PHYSICAL REVIEW B 68, 024108 (2003

Infrared observation of the phase transitions of ice at low temperatures and pressures up to 50
GPa and the metastability of low-temperature ice VII
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The phase transitions of.J@ ice were investigated by infrared-absorption measurements iR, theanges
of 0.2—-50 GPa and 20—-298 K. Under compression at temperatures below 150 K, ices Il and VI were found to
transform directly into orientationally disordered low-temperature ice VIl due to their mechanical instability,
with the transition pressure increasing approximately from 2.8 GPa at 120 K to 7.9 GPa at 40 K. The infrared
spectral features of low-temperature ice VII are identical to those of ice VII at ambient temperature. Under
isobaric heating in the range of 100 to 180 K at pressures below 30 GPa, low-temperature ice VIl transforms
into fully ordered antiferroelectric ice VIII; during this transition, the water molecules reorient by rotation. The
kinetic phase boundary between low-temperature ice VII and ice VIII at temperatures below 100 K was
determined to be a vertical line at about 30 GPa. The low-temperature ice VIl to ice VIII transition is
interpreted here as occurring as a result of thermally activated rotational disordering below 30 GPa and as a
result of rotational tunneling coupled with bending vibrations above 30 GPa; the orientational disordering of
ice VII can be explained accordingly.
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[. INTRODUCTION firmed that ice-VIl-like phaseghere called low-temperature
(LT) ice VIl and denoted as LT VIl in the figurgsan also be

The high-pressure behavior of ice is of fundamental im-made by compressing ices Il and VI up to 4 GPa at low
portance to condensed-matter physics and the planetary s¢emperatures and they possess the same crystal structure as
ences. Many intriguing phenomena have been discovered ige VII.2"~2*Low-temperature ice VIl is similar to ice VIII in
the high-pressure behavior of ice, such as pressure-inducédat it can be quenched as a metastable phase to ambient
amorphizatior?  hydrogen-bond ~ symmetrization  or pressure below 100 K, and then it undergoes successive tran-
centeringg® as well as Fermi resonance and soft-modesitions to low-density amorphous ice and ice lh upon
behavior*®~8 At ambient temperature and pressures above heating*® Since thermal effects on molecular rotation are not
GPa, ice crystallizes as body-centered-cuflicc ice VII expected at temperatures below 100 K, orientational disor-
(Pn3m), in which the HO molecules are orientationally dering is static in low-temperature ice VII, which is different
disordered. A recent diffusion experiment indicated that from the dynamic orientational disordering found in ice VII.
molecules in ice VII can rotate dynamically at 400%Wwith  When heated at pressures above 2 GPa, low-temperature ice
decreasing temperature, ice VII transforms into tetragonal ic¥1l transforms into ice VIII. Theoretical calculations have
VIII (14,/amd), in which the molecules are oriented in a predicted that low-temperature ice VIl should transform into
fully ordered antiferroelectric configuratiSnThe crystal ice VIII under isothermal compressiéhbut Raman mea-
structures of ices VII and VIII are very similar, and ice VII surements found no phase transformation at pressures up to
can be understood as a disordered analog of ice VIII, despitd0 GPa at 77 KRef. 2.
the slight tetragonal distortion in theaxis of ice V11121112 Vibrational spectroscopy provides promising tools for de-
Under high compression, the molecular phases VII and Vllitecting the vibrational dynamics and structural transforma-
transform into translationally disordered ice Honized tions of molecular solids. Here we present an infraf)
phase at about 60 GPa due to translational proton tunnelingabsorption study of the low-temperature phase transitions of
and then at about 100 GPa transform into fully centered icél,O ice and of the metastability of low-temperature ice VII.
X (atomic phasg which is predicted to have a @0 cuprite  Unlike the phase transitions from the molecular phases VII
structure in which the protons are definitely located at theand VIII into translationally disordered ice X and further into
hydrogen-bond midpoints.>7813-15 fully centered ice X, which are dominated by translational

