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Infrared investigation on ice VIII and the phase diagram of dense ices
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The phase diagram of the dense ices VII, VIII~molecular phases!, and X ~nonmolecular phase! was inves-
tigated over aP-T region of 12-298 K and 2-100 GPa by infrared absorption measurements. The ice VII-VIII
and VIII-X phase boundaries determined in this study agree with those provided by previous Raman studies.
The ice VII-X and VIII-X transitions can be characterized by the completion of rotational to distortional mode
conversion~the disappearance of thenR rotational peak!, and the ice VII-X boundary was determined accord-
ingly. Triple points among the three phases are located at 100 K/62 GPa and 100 K/75 GPa for H2O and D2O
ice, respectively. Substitution of hydrogen with deuterium pushes the boundary between the molecular~VII,
VIII ! and nonmolecular~X! ice phases toward higher pressures by 12–14 GPa, indicating clearly isotope effect
on the phase transition due to dynamical translational disordering. Careful observation of infrared spectra near
the triple point reveals that translational proton transfer arising from thermal activation and mutisite disorder-
ing becomes significant over a pressure span of about 10 GPa prior to the determined ice VII-X boundary. The
frequency of the bending mode shows an anomalous softening below 8 GPa in both ice VII and ice VIII as a
result of structural relaxation.
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I. INTRODUCTION

The phase diagram of ice simplifies at pressures abo
GPa into two molecular phases, ice VII (Pn3m) with a
body-centered-cubic~bcc! oxygen sublattice and ice VII
(I41 /amd) with a slightly tetragonally distorted bcc oxyge
sublattice. It has been predicted that the molecular pha
VII and VIII transform into nonmolecular ice X (Pn3m) at
higher pressures.1 Water molecules are rotationally diso
dered in ice VII, whereas they are regularly oriented in
antiparallel configuration in ice VIII.2 There exist two re-
gimes of ice X, translationally disordered ice X~ionized
phase! and fully centered ice X~atomic phase!.3–7 In the
translationally disordered ice X, protons occupy the t
stable sites along the hydrogen bond with equal probab
due to tunneling effect. Further increase in pressure lead
a gradual conversion into the fully centered ice X in whi
the protons are located exactly at the bond midpoints.
dense ices VII, VIII, and X have closely related crystal stru
tures and are satisfactorily described in terms of the st
location or dynamic motion of the protons~deuterons! within
the bcc or slightly distorted bcc oxygen lattices.

The phase transitions among these dense ices have
studied beyond 100 GPa, using both optical and x-ray te
niques. The first Raman measurements of ice for press
up to 100 GPa revealed that the VII-VIII boundary rema
at 273 K up to 12 GPa and then rapidly decreases toward
at approximately 60 GPa.8 This boundary possibly merge
into the ice VIII–translationally disordered ice X pha
boundary~the ice VIII-X boundary! in the high pressure re
gion around 60 GPa.9–11 The transitions into the nonmolecu
lar ionized and atomic phases has been investigated by x
diffraction,12–14 precise analysis of the equation of state,15,16
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infrared absorption and reflection measurements,17–22and re-
cently, by the Raman scattering.23 The fully centered ice X
with one Raman-active and two IR-active lattice modes
been observed at pressures above 100 GPa.18,19,23Quantum
mechanical simulations of the x-ray diffraction spectra fu
ther indicated that the transition into the fully centered ice
occurs at around 110 GPa at 300 K.6 Significant optical and
x-ray diffraction signals were observed around 60 GPa, in
cating possibly a transition into the translationally disorde
ice X. Isotopic substitution by deuterium significantly shif
this transition to higher pressures by about 10 GPa. The
VIII-X boundary,9 thus far determined principally by the Ra
man measurement, is at approximately 62 GPa for temp
tures below 100 K, a value obtained consistently in the
studies. However, the reported pressure values for the
translationally disordered ice X transition~the ice VII-X
transition, see Ref. 9! at ambient temperature range betwe
58 and 70 GPa, depending on the experimental and ana
methods used.13–15,18–21IR investigation on the ice VII-VIII
and VII~VIII !-X transitions was not performed till now a
variable temperature.

