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High-pressure elastic properties of the VI and VII phase of ice in dense kO and D,0O
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High-pressure Brillouin spectroscopy has been used to determine acoustic velocities in any direction, re-
fractive index, adiabatic elastic constants, and adiabatic bulk modulus@faidd DO ices at 300 K and at
pressures between 1.05 and 2.1 GPa for tetragonal ice VI and above pressures up to 8 GPa for cubic ice VII.
Typical values of elastic constants fop®lice VI areC,,=32.8,C,,=11.8,C,3=14.7,C33=27.8,C44,=6.3,
and C¢=5.9 GPa at the pressure of 1.23 GPa. Refractive index and elastic constants show no distinction
between HO and DO over the observed pressure ranges. At icesVII transition at 2.1 GPa, acoustic
velocities, refractive index, and elastic constants present drastic changes, but the adiabatic bulk modulus shows
almost continuous change which is most likely to relate the common features of the self-clathrate structure and
the potential function in both VI and VIl ices.

[. INTRODUCTION dence ofnv, they observed the VIl phase transition at
about 2.1 GPa. Very recently, we have determined sound
The H,0 ice shows about ten phases under different convelocities for all directions and three elastic constafatg,,
ditions of pressure and temperatdrAn interesting variety Ci,, andC,,) of cubic H,O ice VII under pressures between
of these polymorphisms is mainly due to the hydrogen bon®-1 and 8 GPa at 300 K by Brillouin measuremérisd _
and the structural versatility of J& molecules. These fea- have found the unusual result that the Cauchy relation
tures of HO ices at high pressures have been attracting attC12=Cas) holds at every pressure. This result suggests that
tention in condensed matter and planetary science. HigHhe interactions between the atoms can be described by cen-
pressure Brillouin spectroscopy is a useful method to studjral forces. . N _
the elastic properties of molecular single crystals grown in a  In this paper, we present acoustic velocities for any direc-
diamond anvil cellDAC):2~*Acoustic velocities ¢) for any  tion, the refractive index, and six elastic constaiis,, C;»,
direction, the refractive indexn(, the polarizability (o),  C13: Cz3, Cas, @nd Cgg) of H,O and DO ices VI under
adiabatic elastic constant€), and adiabatic bulk modulus Pressures between 1.05 and 2.1 GPa at 300 K imithitu
(B) can be exactly determined by Brillouin scattering mea-identification of its smgle-prystal orientation. From these re-
surements within situ identification of the crystal orientation Sults and the present,D ice VI, including our recent re-
at each pressure by analyzing the observed angular depen-
dence of acoustic velocities. These results provide some in-
sight into the forces of interaction between atoms and, in
particular, into the disruption of these forces.
At room temperature, compression of liquid water leads
to a tetragonal ice VI at pressures above 1.05 GRa6.18
A andc=5.70 A atT=225 K) and further to a cubic ice VII
above 2.1 GP#&=3.34 A atT=295 K). The structures of
ices VI and VII can be built up from two interpenetrated but
unconnected zeolitelike and diamond-type sublattices of
oxygen atoms, respectivelyln these high-pressure ices,
high density is achieved by forming this “self-clathrate”
structure® The intuitive view of the ice-VI structure is shown
in Fig. 1. Each HO molecule(represented by a bahas four
nearest neighbors and is hydrogen bonded to thgs#ons

are disordered The four neighbors form a rather highly dis- ecules are represented by balls, and hydrogen bonds linking the

torted tetrahedron around the central,CH molecule. . .
- . .._molecules are shown as sticgzotons are disordered, and the hy-
Hydrogen-bonded chains are linked to form an open zeolite,

lik blatti Th o f blatti d drogen atoms are not shoyrcach HO molecule has four nearest
ke su _attlce. € cavitles o one su attice accommo "’_‘t?leighbors and is hydrogen bonded to these. The four neighbors
the chains of the second sublattice. The structure of the icg .\ 3 rather highly distorted tetrahedron around the centg@ H

VIl formed by two diamond-type sublattices was presentedgjecyle. The HO molecules are linked by the hydrogen bonds to

in our recent publicatioﬁ._lo o form chains parallel to tha axes, so as to form an open zeolitelike
Polian and Grimsditéh '® measured the Brillouin spectra gyplattice. These two sublattices, distinguished by fully and par-

only at a scattering geometry of 180° and observed the presmilly shaded atoms, interpenetrate but do not interconfeeit-
sure dependence ofv in ices VI and VII without identifi-  clathrate. The cavities of one sublattice accommodate the chains of
cation of the crystal orientation. From the pressure depente second sublattice.