The physical properties of ice are especially unusual irproton motion along the hydrogen-bonded O-O axis, the
the low-temperature and low-pressure region. When pressuphase transition from low-temperature ice VIl into ice VIII
ized at 77 K, ice Ih transforms into high-density amorphousinvolves reorientation of the 0 molecules by rotation from
(HDA) ice at 1.0 GPa due to its mechanical instability®  a static orientationally disordered paraelectric to a fully or-
Raman-scattering measurements have been used to show thated antiferroelectric configuration. A study of the metasta-
HDA ice transforms into an ice-Vll-like phase at about 4 bility of low-temperature ice VII should deepen our under-
GPa at 77 K Recent neutron-diffraction measurements con-standing of the mechanism of this phase transition, and shed
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light on the nature of orientational disordering in ice VII. L

. s . . ! 120K
Further investigation of the phase transitions of ice at low Var YV ey nV1.9 0
temperatures and pressures should also be helpful for under- \;’:Ma
standing the unusual phase-transition behavior in B8 S 6.2
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Il. EXPERIMENTAL PROCEDURE g mtauor\aelnding stretching
Low-temperature and high-pressure IR measurements § YRR v, v 4y wVis 40K
<C 2

were carried out with a Fourier-transform-IR spectrometer, a A 13-"; g"a

CuBe membrane diamond-anvil céMMDAC), and a closed- 1 p

cycle cryogenic refrigerator system with KBr windows. A A\J\ﬁ__/‘kﬂ_

thin film of H,O ice roughly 1xm thick was prepared inside I' A 4.6
the MDAC by the vapor-deposition method in order to avoid rotator | 02
saturation of the strong IR-absorption peaks of ice. The ice , bending  Stretching
film, the KBr pressure medium, and ruby grains were placed 1000 2000 3000 4000 5000

in the sample chamber inside the cell in a sandwich configu-
ration. The sampling process was conducted in a glove box

purged with nitrogen gas, with the cell cooled to approxi-  gig. 1. Infrared spectra for the ice-Il to low-temperature ice-VII

mately 260 K by liquid nitrogen. transition at 120 K(top panel and the ice-VI to low-temperature
After sampling, the cell was put into the cryostat andjce-viI transition at 40 K(lower panel. Both phase transitions

cooled under vacuum conditions of about £6 10" " Torr.  feature a discontinuous increase in the stretching frequency and a

A resistive heater and a diode thermal sensor were placedlsappearance of the rotational pedksarked by short baysv, 5

near the cell for controlling and monitoring the temperaturedenotes the symmetric and asymmetric stretching vibrational

inside the cryostat. The sample temperature was measuretbdes,v, the bending vibrational modeg g the rotational vibra-

with an Au+ 0.07%Fe-Cr thermocouple fixed on the surfacetional modes, and,+ vg the combination of the,, and vy vibra-

of one diamond anvil with Stycast cement. The sample prestional modes. Dashed lines are guides only.

sure was controlled by regulating the helium gas pressure in

the ngmbrane and determined by the quasihydrostatic rut%p panel, the 0.2-, 1.3-, and 2.2-GPa spectra are assigned to
scale-” Zero-pressure reference spectra of ruby at low temyjeq | by reference to the IR spectra of the crystalline phases
peratures were measurgudsitu with ruby grains fixed to the = ¢ i published previously and to those observed in this
back surface of one diamond anvil. IR spectra were acquirea/ork_m—zs-rhe stretching and bending vibrational peaks are
over a Wave-ﬂjmber range of 650-6700 crmith a reso-  |ocated at approximately 3300 and 1700 Cprespectively,
lution of 4 cm™~. The measured sample area was trimmed tynq two rotational peaks are located at approximately 670
a square of about 3030 um* with an adjustable optical and 800 cm? (marked by short baysAs the pressure in-
mask. IR spectra were measured for both an empty MDAC agreases from 2.2 to 3.5 GPa, the stretching frequency shows
ambient pressure and a KBr-filled MDAC at high pressuresy discontinuous increase, and the two rotational peaks disap-
and used as a correction for diamond absorgtion. pear and evolve into an absorption shoulder. These spectral