Further investigation of the phase transitions among
dense ices is necessary in order to determine some ess
features of the phase diagram, such as the VII-X phase
the triple point~if it exists! among phases VII, VIII, and X,
and the isotope effects on the phase transitions. The tra
tion from molecular ices VII and VIII into nonmolecular ic
X is dominated by proton motions along hydrogen-bond
O-O axis. Probing this phase transition in fully ordered i
VIII is more effective than in orientationally disordered ic
VII. Theoretical calculations on hydrogen-bond symmetriz
tion or centering in dense ice have also been perform
mainly for ice VIII at low temperatures. In ice VII, interfer
©2003 The American Physical Society06-1
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ence from orientation and site disordering, and from te
perature effects, may prevent clear observation of the
VII-X transition. Detailed experimental investigations on i
VIII and the ice VII-VIII and VIII-X transitions, using ex-
perimental techniques capable of probing the positions
motions of protons, should be crucial for characterizing
ice VII-X phase transition and understanding the mechan
of hydrogen-bond centering in dense ice.

We measured infrared absorption spectra for H2O and
D2O ices over the wideP-T range of 2–100 GPa and 12
298 K. Our purpose is to characterize the phase transit
among ices VII, VIII, and X, and finally to construct th
phase diagram of dense ices. IR absorption measurem
enable us to investigate the molecular and lattice vibrati
related to protonic motions and hence to characterize
transitions among ices VII, VIII, and X more precisely. In
terest is focused on the transitions from molecular to nonm
lecular phase. The phase transition from the translation
disordered to the fully centered ice X occurs at around
GPa,6 hence the ice X observed in the present study is
fact, the translationally disordered ice X. Special effort w
made to investigate the vibrational properties of ice VIII ov
the wide pressure range of 2–60 GPa at low temperatu
Our detailed comparison of ices VII and VIII reveals th
differences in structural and bonding properties of these
phases that arise from ordering or disordering of molecu
orientation.

II. EXPERIMENTAL DETAILS

High-pressure and low-temperature IR spectra were m
sured for a thin ice film prepared and pressurized in a m
brane diamond-anvil cell~MDAC! made of CuBe. An ice
film approximately 1mm thick was prepared by depositin
water vapor onto a disc of KBr pressure medium that fil
the most volume of sample chamber. The dimensions of
sample chamber were approximately 50–60mm in diameter
and 30–40mm in height. KBr pressure medium is transpa
ent over a wide wave number range above 500 cm21, and
hence does not interfere with the spectral measuremen
ice. Sample preparation was performed in an MDAC coo
in advance to roughly 260 K with liquid N2 in an N2-purged
glove box. The closed MDAC was then warmed to ambi
temperature and mounted in a cryostat with KBr optical w
dows.

The cell was placed into a round copper holder attache
the cold tip of the cryostat and cooled in vacuum conditio
of 102621027 Torr. A resistive heater and diode therm
sensor for controlling and monitoring temperature we
placed on the cold tip just above the MDAC holder. Sam
temperature was measured with an Au10.07%Fe-Cr
thermal-couple fixed on the surface of one diamond an
with stycast cement. Sample pressure was controlled
regulating the gas pressure in the membrane, and determ
by following the method previously reported on the basis
a quasihydrostatic ruby scale.24,25 Zero-pressure referenc
spectra at low temperatures were measuredin situ with ruby
balls fixed to the back surface of one diamond anvil. A fe
micrometer-sized ruby balls~about 5 –8mm in diameter!
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were scattered randomly inside the cell so as to estim
pressure distribution and determine the average pressure
measured sample area was trimmed with an adjustable
cal mask to a square of about 30mm330 mm. IR spectra
that were measured for both an empty MDAC at ambi
pressure and for a KBr-filled MDAC at high pressures we
used for correction of the diamond absorption. An FT-
spectrometer with a focusing optics~magnification 10 and
working distance 40 mm for each reflecting objective! was
used for high-pressure and low-temperature spectral m
surements with the MDAC contained in the cryostat. Spec
were collected in the wave number range of 650–6700 cm21

with a 4 cm21 resolution by 800 times accumulation.
In this study, over 20 experimental runs were conduc

along either isothermal or approximately isobaric pa
in order to precisely determine the phase boundaries
the pressure and temperature ranges of 2–100 GPa
12–298 K.

III. RESULTS AND DISCUSSION

The crystal structure of ice VIII belongs to the spa
group D4h

192I41 /amd. Group theory analysis of the vibra
tional modes predicts six IR-active modes:26 two stretching
modes @symmetric n1(A2u) and asymmetricn3(Eu)], one
bending mode@n2(A2u)#, two rotational modes@here termed
the high- and low-frequency rotational modesnR(Eu) and
nR8(Eu), respectively#, and one IR-active translational mod
@nT(Eu)#. Normal mode analysis is not available for ice VI
which has a cubic structure with rotationally disordered m
ecules. However, the absorption bands observed for ice
can be assigned on analogy with the mode assignments
ice VIII, as presented in previous studies.20,21,27For the fully
centered ice X with a Cu2O cuprite structure (Oh
2Pn3m), two vibrational modes related to a lattice disto
tional motion, nD(Eu), and a translational atomic motion
nT(Eu), are predicted to be IR active.18,19 The phase transi-
tions among the high-pressure dense ices are identified
using these well-established spectral features.

