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Brillouin scattering from H,0: Liquid, ice VI, and ice VII
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Brillouin scattering from H,O under hydrostatic pressures up to 30 GPa is reported.
Sound velocities in the liquid region agree with previous ultrasonic measurements and
discontinuities are observed at the liquid—ice VI and ice VI—ice VII phase transitions.
Elastic moduli derived from the frequency shifts are compared with bulk modulus values

obtained from compressibility data.

INTRODUCTION

There are now nine known phases of solid H,O la-
beled! ice I through ice IX. Of these, ice I occurs in
both cubic and hexagonal form and ice VI is
thought to exist in tetragonal and orthorhombic
forms. Although the existence of all these forms of
ice is known, surprisingly little is known about their
general physical properties due to the difficulties in-
volved in high-pressure experiments. Recent ad-
vances in Fabry-Perot interferometry techniques’
have now made it possible to perform Brillouin
scattering  experiments from samples inside
diamond-anvil pressure cells.’>—¢

In this study, we have used Brillouin scattering to
study H,O at room temperature in the range 0—30
GPa. Using published density results and making
certain assumptions for the refractive index varia-
tion with pressure, we obtain values for elastic
moduli which are compared with the bulk modulus
obtained from density measurements. The elastic
constants are also analyzed in the context of
Murnaghan’s equation of state.

EXPERIMENTAL

The diamond-anvil cell used in these experiments
is described in Ref. 7. This type of construction,
contrary to that used in Refs. 3 and 5, only allows
experiments to be done in the backscattering
geometry and consequently suffers from the draw-
back that the refractive index is needed in order to
interpret the results. It also only allows information
to be obtained on the velocity of longitudinal waves.
The big advantage of this construction is, however,
that considerably larger stresses can be obtained.
Furthermore, we shall show that in this case uncer-
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tainties in the refractive index lead only to small
corrections. ’

The Brillouin spectra were taken with a five-pass
Fabry-Perot interferometer using ~120 mW of
515-nm radiation from a single-moded Ar-ion laser.
Some of our measurements on ice VI were done on
single crystals. These can be obtained from the po-
lycrystalline phase (normally obtained by increasing
the pressure) by slowly decreasing the pressure to
obtain ice VI in equilibrium with water. Careful
changes in pressure can then be made until a single
crystal of ice VI is left. Subsequent pressure in-
crease then yields a single large crystal. We have
not measured the crystallographic orientation of
these crystals: However, they are birefringent and
the pattern produced by the facets of the crystal
when a laser beam is transmitted through the cell
(the pattern showed two mirror planes at 90°) indi-
cates that either a [100] or a [110] axis is along the
cell axis.

The pressure in the cell was measured, using the
ruby calibration, before and after each spectrum was
taken. The reproducibility of the readings is found
to be ~0.05 GPa.

RESULTS AND DISCUSSION

The observed Brillouin frequency shifts Av, due
to longitudinal phonons, are shown in Figs. 1 and 2
as a function of pressure P. These frequency shifts
are related to the sound velocity V through

Av=2nV/ch , (1)

where ¢ is the velocity of light, A the wavelength of
the incident radiation, and »n is the refractive index.
Using Eq. (1) we have calculated n¥V which is given
on the right-hand sides of Figs. 1 and 2.
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FIG. 1. Brillouin frequency shift and the product, nV,
of the various room-temperature phases of H,O up to 5
GPa.

In order to interpret and discuss the data of Figs.
1 and 2 we need the pressure dependence of the den-
sity and of the refractive index. The density of the
various H,O forms as a function of pressure has al-
ready been measured®~!! and is shown in Fig. 3 for
pressures up to 8 GPa. The refractive index of
liquid H,O is known up to 1.1 GPa.'? We have
measured the refractive index of ice VI in equilibri-
um with water by the following method: When wa-
ter and a single crystal of ice VI coexist in the cell,
we measure the interference fringes in the transmis-
sion spectrum of water; because the refractive index
is known the distance between the diamond faces
can be evaluated. We then measure the interference
fringes through the ice-VI crystal and obtain its re-
fractive index. At 1.05 GPa the refractive indices
are the following: 1.415 for water and 1.444 for ice
VI. To obtain the refractive index at higher pres-
sures in ice IV and ice VII we recall that the changes
in refractive index have been shown'? to be well
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FIG. 2. Same as Fig. 1 in the ice-VII phase up to 30
GPa.

described by a linear function of Eulerian strain, i.e.,
n{po)—n(p)=Ae, )

where p is the density, A is a constant, and
2/3

(3)

Po

We have fitted expression (2) in the liquid region
and then extrapolated (through the two-phase transi-
tions) to ice VI and ice VII with the same value of
A=1.02. This extrapolation is shown in Fig. 3. In
ice VI at 1.05 GPa the measured and extrapolated
values agree to within 1%.

It is remarkable that this extrapolation, taking
into account only the density variation, produces
such good results. However, the fact that H,O re-
tains its molecular character in all its observed solid
forms explains this result and allows us to use the
same extrapolation into the ice-VII phase and at
higher pressures. We point out however that an ion-
ic phase has been predicted to exist'> in the
50—100-GPa range in which the above assumptions
could not be expected to hold.