FIG. 1. Tetragonal ice-VI structure. Oxygen atoms gHmol-
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sults for HO ice VII,” we investigate the characteristics of
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elastic properties for ice VIl phase transition aP=2.1 (I; booLﬁoooooowggﬁfZaé @
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From the Brillouin equation for the tetragonal syst€m, = ! 41 >
we can express the square of sound velogijtas a function A T T
of nine parameters, 0 60 120 180
Angle @ (degree)
v{=0;(C11/p,C12/p,C13/p,Cs3/p,Casl p.Ces/p, 0,.X),
1) FIG. 2. Brillouin frequency shifts and acoustic velocities of LA,

where the subscrigt(=0,1,2 indicates LA, TA (slow), and ~ TAz, and TA modes as a function of angi¢ at a 90° scattering
TA, (fast modes, respectively is the density, and the Euler 9€ometry for HO ice VI at P=1.23 GPa. Open circles indicate
angles(6,¢,y) relate the laboratory frameX(Y,Z) to the exper!mentall pomts, and the dashed lines represent the calculated
crystal reference framex(y,z). In order to determine three Pest-fit velocities.

Euler angles and six elastic constants at each pressure, we ] )

applied a computerized least-squares fit between calculatioghere the wave vectay of probed acoustic phonons is par-
g;(¢) and experimental velocities ,v;) as a function of ~ allel (60° and 90F and perpendiculaf180°) to interfaces of

angle ¢, , the input and output diamonds crossed by the laser beam,
andv go andv o9 are independent of the refractive index of the
. medium.
3= [gi(¢)—vil? =012, )
i
where J is minimized by systematically varying the nine IV. RESULT AND DISCUSSION
parameters until the fit is optimized. As a result, we can A lce VI

determine the crystal orientati@#,¢,x) and acoustic veloci- _ o i
ties for arbitrary directions. In a later part, we will investigate ~ For ice VI Brillouin measurements were made at 90° scat-
the anisotropic degree of the refractive index and its effect of€ring geometry in 10° intervals of the rotation angl@bout

the acoustic velocities in the ice-VI phase. the load axis of the DAC. The observed Brillouin shifts, that
is, sound velocities for kO ice at 1.23 GP&from Eq. (4)],
Il EXPERIMENT are plotted as a function ap by open circles in Fig. 2. To

analyze the angular dependence of velocities of the LA and

A single crystal of ice VI was grown by increasing the the two TA (slow) and TA, (fash modes at each applied
pressure on a seed crystal, which coexists with the water giressure, we used E(L). The computerized least-squares fit
about 1.05 GPa and 300 K in a DAC. The shape of the seedlas applied to determine the elastic constants and Euler
crystal was usually observed under the microscope. Thereangles (orientation of a HO single crystal grown in the
fore we can estimate approximately the orientation of theDAC). The best-fit calculations are represented by the
crystal filled in the entire DAC chamber on the basis ofdashed lines in Fig. 2. To support the determination of Euler
Yamamoto's x-ray study for crystal facéfsice VIl in a angles, we made the visual observation of crystal facets for a
DAC is usually polycrystalline, because it is producedice-VI single crystal? grown in the DAC under microscope.
through the phase transition of MVII at 300 K2 In order  There is excellent agreement between the measured and fit-
to grow a single crystal of ice VII, we used a new routeted values, which yielded for J® VI at 1.23 GPa,
through the direct phase transition of watéce VIl above  C,/p=23.1 knfs 2 C,J/p=8.3 knfs? C,/p=10.4
the triple point(P=2.2 GPa,T=355 K) of liquid and ice VI km?s 2, Casy/p=19.6 knfs 2, C,/p=4.4 knfs 2 and
and VIl phased.We succeeded to grow a single crystal of ice Cg¢/p=4.2 knf s 2 and the crystal orientatiofi=44.7° and
VII, but the crystal facets could not be observed. x=0.78° within an accuracy of2%.