A. VII-VIII transition

The top panel of Fig. 1 shows the spectral changes
occur during the VII-VIII transition at 6.5 GPa for decrea
ing temperatures in the range 298–258 K. The doublet
cated at 1500–1600 cm21 in the 298 K spectrum, which is a
resonant state between then2 bending and 2nR8 overtone
modes, responds sensitively to the ordering of molecular
entation that occurs in the VII-VIII transition. As the tem
perature decreases from 270–268 K, the lower freque
peak of the doublet shows an abrupt increase in intensity
a frequency shift from 1535 to 1500 cm21. This peak, cen-
tered at 1500 cm21, is assigned as then2 bending mode of
ice VIII. The transition temperature is determined to be a
proximately 269 K from the abrupt intensity increase a
peak shift that occurs between 270 and 268 K. At the hig
pressure of 22 GPa, obvious spectral change is also obse
in the bending vibrational region~Fig. 1, bottom panel!. The
n2 bending peak of ice VIII appears at 1480 cm21 at 239 K,
6-2
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INFRARED INVESTIGATION ON ICE VIII AND THE . . . PHYSICAL REVIEW B 68, 014106 ~2003!
separated by about 100 cm21 from the position of then2

bending peak of ice VII at approximately 1570 cm21. The
difference in the bending frequency is likely interpreted
terms of molecular dipole interaction and will be discuss
again in the following subsection. The molecularnR,R8 rota-
tional peaks at approximately 800 cm21 also show signifi-
cant changes in peak width and intensity. They become s
and intense with the transition into ice VIII. According t
these spectral changes, the transition temperature at 22
can be located at approximately 245 K, some 20 K low
than that determined at 6.5 GPa.

The temperature effect on the frequencies of the vib
tional modes of ices VII and VIII was found to be negligibl
A comparison of their peak frequencies helps us characte
the ice VII-VIII transition more directly. Figure 2 shows th
frequency variations of the IR modes with pressure for i
VII and VIII. Except for then2 bending mode, the corre
sponding modes in ice VII and VIII have nearly identic
frequency-pressure curves over the measured pressure r
each showing a monotonic increase in frequency. Thus,
ordering or disordering of molecular orientation does not s
nificantly affect these vibrational properties. In contrast,
n2 bending frequency is insensitive to pressure but the p
tion of its absorption peak in ice VII is clearly different to i
position in ice VIII ~by about 100 cm21 above 10 GPa! over
the whole pressure range; this difference is probably rela
to multi-site disordering in thê111& directions in ice VII.28

The n2 bending mode appears therefore to be sensitive

FIG. 1. IR absorption spectra of H2O ice for isobaric paths a
6.5 GPa and 22 GPa across the VII-VIII transition. The spec
were collected during the cooling process. In the top panel, then1,3

stretching peaks with saturated absorbance are located in
3000–3500 cm21 range. Then2 bending peak exhibits a shift to
low frequency in association with the VII-VIII transition. Dashe
lines show the position of then2 bending peak in ice VIII.
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molecular ordering and disordering, providing a sensit
probe of the ice VII-VIII transition.

The ice VII-VIII transition was mostly investigated her
along isobaric warming and cooling paths. The variation
peak frequency or intensity with temperature enabled us
determine the transition temperature more accurately. P
width also provides a precise indicator of the transition. T
transition temperatures were thus determined from the p
ting of peak frequencies and/or peak profile parameters
function of temperature, although these plots are not sho
here. The VII-VIII transition was found to take place rever
ibly with respect to temperature variation, with a hystere
of 6-8 K at pressures up to 30 GPa, in agreement with p
vious results.8,28

B. Structural relaxation in ices VII and VIII

An anomalous softening of then2 bending mode in ice
VIII is observed below 8 GPa, as marked by the solid lines
Fig. 2. Although the softening behavior is indistinct becau
of frequency modulation due to mode mixing with the 2nR8
overtone modes~Fig. 3!, the unperturbed frequency of then2
bending mode~obtained by Fermi resonance analysis! in ice
VIII is found to decrease from 1650 cm21 at 2.0 GPa to
1500 cm21 at 7.7 GPa. The softening of then2 bending
mode can be interpreted in terms of structural relaxati
the separation between two interpenetrating sublattice
ice VIII was observed to increase from 19 pm at 7 GPa
25 pm at about 1 GPa during pressure releasing at low t
peratures by neutron diffraction measurements.29–31 Struc-
tural relaxation, possibly driven by repulsive dipole-dipo
interactions, occurs through a sudden movement of in
penetrating sublattices in opposite directions29–31 and also
through an anomalous increase in the bond angle of the
ter molecules.31