We now make the following points with the re-
sults of Figs. 1 and 2. (i) The sound velocity in the
liquid region (P <1 GPa) obtained by using our fre-
quency shifts and the refractive index data of Ref.
12 agrees within experimental error ( ~2%) with the
ultrasonic values of Ref. 14. (ii) It was often the
case that on increasing the pressure, ice VI would
not be produced at ~1 GPa but at higher values.
This can be seen by the points above 1 GPa that lie
on the continuation of the liquid results. When the
transition occurs (as has been previously reported) it
is seen as a “flash” when observed through a micro-
scope. (iii) Using ¥V =(C,;/p)'/* and the values of

p from Fig. 3, we find for the liquid
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FIG. 3. Refractive index and density of H,O vs pres-
sure.



C,1(P=0)=2.240.1 and C,;(P=1 GPa)=9.210.4
GPa. These values are consistent with the bulk
modulus B (which for a liquid is equal to C,;) deter-
mined from density variations,? ie.,
B(P=0)=2.410.1 and B(P=1 GPa)=83%1.0
GPa. (iv) The frequency shifts observed in ice VI,
which is known to be either tetragonal or
orthorhombic, were independent of whether we were
dealing with a single crystal or a polycrystalline
sample. This points to ice VI being elastically iso-
tropic. However, all the single crystals of ice VI in
equilibrium with liquid obtained by the method out-
lined in the preceding section showed a characteris-
tic diffraction pattern when illuminated by a laser
beam. This pattern is produced by the naturally
occurring crystallographic faces and was the same
for all samples indicating identical orientation.
Hence it is conceivable that because of the manner
in which pressure is applied we always investigate
the same direction of phonon propagation. (v) The
fact that ice-VI single crystals are birefringent, en-
abled us to record spectra with the incident light po-
larized parallel and perpendicular to the crystal axes.
We found no change (< 1%) in the position of the
Brillouin lines indicating that the birefringence of
ice VI is small (i.e., <1%). This is also known to be
true for ice I14.'> (vi) Defining ¥ =(C/p)'/? where
C is some combination of the elastic moduli, we ob-
tain for ice VI: C(P=1 GPa)=28 GPa and C(P=2
GPa)=34 GPa. The mean value of the bulk
modulus determined from the density over this re-
gion is B=2111 GPa. If we assume that ice VI is
elastically . isotropic then C=Cy and
B=C;;—5C4 and the fact that B <C is not
surprising. (vii) In the ice-VII (cubic) phase the po-
sition of the peaks at a given pressure changes when
the sample is taken into the liquid form and then
resolidified as shown in Figs. 1 and 2. Furthermore,
in one particular run two peaks were observed and
followed as a function of pressure indicating that
the volume sampled contained two crystallites. We
interpret these variations as an indication of elastic
anisotropy. Figure 2 shows that this anisotropy in
the velocities of longitudinal phonons in ice VII
close to the phase transition is around 10% and
tends to decrease at higher pressures. (viii) The ef-
fective elastic modulus C for longitudinal waves in
ice VII can be calculated to be 57, 106, 166, and 279
GPa at pressures of 3, 8, 15, and 30 GPa, respective-
ly. The values of the bulk modulus obtained from
the density measurements!! at these pressures are 28,
49, 77, and 139 GPa, respectively. The larger differ-
ences between B and C in ice VII than in ice VI and
the increase of this difference with pressure is an in-
dication of a substantial increase of the shear wave
velocity in ice VII over that in ice VI, and of the in-
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FIG. 4. Plot of log;o( VZp) vs logio(p/po) for H,O at
room temperature.

crease in shear elastic modulus versus pressure in ice
VII. This is consistent with the rigid structure of
ice VII, i.e., two interpenetrating face-centered-cubic
sublattices. (ix) We have chosen to analyze our elas-
tic moduli data in terms of Murnaghan’s equation of
state. In Fig. 4, we plot the logarithm of our calcu-
lated values of C vs logio(p/pg). As can be seen, the
liquid region [logo(p/pg) <0.1] is well approximat-
ed by a straight line of slope 6.8 and both the ice VI
and VII regions appear to be roughly on the same
line with a slope of 4.3.

The value of the slope in the liquid region is to be
compared with the slope found for a methanol-
ethanol mixture* 7.1 and also that calculated on the
basis of a Lennard-Jones potential which yields 7.0.
The good agreement indicates that the intermolecu-
lar forces in liquid H,O are probably well described
by van der Waals—type forces.

In the solid region however, Fig. 4 shows that the
nature of the forces has changed compared to that
in the liquid state. This is consistent with the fact
that hydrogen bonding plays an important role in
describing the forces between water molecules in the
solid state. Our measured value of the slope (C’) of
the plot of log;oC vs logjgp in ices VI and VII (i.e.,
C’'=4.3) is consistent with the value found in Ref.
11 from the plot of logcB vs logpp (..,
B'=dB/dP=4.11). This value of B’ is similar to
those in most crystals. In particular, using the
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values of the pressure dependence of the elastic
moduli,!® we obtain C'=2.4 and B'=4.5 for ice Ih.
In summary we have shown that Brillouin scatter-
ing is an effective tool for the study of the elastic
properties of the various high-pressure phases of
H,0 at room temperature. We have determined the
longitudinal sound velocity in the liquid, ice-VI, and
ice-VII phases. The volume dependence of the ve-
locities in ice VI and VII are similar and not far
from the value previously found for ice Ih; they

differ however from that in the liquid. We have
also observed an elastic anisotropy in the (cubic)
ice-VII phase which decreases with increasing pres-
sure.
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