A Sandercock tandem Fabry+®@e interferometer’ was Once the nine parameters were determined, the acoustic
used in the triple-pass arrangemiéror Brillouin scattering  velocities p=(C;;/p)*? could be calculated for all direc-
measurements:*® The 514.5-nm argon-ion laser lif@,),  tions. Since the ice VI has a tetragonal cell, the ice-VI crystal
providing a single-moded power of about 100 mW, was useds usually birefringent. In order to estimate the anisotropic
as the excitation source. The Brillouin frequency shit$)  degree of refractive index for tetragonal ice VI, we measured
at 60°, 90°, and 180fangles between the incident and the the angular dependence &f,4,at 180° scattering geometry
scattered beamscattering geometries with the DAC are re- [see Eq.(5)]. Since the velocity ;44 is independent of the

lated to the acoustic velocity] as follows?’ rotation(¢) along the load axis of the DAC, we can estimate
the direction dependence afby rotating the incident-light
Aveo=veo/No, ) polarization(i.e., rotation of the DAC in 10° intervalsThe
¢ dependence oAv;g, for the LA mode was measured at
Avgg=V2vg0/No, 4 p=1.97 GPa. The\v, g, is almost independent af, that is,
and Av1g;=26.85-0.135 GHz. This result indicates that the bi-

refringence is less than about 1%, which agrees with the
Avig5=(2N)v 10/ N g, (5)  previous studyby measuring Brillouin shifts with two cases
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FIG. 3. Pressure dependence of refractive index at 300 K in
liquid water up to 1.05 GPa, tetragonal ice VI up to 2.1 GPa, and
cubic ice VII. Open squares indicate® and solid circles BO.
of the incident light polarized parallel and perpendicular to

the crystal axes at 180° scattering geometry. Therefore, from
our analysis of sound velocity, we can neglect the anisotropy
of the refractive index in the ice VI within the experimental
error on the measurement of Brillouin frequency shifts. At
the solidification poin{=1.05 GP# the sound velocity in a ) '

(C=pv“) up to 1.05 GPa, tetragonal,8 ice VI (Cq;, C13, Cy3,

liquid shows discontinuous changes to LA, STAand TA in . .
q 9 2 A Cag3, C44, andCgg) up to 2.1 GPa, and cubic® ice VII (C44, Cqo,

ice VI, and they increase with pressure. The distinction in "y~ 307%" The solid line indicates the adiabatic bulk modu-
acoustic velocities for kD ice (v Hzo) and D,O ice (v DZO) is

N lus (Bg) in VI and VI ices.
understood by the kinetic theory, UHZO/UDZO
=(Mp,0/My,0)?=1.054, whereMp, o and M, are the  diamond-type structures of the interpenetrating sublattices,

molecular weights of BO and HO, respectively. This rela- respectiyely. Since both the moIec_uIar and hydrog_en bonding
tion is approximately obeyed at each pressure. geometries are less near %rfectlon and more _d|spers_ed for
Furthermore, we can calculate the acoustic velogitgy) V! than for Vi, Kuhs et al: sug_gest_that thg interaction
along the direction perpendicular to the diamond interfaces?etween the independent sublattices is certainly different in
which is available to determine the refractive inde®y py VI and VIl phases.
using Eq.(5). From theAw,go measured at 180° scattering
geometry, we can obtain the pressure dependenae fof B. Ice Vl—ice VII
H,O and DO ice VI as show_n in Fig._3. The uncert_ainties iN For the cubic HO ice VII, we reported the pressure de-
the measured frequency shifts and in the determined refragsangence of acoustic velocities and three adiabatic elastic
tive index are aboud(A»)/Av==1% andAn/n==x2%, re-  qonstants at pressures from 2.1 to 8 GRere we investi-
spectively. At the freezing poinfy shows a discontinuous  gate the characteristic change of elastic properties at the ice
increase of about 4% and, moreover, increases gradually; | phase transition by adding the refractive index and
with pressure up ta=1.48 atP=2.1 GPa. The of H;0 ice  4gjabatic bulk modulus of 40 ice VII, and the present re-
shows almost the same values agoDce, and the present g5 of elastic properties for O ice VIl up to 6 GPa. The