a

he

FIG. 2. Variations of the peak frequencies with pressure for H2O
ices VII and VIII in the pressure range 2–40 GPa. Solid circles
the frequencies of ice VIII at 60 K; open circles are those of ice V
at 220–260 K; triangles are the frequencies of ice VII at 298
Solid and dashed lines approximately indicate the bare frequen
of the n2 bending and overtone 2nR modes, respectively. The
n2 bending mode exhibits an anomalous softening at press
below 8 GPa.
6-3
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An anomalous softening was also observed for
Raman-activen1(A1g), n1(B1g), and n3(Eg) stretching
modes at rather low pressures below 2 GPa.29 Based on the
correlation between decoupled O-H vibrations and the
drogen bond length,32,33 the softening of Raman-activ
stretching modes arises from a rapid decrease of
hydrogen-bonded O-O distance with pressure. This soften
can hence be characterized as a short-distance interactio
contrast, that of then2 bending mode is attributed to th
interaction between the bending motions and crystal fie
originating from the molecular dipole moments. Such lon
distance interactions may be responsible for the softenin
the n2 bending mode over a wide pressure span.

It is significant that then2 bending mode exhibits the
softening behavior even in ice VII with its water molecul
rotationally disordered~see Fig. 2!. The crystal structure o
ice VII consists of interpenetrating sublattices, as is also t
of ice VIII. The water molecules in each sublattice of ice V
are disordered in orientation, in contrast to their regular o
entation in ice VIII. If the molecules in ice VII were fully
disordered, the repulsive dipole-dipole interaction betwe
the sublattices would vanish and structural relaxation wo
be prevented. It is probable that middle range ordering
molecular orientation is preserved in ice VII. TheIce rule
forbids fully disordered molecular orientation in a hydroge
bonded network, requiring formation of antiferroelectric d
main structures even in disordered ice VII. The crystal fi
due to the molecular dipole moments likely influences then2
bending vibration significantly in ordered ice VIII, but not i
disordered ice VII. In ice VII the long-range ordering in m
lecular orientation or dipole moment is lost and conseque
the average dipole moment becomes 0. The interaction
tween the crystal field and the vibrational motion may e
plain the frequency difference~about 100 cm21) between
ices VII and VIII.

FIG. 3. IR absorption spectra of H2O ice VIII at 240 K, mea-
sured during the unloading process. The pressure variations of
intensity observed for then2 and 2nR modes are attributed to mod
mixing ~Fermi resonance! between the two modes. Then2 fre-
quency shows softening behavior up to 8 GPa, becoming pres
insensitive at higher pressures. Dashed lines are guides only.
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C. VIII „VII …-X transition

1. VIII-X transition in H 2O ice

The transition from phase VIII to phase X was inves
gated by isothermal compression at temperatures below
K. Figure 4 shows a representative spectral set for a 6
isothermal run in the pressure range of 8–90 GPa. The s
trum of ice VIII at 8.6 GPa exhibits three molecular peak
which are related to the asymmetricn3 and symmetricn1
stretching vibrations, and to the bendingn2 vibration, ob-
served at approximately 3300, 3150, and 1500 cm21, re-
spectively. In addition, the peak arising from the fundamen
rotational vibrations and its overtone and combination ba
are observed more clearly at higher pressures, around 30
GPa. Each molecular vibrational mode shows character
pressure behavior. The stretching peaks rapidly shift to
frequency with increasing pressure, whereas the rotatio
peaks shift to high frequency. By contrast, the bending p
is insensitive to pressure, staying at approximately the sa
position for all pressures up to 60 GPa.

The peak frequencies for ice VIII at 60 K are plotted as
function of pressure in Fig. 5. The splitting of then1 and
n3 stretching peaks, which is not observed for ice V
is observed for ice VIII up to 22 GPa. As the pressure
increased, then1,3 stretching modes are found to mix su
cessively with then21nR,R8 combination and 2nR8 and
2nR overtones, while their frequencies decrease from
proximately 3300 cm21 at 5 GPa to about 1000 cm21 at 60
GPa. The frequencies are most significantly perturbed at
proximately 30, 40, and 48 GPa due to the mode mixi
avoiding frequency crossing~Fermi resonance!.20,21 The un-
perturbed frequencies are obtained for each vibrational m
by following the fitting procedure described in previou

ak

re

FIG. 4. IR absorption spectra of H2O ice for a 60 K isothermal
compression run up to 89 GPa. A distinct spectral change is
served in the rotational region around 1200 cm21 at approximately
60 GPa~marked by short arrows!, interpreted here as a vibrationa
mode conversion associated with the VIII-X transition. Then2

bending peak remains at approximately 1500 cm21 for pressure
increases up to 60 GPa~dashed line!.
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INFRARED INVESTIGATION ON ICE VIII AND THE . . . PHYSICAL REVIEW B 68, 014106 ~2003!
papers,10,20 and are presented as solid lines in Fig. 4. T
frequency of softeningn1,3 stretching modes is described as
function of pressure by a phenomenological functionvOH

