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H,0 at 300 K has been studied up to 67 GPa by Brillouin scattering. A transition to a new
form of ice occurs at 44 GPa. This is the tenth known solid form of H,O and may be the ex-

pected ‘‘symmetric-ice’’ structure.

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

A study of the phase diagram of H,0, which con-
tains nine solid phases,! clearly evidences the fas-
cinating complexity of this substance. All of the
nine known solid phases consist of well defined
H,0 molecules bonded by relatively weak hydrogen
bonds. However, as early as 1972 Holzapfel?
predicted that a high-pressure phase of H,O should
exist in which the H,O molecule was no longer the
basic building block, but a structure in which each
oxygen atom would share its hydrogen with neigh-
boring oxygen atoms. This structure, called sym-
metric ice, was predicted to form between 35 and
50 GPa.

A later calculation by Stillinger and Schweizer
indicated that this phase would be ionic in nature
and would be formed at pressures between 50 and
100 GPa. A more recent study by the same au-
thors* indicates that the transition is at 45 GPa.
The predicted increase in the ionicity of the OH
bond at high pressures has recently been reported
by Klug and Whalley? in infrared absorption experi-
ments up to 19 GPa.

The fact that pressures above 50 GPa are now
achievable with diamond anvil cells has led to some
effort to identify this high-pressure phase of H,O.
Recent infrared absorption measurements up to 14
GPa by Holzapfel, Seiler, and Nicol® indicate that
the frequencies of the vgE} and v,43, modes,
which are expected to be degenerate in the sym-
metric phase, extrapolate to a crossing at — 25
GPa. Raman-scattering results obtained very re-
cently by Hirsch and Holzapfel” at 100 K show a
broadening followed by the disappearance of the
OH stretch mode at ~ 50 GPa and the appearance
of a new mode at — 38 GPa. These results are
found to be consistent with the formation of sym-
metric ice in the presence of large stress inhomo-
geneities.

3

In a recent article we reported results of a Bril-
louin scattering study up to 30 GPa® in which no
anomalous behavior was observed. In this paper we
present an extension of those results up to 67 GPa.
An anomaly in the behavior of the longitudinal
sound velocity is found at 44 +2 GPa indicating
that a phase transition has occurred. Brillouin
scattering does not enable us to determine if it is
indeed the expected symmetric ice form, since it
could equally well be an ionic OH™-OHj phase
which has also been proposed.*

The pressure cell used in these experiments was
constructed following the design of Mao et al.®
This type of cell allows experiments to be per-
formed only in the backscattering geometry and has
an aperture of only 6x 1072 sr. In order for the
Brillouin signal to be observable above the very in-
tense scattered stray laser radiation it was necessary
to use a tandem S5+ 2 Fabry-Perot interferometer.!?
The spectra were recorded with use of 515-nm ra-
diation from a single-mode Ar laser with powers
ranging from 50 to 300 mW. The experiments were
performed at room temperature and the H,O sam-
ple transformed at 0.9 GPa to ice VI and to ice VII
at 2 GPa. The pressure was determined with the
linear ruby fluorescence scale!! (i.e., —7.53 cm~!/
GPa).

In Fig. 1 we present our results for the measured
Brillouin frequency shift from longitudinal phonons
as a function of pressure. Below 30 GPa they agree
with our previous results® and as explained there
the measured frequency shift is directly proportion-
al to nV, where n is the refractive index and V the
velocity of longitudinal sound waves; nVis given on
the right-hand side of Fig. 1. Above —~ 40 GPa the
v versus P curve clearly deviates from its low-
pressure behavior. As a result of the nonlinear
behavior of the results shown in Fig. 1 it is difficult
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FIG. 1. Measured Brillouin frequency shift from lon-
gitudinal sound waves in H,O as a function of pressure.

to establish exactly at what pressure the change
takes place.

In order to establish unambiguously the existence
of a phase transition we have analyzed our results in
the same manner as was done in Ref. 8. Since to do
this requires knowledge of both the density and re-
fractive index it has been necessary to extrapolate
them up to 67 GPa. We perform the extrapolation
assuming that no phase transition occurs and hence
that both density (p) and refractive index must be
monotonic and smoothly varying functions of the
pressure (P). If no phase transition occurs we ex-
pect the behavior of the elastic constant C also to be
monotonic and smoothly varying. Any deviation
from this behavior would indicate the presence of a
phase transition. The density was extrapolated by
fitting the function

P=Py+ Pip+ Pyp*+ Py, (1)

(where Py-P; are adjustable parameters) to the
data of Munro et al.!?> who have measured the den-
sity up to 36 GPa. Our fit yields Py= —40.27,
P,=70.85, P,——48.33, and Py= +13.03. The
refractive index is extrapolated as in Ref. 8, i.e.,

n=1.334+0.51(p¥*-1). (2)

The values of the density and refractive index
thus obtained are shown in Fig. 2. We mention that
we also calculated the density by extrapolating the
bulk modulus determined in Ref. 12 by using

B=B0+BIP+BzP2+B3P3 (3)

Refractive Index
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FIG. 2. Extrapolated values of density (Ref. 12) and
refractive index as a function of pressure.

and then using
P
In(p/po) =fP0B‘1 dP. (4)

The differences between the two density extrapola-
tions are small and do not noticeably affect the fol-
lowing analysis.

Using nV from Fig. 1 and » and p from our extra-
polations we calculate

C=V2%, (5)

where C is an effective longitudinal elastic
modulus. In Fig. 3 we plot logC (C in gigapascals)
vs log(p/py) (where py is the density of liquid H,0O
at 1 bar and room temperature). In this plot a very
evident break in the linear behavior is observed at
~ 44 GPa. We have performed linear least-squares
fits to the data above and below log;(p/p,) = 0.41.
The slope below this value is 4.1 in good agreement
with the value 4.3 determined in Ref. 8. Above
logio(p/pg) =0.41 the slope is 6.0. We interpert
this discontinuity in the slope as evidence of a
phase transition at 44 +2 GPa. We stress that the
calculated values of C in the high-pressure phase
are necessarily incorrect since the calculation util-
izes extrapolated values of n and p. Furthermore
although the discontinuity in C could be eliminated
by appropriate changes in » or p, it would then be
the discontinuities in either dn/dP or dp/dP that
would imply a phase transition.

The phase above 44 GPa is the tenth known solid
phase of H,O and, for reasons given earlier, is prob-
ably the predicted’~* symmetric ice. As such it
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FIG. 3. Logarithm of the effective longitudinal elastic
modulus (expressed in gigapascals) vs the logarithm of
the density. The straight lines are least-squares fits to the
data above and below log;o(p/pg) = 0.41.

would be the first nonmolecular structure for H,0O.
Within the accuracy of our measurements the ob-
served transition is not first order; however, we
cannot rule out the possibility that pressure inho-
mogeneities (estimated to be — 6 GPa from the
width of the ruby fluorescence) could in effect
smear out a first-order transition and make it look
like a higher-order transition.

In the high-pressure phase the band edge was still
above — 3 eV as ascertained by visually observing
the transmission through the sample.

We mention that if instead of the linear ruby
pressure scale the nonlinear scale!? is used, we ob-
tain'* 4.1 and 5.4 for the slopes in the ice VII and X
phases, respectively, the transition pressure at 49
GPa, and the highest pressure attained as 74 GPa.
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