results are in good agreement with those estimated by Poliggyjapatic bulk modulusg,) was calculated from the follow-

and Grimsditch. _ _ , ing for tetragonal ice VI and cubic ice VII, respectivély:
In Fig. 4 we show a presentation of six elastic constants

for H,O ice VI as a function of pressure between 1.05 and C33C11—2C142+C3Crsp ©
2.1 GPa by using the pressure dependence fobm x-ray ST C. 1 2Ca4C.tCo’ 6
studies'® Typical values atP=1.23 GPa are as follows: 17 emes T3 iz
+0.29 GPaC,,=11.8+0.24 GPaC,,=6.3+0.13 GPa, and 5= (C1ut2C1)13. 0
Ce6=5.90.12 GPa in the order of largeness. The Cauchylhe present results @, indicated by solid line in Fig. 4 are
relation of C;,=Cgs and C,5=C,, in a tetragonal systeth  in reasonable agreement with the isothermal bulk modulus in
does not hold at every pressure, which is a contrast to thige VIl studied by x-ray measuremefftand a recent univer-
atomic feature of central forces=Cauchy relationin the  sal investigatiorf?

cubic ice VII This difference between VI and VII phases  Acoustic velocities, the refractive index, and elastic con-
for interacting forces will be due to their zeolitelike and stants increase with increasing pressure in liquid water, te-

Pressure (GPa)

FIG. 4. Pressure dependence of elastic moduli in a liqui® H
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tragonal ice VI, and cubic ice VII. Transition pressures of 100
liguid—VI and VI—=VII are almost the same for J® and ! ' ' ' '
D,0 ices. We can find, as expected, that acoustic velocities . g viL
and elastic constants show drastic changes at the ice Ml
transition point. However, it is noted that adiabatic bulk
modulus B;) indicated by the solid line in Fig. 4 shows a
continuous change at this point. This result is most likely to
relate (1) the common feature of the “self-clathrate” struc-
ture in both VI and VIl ices and2) similar potential func-
tions at their present experimental range.

Figure 5 shows the pressure dependence of elastic con-
stants in HO and BO VIl ices. The values o€,;, C,,, and
C,,4 for D,O ice VIl are almost the same at each pressure as
those reported previously for,B® ice VII,” and the Cauchy
relation (C,,=C,, also holds for QO ice. Therefore we
have not found the difference in elastic constants, refractive
index, and transition pressuréBjq,iq_vi and Py,_,) for 0 ' L ' ' L
H,O and DO within experimental errors, but confirmed the 2 3 4 5 6 7 8
reasonable decrease in acoustic velocities fgd e. Pressure (GPa)
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FIG. 5. Pressure dependence of elastic constants in cubic ice VII
V. SUMMARY (Cy1, Cyp, andC,y) at 300 K. Open symbols indicate,& ice and

Acoustic velocities in any direction, refractive index, SOid Symbols RO ice.

adiabatic elastic constants, and adiabatic bulk modulus of

H,O and DO ices at 300 K have been determined at pres<constants between, @ and DO has not been found in VI
sures between 1.05 and 2.1 GPa for tetragonal ice VI andnd VIl ices. The Cauchy relation in tetragonal ice VI does
above pressures up to 8 GPa for cubic ice VII by applyingnot hold at every pressure, which is a contrast to that in cubic
Brillouin spectroscopy whereby the crystal orientation in aice VII. From our experimental results, we investigated the
DAC could be found in the same fitting analysis. The dis-characteristics of elastic properties for the ice-W 1l phase
tinction in transition pressures, refractive index, and elastid¢ransition atP=2.1 GPa.
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