5(v0
22aP)1/2, with a critical pressurePc of 67.5 GPa for

vOH50. However, the soft-mode analysis of the stretch
frequency, which is based on a harmonic approximation
is effective at low pressure, provides only an approxim
estimation on the location of the ice VIII~VII !-X transition. A
theoretical investigation on the vibrational property of den
ice has explicitly demonstrated the breakdown of the h
monic approximation due to the anharmonicity of proton
deuteron motion towards hydrogen-bond centering.36

The significant spectral change of the ice VIII-X trans
tion is observed at approximately 60 GPa~Fig. 4!, including
a peak alternation due to the associated structural cha
The molecular vibrational peaks broaden significantly w
increasing pressure and so provide no detectable indica
of the transition. However, the spectra show distinct cha
in the wave number range of 1100–1300 cm21; the rota-
tional peak nR at approximately 1100 cm21 disappears
above 62.5 GPa, while a new peak at approximat
1250 cm21 appears at the slightly lower pressure of 60
GPa. This new peak grows in intensity with further increa
in pressure, showing asymmetric shape even at 89.2 GPa
to the Fano interference17 and symmetrically sharpene
shape above 100 GPa eventually. The peak sufficie
sharpened at higher pressure corresponds to the lattice

FIG. 5. Variation of the peak frequencies with pressure m
sured for H2O ice VIII. Solid circles represent the peak frequenc
measured by 60 K runs and open circles represent by 200–26
runs. Open squares and triangles are those referred from Re
and Ref. 35, respectively. The stretching frequency is described
function of pressure byvOH5(v0

22aP)1/2, herev053415 cm21

anda51.733105 cm22/GPa, with which a critical pressurePc of
67.5 GPa is obtained forvOH50. The frequencies of the othe
modes are fitted by a quadratic expression in pressureP, v5a
1bP1cP2; a52100 cm21, b515.6 cm21/GPa, and c5
20.04 cm21/GPa2 for then21nR,R8 mode,a51515,b526.1, and
c520.22 for the 2nR8 mode,a51027,b526.3, andc520.21 for
the 2nR mode,a5657, b518.2, andc520.19 for thenR8 mode,
anda5574, b513.9, andc520.08 for thenR mode.
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tortional modenD of the fully centered ice X with a Cu2O
cuprite structure, which is a distortional twisting vibration
the tetrahedron of hydrogen atoms around a stationary o
gen atom.18,19

The observed spectral change can be related to a seq
tial transition from the molecular to atomic phase via
intermediate translationally disordered or ionized state. A
cording to the correlation diagram for the vibrational mod
of ice VIII and the fully center ice X, the rotational mode
(nR and nR8) of ice VIII are predicted to convert into the
distortional lattice mode (nD) of ice X in association with
the transition.26 As indicated by the intensity variations of th
nR rotational andnD distortional peaks with pressure~Figs. 4
and 6!, a rotational-distortional mode conversion was o
served at around 60 GPa. This mode conversion, howeve
interpreted to result from translational proton tunnelin
which allows formation of the tetrahedron of hydrogen
oms and therefore the appearance of thenD distortional
mode in the translationally disordered ice X. The spec
change around 60 GPa is, therefore, attributed to the
VIII-X transition and the transition pressure at 60 K is dete
mined to be 62.5 GPa by the completion of rotation
distortional mode conversion featured by the disappeara
of the nR rotational peak at around 1100 cm21 ~see Figs. 4
and 6!. In the translationally disordered ice X, thenD distor-
tional peak becomes the main vibrational peak over
whole frequency range. A highly broadened band with
maximum height around 1600 cm21, which the original
bending and stretching peaks merge into, remains even
the low-pressure rotational peak has disappeared~see the
62.5 GPa spectrum!. This band may involve several peak
related to the molecular vibrations of neutral and ioniz
water molecules: H2O, hydroxyl anions OH2, and hydro-