The infrared spectra of ice were obtained for T  changes are attributed here to the transition from ice Il to
ranges of 0.2-50 GPa and 20-298 K. First, we carefullyjow-temperature ice VII on the basis of previous neutron-
examined the IR spectra of the crystalline ices Ih, II, V, VI, diffraction measurements and the results of the present
VII, and VIl and compared them with the previous IR data study!’-2°The vibrational modes of low-temperature ice VI
of these phase¥.?® Each phase could be readily identified were assigned by following the mode assignment for ice
by its characteristic rotational, bending, and stretching bandsy||. 78:27|n the lower panel of Fig. {the 40-K isotherm the
Then we unloaded the MDAC to 0.2-1 GPa in the temperag.2-GPa spectrum is assigned to ice VI. The phase transition
ture range 230-240 K in order to make ice Il or VI, both of from ice VI to low-temperature ice VIl was observed to oc-
which can be cooled to temperatures below 120 K withoutcyr as the pressure increased from 7.6 to 8.2 GPa, with simi-
phase changes. Low-temperature ice VIl was made by isdar spectral changes to those of the ice-ll to the low-
thermally compressing ice Il or VI to 4-10 GPa at temperatemperature ice-VIl transition. The pressures of the phase
tures below 100 K and its metastability was investigatedransitions from ices Il and VI to low-temperature ice VIl are
along both isothermal and isobaric paths. plotted in Fig. 2. The phase-transition pressures show a gen-
eral trend of increasing with decreasing temperature, from
~2.8 GPa at 120 K to-7.9 GPa at 40 K.

Low-temperature ice VIl and its metastable field were in-

The phase transitions from ices Il and VI into low- vestigated by isothermal compression below 100 K. Figure 3
temperature ice VIl were investigated at temperatures beloyresents a set of representative spectra obtained along a 75-K
120 K along isothermal paths. Figure 1 shows two sets ofsothermal path for pressures up to 37 GPa. The 0.32-GPa
spectra, one measured along the 120-K isothgom panel spectrum was assigned to ice(8lee also Fig. J1 The ice-ll
and the other along the 40-K isotheffower pane). In the  to low-temperature ice-VII transition occurs as the pressure

Wave number (cm™")

Ill. RESULTS
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FIG. 2. Low-temperature phase transitions observed in the 500 1500 2500 3500 4500
present IR measurements. Open squares indicate the ice-VI to low- Wave number (cm")

temperature ice-VII transition; open circles denote the ice-Il to low- FIG. 3. Infrared 30 ice f 37 GP
temperature ice-VIl transition; solid triangles denote the low- : d Trarehsp;ectlia_o 2:) ice ﬁ: pressuresbugl) t04 GP a
temperature ice-VIl to ice-VIll transition along isobaric warming measured along the 75-K isotherm. The spectra below a are

paths(up and down triangles represent the onset and completioﬁlSSIgned to ice ”_' As the pressure Increases frgm 3'8.7 o 5.'27 GPa,
points of the transition, respectivelysolid circles are the low- 1€ Il transforms into low-temperature ice VII with a discontinuous
temperature ice-VIl to ice-VIIl transition along isothermal paths. Sh'ﬂ_Of tTe StritCh'nngly3 peak a'r:d the d|sappeirance of the tIWO
The diamonds and the solid square are the previously reported HDK;]tat'ona pea s(rgar ed by_ 3 ort ba}sh Signi |can_t_ spfctra |
and ice-VI to low-temperature ice-VII transition points, respectivelyC anges at around 30 GPa indicate a phase transition from low-

