait, or Linear-Secant Modulus are far from
satisfactory.

In the geometry used here transverse modes were not
observable. Nevertheless, those measurements are entirely
feasible using different incidence conditions and more elabo-
rate data acquisition methods. A more complete set of elastic
constants could thus be obtained.

Thus direct measurement of the elastic constants, re-
fractive index, and density are now possible in the 10-~100-
GPa range. This gives access to numerous fundamental
properties such as sound velocities or equations of state,
which are important in geophysics.

Moreover, Brillouin techniques are well suited to high— ‘

temperature measurements in the diamond anvil cell by
power-laser local heating'? within the device, since the emis-

sion from a given portion of the crystal can be optically iso-
lated and studied independently.
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Raman diffusion profilometry:OH in vitreous SiO,
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Techniques are described for using Raman spectroscopy to measure the concentration profiles of
impurities that have been diffused into transparent host media. Profiles are presented for the

diffusion of water into fused silica. Spatial resolutions of 50 um for concentrations of OH above
180 ppm (by weight) are demonstrated, and order of magnitude improvements over these values

are confidently predicted.

PACS numbers: 66.30.Jt, 61.70.Wp, 63.70.Wp, 63.50. + x, 61.40.Df

Water in the form of -OH units is an ubiquitous impuri-
ty in oxide materials, including vitreous (v-) SiO,. The pres-
ence of OH is undesirable in optical communication fibers,
since it gives unwanted absorption in the infrared. In other
applications, however, small (and even large) quantities of
OH may be desirable, e.g, because they reduce the viscosity
of v-8i0,. In many cases, the presence of OH is simply un-
avoidable; an example is the OH incorporated into films of v-
Si0, which are fabricated by the steam oxidation of 8i, a
process of growing importance in Si based metal oxide semi-
conductor electronics. Of interest in these particular situa-
tions (and others) is the quantitative and qualitative nature of
the hydration due to “diffusion” of water into otherwise
pure SiO,.

336 Appl. Phys. Lett. 38 (5), 1 March 1981

0003-6951/81/050336-03$00.50

In this letter, we describe a technique of Raman spec-
troscopy which proves useful for studying the spatial distri-
bution of Raman-active impurities or defects in many trans-
parent host materials and illustrate its use to measure the
penetration of steam into fused silica. A more extensive pre-
sentation of results for this special case of diffusion of H,0O
into fused silica will appear elsewhere.’

The example to be described is based on the observation
of Galeener and Geils? that very small concentrations of OH
(> 1 ppm) are easily detected in the Raman spectrum of bulk
fused silica. This is because the O-H stretch vibration at
~3700 cm ™~ is strongly Raman active and is far removed
from other features in the spectrum, as shown in Fig. 1. The
origin of this line?~® and of other features in the spectrum’ is
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