-

K
34
s a

FIG. 6. Variation of the peak intensities of then2 bending,nR

rotational andnD distortional modes in H2O ice with pressure.
Open triangles are the data obtained at 20 K, other symbols ar
60 K. Open symbols are fitted data and solid symbols are p
heights read directly from the spectra. The intensities of then2 and
nR modes, which are approximately constant at low pressure, b
to decrease at approximately 40 GPa and 50 GPa, respective
contrast, thenD mode, which begins to appear near 60 GPa, sho
a monotonic increase in intensity with pressure. Solid line is
guide for thenD mode only.
6-5
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nium cations H3O1. Theoretical calculations have predicte
25% ionization of water molecules as a result of enhan
proton tunneling, giving rise to a intermediate ionized st
between the molecular and atomic phases at th
pressures.3,37 Further compression leads thenD distortional
peak to become sharpening and symmetric gradually and
fully centered ice X was finally realized at pressures ab
100 GPa.6,18,19,23

2. VII-X transition in H 2O ice

The VII-X transition was investigated at several fixe
temperatures above 100 K on compression across the p
boundary, which is located at approximately 60 GPa. Fig
7 shows the absorption spectra collected during a pres
increase from 50 to 64 GPa at 150 K. The spectrum at 5
GPa, with three sharp peaks located on significantly bro
ened stretching bands, is identified as that of ice VIII.
small increase in pressure by 2–3 GPa results in a small
of the rotational peak toward higher frequencies and als
the disappearance of the sharpn2 and 2nR peaks, due to the
proton disordering associated with the transition into ice V
Further compression causes peak alternation at 60 GPa
manner similar to that observed for the VIII-X transitio
The nD distortional peak is already recognizable in the 57
GPa spectrum, while thenR rotational peak is no longer evi
dent in the 63.8 GPa spectrum. The VII-X transition press
is estimated to be 61.9 GPa on the basis of the same crite
as used for the ice VIII-X transition. Ice VII is present over
narrow pressure range of about 10 GPa at 150 K prior to
transition into nonmolecular ice X.

Both the ice VII-X transition and the ice VIII-X transition
are characterized by the completion of rotational-distortio

FIG. 7. IR absorption spectra of H2O ice for a 150 K isotherma
compression up to 63.8 GPa. Disappearances of then2 bending and
nR rotational peaks at around 52.5 and 60 GPa, respectively,
attributed to successive transitions from ice VIII to ice VII an
further to ice X. Absorption from the diamond anvils interferes w
spectral measurements for the wave number region from 200
2600 cm21 ~blank region!.
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mode conversion, enabling the determination of the ph
boundaries. The observation in the present study of
common IR feature for the ice VII-X and VIII-X transition
is in agreement with previous speculations on the nature
the ice VIII~VII !-X transition, which is believed to involve
proton or deuteron translational motion along the hydrog
bonded O-O axis.3–5 The mode conversion in the ice VII-X
transition was observed previously at ambient temperatur18

although its feature was not clear due to the peak broade
caused by disordering and the temperature effect. At
temperatures the peak broadening was significantly redu
and the transition pressures were able to be determ
definitely from the disappearance of the rotational peak
1100 cm21 with the aid of the observation of the ic
VIII ~VII !-X transition.

3. VIII(VII)-X transition in D 2O ice

The characteristics of these phase transitions for D2O ice
are the same as those for H2O ice except for the isotope
effect on vibrational mode frequencies and phase transi
pressures. Figure 8 presents two sets of spectra for D2O ice,
one showing the VIII-X transition at 80 K and the other th
VII-X transition at 298 K. In Fig. 8~a!, the distortional peak
appears at 970 cm21 in the 73.4 GPa spectrum, while th
rotational peak at 900 cm21 is still present at this pressure.
slight increase in pressure leads to the disappearance o

re

to
FIG. 8. IR spectra of D2O ice measured along~a! 80 K isother-

mal and~b! 298 K isothermal paths in the pressure range of 47–
GPa. In~a!, the doublet at 800–1000 cm21 in the 73.4 GPa spec
trum can be divided into rotational and distortional peaks at 900
970 cm21, respectively. The rotational peak is no longer recogn
able in the 76 GPa spectrum. In~b!, thenR-nD mode conversion can
not be clearly observed, so the ice VII-X transition pressure is
timated by analyzing the spectra around 70 GPa on the basis o
spectral features of the ice VIII-X transition.
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rotational peak, as seen in the 76.0 GPa spectrum. The p
sure of the ice VIII-X transition at 80 K is, therefore, 74
GPa, determined according to the observed rotatio
distortional mode conversion. The rotational-distortion
mode conversion can not be observed clearly in the spe
measured at 298 K, as shown in Fig. 8~b!. On the basis of the
observed spectral features of the ice VIII-X transition, w
suggest that the spectral profile in the 850–1000 cm21 re-
gion in the 68.5 GPa spectrum can be understood as a
blet composed of rotational and distortional peaks, simila
those at 73.4 GPa shown in Fig. 8~a!. In the 73.8 GPa spec
trum, the rotational component that should appear at aro
900 cm21 is unrecognizable. The ice VII-X transition at 29
K was hence estimated at 72.1 GPa.