(Refs. 2 and 19 The phase boundaries for ices VII, VIII, and X temperature ice VIl into ice VIII. A new sharp peak appears at
(nonmolecular phagewere drawn according to previous Raman- approximately 1500 ¢ (marked by short arrowsin the spectra

scattering and IR measuremer(®efs. 5, 8, 13, and 28 Low- for pressures above 30 GPa, being assigned agtheending vi-

temperature ice VIl is denoted as LT VIl in the figure. Dashed Iinesbrational pefik, of ice VIII. Thisv, bending vibratipnal .peall< at
are guides only. ~1500 cm - is related to the out-of-phase_ bending vibration

of the v, bending mode of ice Vll(see details in Sec. IV and Fig.

. 6). Denotations of the vibrational modes are the same as in Fig. 1,
increases from 3.87 to 5.27 GPa. The spectral features %?nd 2vg and 2vg, are the overtones of the rotational vibrational

Iow_—temperature ice VIl are quite similar to those (_)bservedmodes. Low-temperature ice VIl is denoted as LT VII. Dashed ar-
for ice VII at room temperature. The peak frequencies of thg,s and lines are guides only.
vibrational modes of ice observed at 75 K are plotted as a

function of pressure in Fig. 4. The frequency-pressure curve$480 cm?) for ice VIII at pressures above 30 GF5For the

of the vibrational modes of low-temperature ice VIl are 40- and 75-K isotherms, the bending frequencies are a little
nearly identical to those of the corresponding modes of icjigher than those of ice VIII at pressures just above 30 GPa
VII for pressures up to 30 GPa. As the pressure increasasut become almost the same as those of ice VIII near 40
from 5 to 30 GPa, thev; 3 stretching frequency of low- Gpa. The spectral changes at 30 GPa are hence interpreted as

temperature ice VIl softens and thg . rotational frequen- due to the low-temperature ice-VII to ice-VIII transition.
cies harden, but the, bending frequency remains constant

at 1570 cm™. 3500
Significant spectral changes were observed at around 30

GPa. Ther, bending mode of low-temperature ice VI, lo-

cated near 1570 cn at pressures below 30 GPa, shifts to ~ 2500

3000

approximately 1500 cit as the pressure increases above 30 F‘g
GPa. In addition, at pressures above 30 GPa the absorption 5 2
peaks of the vibrational modes become obviously sharper 5 1500]
than those in the spectra obtained below 30 GPa. A fre- g

L 1000

qguency shift of thev, bending mode around 30 GPa was also
observed in the experimental runs along the 40- and 100-K
isotherms, as depicted in Fig. 5. The frequency of the IR-
active bending vibrational mode has previously been found
to be sensitive to the ice-VII to ice-VIII transitidii.For this
reason, IR data from the bending vibrational region for ices

VIl and VIl was also plotted in Fig. 5. For all three experi- kG, 4. The pressure dependence of the frequencies of the IR-
mental runs along the 40-, 75-, and 100-K isotherms,ihe  active vibrational modes for 40 ice measured along the 75-K iso-
bending frequencies trace the frequency-pressure cl@ve therm(open circleg Open squares and diamonds are data for low-
about 1570 cm?) of the bending mode for ice VIl up to 30 temperature ice VIl measured at 40 and 100 K, respectively.
GPa, but deviate from those of ice VII and suddenly shiftprevious data for ice VII at room temperature are drawn as solid
toward those of the bending frequency-pressure cuate lines (Refs. 8 and 28