D. Phase diagrams

The phase diagram of H2O ice determined from the ob
served IR spectra is shown in Fig. 9~a!. Some previously
reported data8,11,13,17–21,23are also presented in this figur
The VII-VIII transition temperature, initially located at 27
K below 10 GPa, decreases from this value at approxima
15 GPa at an approximate rate of23 to 24 K/GPa, produc-
ing a VII-VIII phase boundary in good agreement with th
determined by the Raman measurements.8,23 As described in
the preceding section, careful measurement along the 15
isotherm reveals that ice VIII transforms first into ice VI
and then into ice X with a further 10 GPa increase in pr
sure. However, at temperatures below 100 K, ice VIII tra
forms into ice X without entering the ice-VII field. The VII
VIII phase boundary thus merges into the VIII-X bounda
via a triple point located approximately at 100 K and
GPa. The transition temperature from the molecular~VII or
VIII ! phases to the nonmolecular phase~X! tends to decreas
rapidly with increasing pressure, giving an almost verti
boundary with a negative slope of292 K/GPa. It should be
noted here again that the nonmolecular phase located
the phase boundary is the translationally disordered ice
which gradually transforms into the fully centered ice X
further compression.

As shown in Fig. 9~b!, the phase diagram of D2O ice is
quite similar to that of H2O. At pressures below 20 GPa, th
VII-VIII phase boundary of D2O ice is only about 4 K higher
than the same H2O-ice boundary, with minimal obvious in
fluence from isotope effects. The transition temperature
creases with pressure at a rate of about23 K/GPa, a rate
which is only a little smaller than that of H2O ice. Isotope
effects on the phase transitions are most evident in
boundary between the molecular and atomic phases.
transition points on the boundary are located at 72 GPa/
K and at 77 GPa/16 K, pressures that are 20–25 % hig
than those for the H2O-ice diagram. The phase boundary h
a slight incline, with a slope of257 K/GPa. The isotope
effects on these transition pressures, especially for the VII
transition, have been investigated theoretically, and can
interpreted in terms of zero-point energy and tunneling pr
ability, which leads to a significant shift of the VIII-X phas
boundary toward higher pressure.3,4 The phase boundar
shift observed is in agreement with the theoretical pred
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tions, showing that the molecular to nonmolecular pha
transition is likely dominated by tunneling motion.3–5,10,38

The triple point is located at approximately 100 K and
GPa, higher by 13 GPa than that determined for H2O ice.

The ice VIII-X boundary determined by our IR measur
ments agrees with the previous Raman results.8,10,11,23We
note that the most pronounced Raman signal of the
VIII-X transition is the damping~also softening and broad
ening! of the two Raman-active translationalnTz(A1g)
1nTxy(Eg) andnTz(B1g)1nTxy(Eg) modes23 related only to
the vibrations of the oxygen sublattice.34 In contrast, the IR
signal of this transition used in the present study is the m
conversion of the IR-activenR rotational andnD distortional
modes related to the protonic motion; the completion of
nR-nD conversion is interpreted to be a result of proton tu

FIG. 9. Phase diagrams of H2O ~a! and D2O ~b! ices at low
temperature and high pressure. Solid triangles~ ! and ~ ! represent
transition points determined by cooling and warming runs, resp
tively. Solid squares represent those determined by isothermal r
The data previously reported are also presented by open ci
~Ref. 8!, an open triangle~Refs. 11 and 13!, a solid circle~Ref. 19!,
a solid diamond~Ref. 20!, an open diamond~Ref. 21!, open squares
and crosses~Ref. 23!. The dashed line is the ice VII-X boundar
proposed in previous studies~Refs. 11 and 23!.
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neling along the hydrogen-bonded O-O axis. From this p
spective, IR spectroscopy is more effective for characteriz
the ice VIII-X transition.