500F | v, S 1

0 VIIILowI Temperature V".I VIIII

0 5 10 15 20 25 30 35 40
Pressure (GPa)
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1800 T - phase transitions feature a discontinuous increase ofthe
Jo v stretching frequencyFigs. 1 and 2 In contrast to the den-
1700, v sity increase, this frequency increase implies that an increase
e ool ﬁ? v, (Vi) | of the hydrogen-bonded O-O distance has occurred, which is
P P Fv suggested by the correlation between the decoupled O-H vi-
P oo | brations and the hydrogen-bond lengtt? _
g /4 —v—'—--v*—--- At temperatures between 200 and 273 K, ice VI trans-
- 1a00L/ 2v o v vy forms into ice VIII at 1.9-2.1 GPa. Compressing ice VI be-
! K 2 low 150 K leads to no phase change at pressures around the
1300 <«— LT VIl —ie—VIll —| extrapolated ice Vl/ice VIII boundary@about 0.8—-1.5 GPa
6 10 20 30 40 50 However, transitions into low-temperature ice VII were ob-
Pressure (GPa) served at higher pressures. The pressure at which the ice-VI

FIG. 5. Variations of the vibrational peak frequencies ofHce to low-temperature ice-VIl transition occurs is observed to
2. vana viorat P qu @ increase with decreasing temperature, frei.8 GPa at 120

for pressures up to 45 GPa in the bending vibrational region - -
Crosses are the data measured at 100 K; open circles, 75 K; opé<nto 7.9 GPa at 40 K. These features are very similar to the

triangles, 40 K; solid circles, 75 Kunloading. Solid and dashed amorphization of ice Ih into HDA ice, in which the amor-

lines are previous data for ice VII and VIII, respectivéRefs. 8 phization mechanism changes from thermodynamic melting
and 28. Low-temperature ice VIl is denoted as LT VII. for T>162 K to mechanical melting at lower temperatut®s.

By analogy, the ice VI to VIII transition at 200-270 K is

This was additionally confirmed during the unloading pro-Perhaps best understood as a thermodynamic transition,
cess from 40 to 10 GPa at 75 K, during which the observedvhereas below about 150 K the ice-VI to low-temperature
peak frequencies are identical to those of ice VIII. Belowice-VIl transition is best understood as occurring as a result
100 K, the kinetic phase boundary between Iow—temperatur@f mechanical instability due to the violation of the Born
ice VIl and VIl was found to be a vertical line at 30 GPa, Stability conditionCy;—|C4>0.1° The two transitions ice Il
i.e., insensitive to temperatut&ig. 2). to Iow-t_emperature ice VIl and HDA to low-temperature ice
The metastable field of low-temperature ice VIl was alsoV!l; which occur at almost the same pressure and tempera-
explored as a function of temperature along isobaric warmture as the ice-VI to low-temperature ice-VIl transition, thus
ing paths at 6, 15, and 23 GRR&ig. 2). The rate of tempera- also have a mechanl_cal instability mechanlsm..
ture increase was set at approximately 0.1 K/min. The phase Low-temperature ice VII possesses essentially the same
transition into ice VIII was determined mainly by the spec-Crystal structure as ice VIRn3m).*®In the present study it
tral changes in the bending vibrational region. During thewas observed that the IR spectroscopic features of low-
6-GPa isobaric run, low-temperature ice VII transforms intotémperature ice VIl are identical to those of ice VIl at room
ice VIII over the temperature span of 170—180 K. At highertemperature for pressures up to 30 GPa, indicating that there
pressures, this phase transition becomes sluggish and tak& no structural differences between the two phases. Multi-
place over a wider temperature span. For the 23-GPa isobarfite disordering of O and H atoms, which is found in ice VII
run, low-temperature ice VIl begins to transform into ice @ ambient temperature, may also be present in low-
VIIl at about 120 K and is completely converted into ice VIl temperature ice VIF In ice VII, the orientations of mol-
by 140 K. The transition temperatures determined in thes&cules are dynamically disordered, and all four covalent pro-

isobaric runs exhibit a general trend of decreasing with preston positions around each oxygen atom are occupied with
sure. 50% probability by two protons. As the dynamics of proton

motion slows substantially with decreasing temperature and
V. DISCUSSION the protons become effectively frozen below .1063|%‘,‘t.he
orientational disordering in low-temperature ice VII is be-
Under compression at 77 K, ice Ih transforms into HDAlieved to become statiC. Ices VIl and VIII possess very
at about 1.0 GPa and then into low-temperature ice VIl atlose crystal structures composed of two hydrogen-bonded Ic
about 4 GP&:? Unlike ice Ih, ices Il and VI transform into networks. As mentioned above, ice VII can be taken as a
low-temperature ice VII directly when compressed at tem-disordered analog of ice VIII, despite the slight tetragonal
peratures below 150 K. Low-temperature ice VIl possessesistortion in thec axis of ice V112! Thus the phase transi-
essentially the same crystal structure as ice \RIn8m), tion from low-temperature ice VIl into ice VIII with a fully
composed as it is of two hydrogen-bonded Ic networks withordered antiferroelectric configuration involves molecular re-
disordered protons and of oxygen atoms forming a bcorientation by rotation and a displacement between the two
sublattice? Ice VI (P4,/nmq) is also composed of two Ic hydrogen-bonded Ic networks. The energy barrier for the ro-
networks with disordered protons, but its oxygen atoms forntational motion of molecules in ice is low according to
a tetragonal sublatticelce Il consists of only one Ic net- theory®® At pressures below 30 GPa, low-temperature ice
work, with ordered protons and its oxygen atoms form aVll transforms into ice VIII under isobaric heating. This im-
rhombohedral sublattice0222,).%° Thus the phase transi- plies that molecular reorientation by rotation below 30 GPa
tions from ices Il and VI to low-temperature ice VIl involve is in fact a thermally activated process. The most reasonable
structural changes, which are accompanied by density inexplanation of the low-temperature ice-VII to ice-VIII tran-
creases of about 25%-45%. As mentioned above, thesstion is that the orientational disorder in low-temperature ice
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VIl becomes dynamical and the two Ic networks are dis- ; T ' i
placed due to short-range dipole-dipole interaction of water Icw
molecules. Hence we infer here that with increasing tempera- ) N 1L
ture the “frozen” disorder in low-temperature ice VIl be- Y VY
comes thermally activated rotational disordering, which is R o ST
the premise for the transition into ice VIII, and then this 2 j‘t‘fé
rotational disordering disappears as low-temperature ice VI S w%
transits into fully ordered antiferroelectric ice VIII at pres- £ Ice VI L . Vo3
sures below 30 GPa. Under compression, the O-H covalent § cw
bond length does not increase significantly up to 30 GPa, \..,,A/)—;M
while the hydrogen-bonded O-O distance decreases from w
2.98 A at 0 GPa to 2.54 A at 30 GPa*® This indicates that T 02
the dipole-dipole interaction in low-temperature ice VII is W
enhanced with increasing pressure. The enhancement of the W%
dipole-dipole interaction with pressure in low-temperature LR L .

ice VIl contributes to the kinetic process of molecular reori- 1000 1200 1400 1600 1800 2000
entation into the ordered ice VIII and allows the transition Wave number (cm™)

into ice VIII to take place at lower temperature at higher _ o )
pressure. This explains the negative slope of the kinetic FIG. 6. Bending mode splitting for ice VIl at 20 Kop pane)
phase boundary for the low-temperature ice-VIl to ice-VIi| @d ice VIl at 298 K(lower panel. For ice VIIl, the absorption
transition, as was observed for pressures below 30 GPa. Peak of thev; bending mode, which is located at about 1500°¢m

At temperatures below 100 K the kinetic phase boundary” the spectra below 21 GPa, splits into two peaks, assigned as the
between low-temperature ice VIl and ice VIII is determined 0Ut-0f-Phaser,_ and in-phasev,, bending vibrations, respec-

as a vertical line at 30 GPa, i.e., it is temperature insensitive“vely’ In the spectra above 23 GPa. For ice VI, the bending

This vertical phase line is very similar to the ice Vill/ice X mode splitting is clearly observed at pressures above 26 GPa. In the

. 7. spectra above 23 GPa, the absorption peak of the in-phase
boundary near 60 GPa; transition between these wo phas(P%nding vibration overlaps with that of thevg overtone. Dotted

is caused by translational tunneling of protons, and depen ;

mainly on the hydrogen-bonded O-O distarice*®*As men- fhes and dashed arrows are guides only
tioned above, the low-temperature ice-VIl to ice-VIII transi-
tion mainly involves the rotation of molecules, so thereforeand 39.1-GPa spectra. As mentioned above, the dipole-dipole
the vertical phase line for the low-temperature ice-VIl tointeraction is enhanced with pressure. This enhancement of
ice-VIII transition is interpreted here to be a result of rota-the dipole-dipole interaction is considered here to be the
tional tunneling, which is also dominated by the hydrogen-cause of the bending mode splitting. The degeneration of the
bonded O-O distance. Here thermal effects on the O-O dissut-of-phasev, ~ bending vibration in ice VIl begins at pres-
tance can be neglected. For the 40- and 70-K isothermalures above 30 GPa, and therefore is essentially related to the
runs, the bending frequencies above 30 GPa slightly deviatew-temperature ice-VII to ice-VIII transition below 100 K.
from but gradually become close to those of ice VIII at 1480For ice VII, the degeneration of the out-of-phase. bend-

cm* with compression up to 40 GPa. This deviation is eX-ing vibration can be understood as a result of the dynamic
plained as resulting from the difference of the displacementgotation of molecules due to dipole-dipole interaction. The
between the two hydrogen-bonded Ic networks from those ofgtational tunneling that leads to the low-temperature ice-VII
the normal ice VIII. Here we relate bending frequency to theyy jce-vIIl transition at 30 GPa below 100 K is hence
displacement between two Ic networKs. coupled with the out-of-phase,_ bending vibrational state.

th Csrequl exam(ijnatio?tof tthe spectra ofti)ce VI;IgreveaIsG thatTheoretical studies have confirmed that defect motions in ice
e bending mode splits at pressures above 23 GRg 6, are coupled with vibrational staté%3®

top pand]. The bending mode that appears as a single peak a In ice VII, oxygen atoms are arranged in a bcc structure

1500 cm _ at pressures below 23 GPa splits into two peaksout molecules are orientationally disordered. The present IR

in the 23.7-GPa spectrum, one at 1480 ¢rand another at X . b
! pectru study of low-temperature ice VIl and its metastability helps

1530 cm %, which are assigned as out-of-phase and in- . . : R
phase bending,, vibrations, respectivefy/ Under further us to understand the nature of orientational disordering in ice

compression, the out-of-phase bending peak remains at 14%I. Orientationa_ll disorderin_g in ic_e Vil can be understood
cm L, but its peak width becomes obviously sharper than th&S thermally activated rota_tlonal dlsord_erlng at pressures be-
single bending peak that is found at pressures below 23 GP¥W 30 GPa and as rotational tunneling coupled with the
For ice VII, bending mode splitting was also observed and?€nding vibrational states at pressures above 30 GPa. The
can be clearly recognized at pressures above 26(6iga6, degeneration of the out-of-phasg_ bending vibration is
lower panel. In the 26.1-GPa spectrum, the peaks of theinferred to be caused by rotational tunneling. It is very inter-
out-of-phaser,_ and in-phasev,. bending vibrations are esting that in ice VIII with a displacement between two Ic
located at 1570 and 1640 ¢ respectively. Under further networks the dipole-dipole interaction between the two Ic
compression, the out-of-phasg_ bending peak decreases networks is buffered, and orientation and multisite disorder-
in intensity and becomes almost unrecognizable in the 37.7ng completely disappears.
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