The ice VIII~VII !-X transition has also been investigate
in previous IR experiments at both room and low tempe
tures~85–300 K!,18–22 and in x-ray diffraction experiment
at room temperature.12–14 Considerable effort was made i
these studies to determine the pressure of the ice VII-X tr
sition at room temperature, with the reported pressure va
ranging from 58 to 70 GPa.13–15,18–21A soft-mode analysis
of the IR-active stretching mode20 and an analysis of the
equation of state13 yielded a pressure value of 66–67 GP
~about 70 GPa after being converted with the quasihyd
static ruby scale25! for the VII-X transition at room tempera
ture, several GPa higher than that determined from the
continuity between IR-active nR rotational and nD
distortional modes.18,21The IR measurements presented h
reveal that both the ice VII-X and VIII-X transitions can b
characterized by the completion of the rotational-distortio
mode conversion, and that the harmonic approximation o
soft-mode analysis is not appropriate for determining
pressure of the ice VII-X transition because of the anh
monic nature of hydrogen-bond centering in dense ice.
phase boundary of the ice VII-X transition as determined
the present method is almost vertical with a negative slo
different to that previously proposed, which had a posit
slope.11,23

Close to vertical VII, VIII-X phase lines imply that ice
VII and VIII have crystal structures very close to each oth
and the phase lines are probably of the nature of translati
proton tunneling effect, in which process is dominated by
hydrogen-bond length and the hydrogen-bonded O-O s
ration. As revealed by the neutron diffraction experiment
to 20 GPa, ice VII possesses a multisite disordered struc
and at 5 GPa contains both 2.75 Å and 2.93 Å hydrog
bonded O-O bond lengths, about 0.1 Å shorter or longer t
that in ice VIII at the corresponding pressure.28 Although the
difference in bond length may be reduced from 0.2 Å w
pressure, as little as 0.06 Å difference could account for a
GPa wide zone for the ice VII-X transition, with the cent
line of the transition zone being approximately at the sa
pressures as the ice VIII-X phase line. The IR features for
ice VII-X phase line determined in this study are closely t
same as the ice VIII-X phase line, suggesting that the dif
ence in bond length seems to vanish as the pressure
proaches the VII-X phase line. However, the multisite dis
dering of ice VII do exist and affect translational proto
transfer at pressures below the ice VII-X phase line as
scribed in the following section.28 The ice VIII-X transition
around 62 GPa below 100 K is predicted to be accompan
by a structural change from a tetragonal to a cubic~bcc!
lattice, which can not be verified by optical measureme
Further observation with structural tools such as x-ray a
neutron diffraction techniques is still required for precise u
derstanding of the molecular to nonmolecular transition
the dense ices.

E. Thermally activated proton transfer

Infrared observations of thenD distortional mode and o
the rotational-distortional mode conversion provide insig
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into the process of hydrogen-bond centering in dense
The phase transition for H2O ice at approximately 60 GP
can be interpreted as the transition from the molecular pha
VII and VIII into the translationally disordered ice X. Th
fully centered ice X~atomic phase! has been found to appea
at around 110 GPa,6 which is far above the pressure of th
ice VII~VIII !-translationally disordered ice X transition.
should be noted that thenD distortional peak, which is a
definite signal for the fully centered ice X with the Cu2O
structure, is even observed for the translationally disorde
ice X. Tetrahedrons of hydrogen atoms might be formed a
result of possible proton transfer along the hydrogen bo
prior to the entire transition into the fully centered ice X.

Considering that thenD distortional mode is converted
from the nR rotational mode, the intensity variations of th
nD distortional andnR rotational peaks with pressure, esp
cially the intensity decrease of thenR rotational peak above
50 GPa, indicate that the rotational-distortional mode conv
sion is possibly initiated at approximately 50 GPa~see Figs.
4 and 6!. A convincing evidence for the existence of th
rotational-distortional mode conversion in the pressure ra
of 50–60 GPa was obtained by heating ice from 100 to 2
K along a 54 GPa isobaricP-T path ~Fig. 10!. As the tem-
perature increases from 138 to 150 K, ice VIII transform
into ice VII, with thenD distortional peak clearly appearin
at approximately 1200 cm21 in the 150 K spectrum. Furthe
increase in temperature causes exchange in the peak inte
between thenR rotational and thenD distortional modes. The
appearance of thenD distortional peak at approximatel
50–60 GPa in ice VII implies that the protons can trans
between the two stable sites along the hydrogen bond
form tetrahedrons in this pressure range. We may re
qualitatively the peak intensity of thenD distortional mode to
the proton transfer probability and hence thenD distortional
peak at approximately 50–60 GPa is interpreted to re

FIG. 10. IR spectra of H2O ice at 54 GPa and 100–200 K. Ic
VIII transforms into ice VII as the temperature increases from 1
to 150 K. The distortional peak near 1200 cm21 ~marked by ar-
rows! becomes recognizable in the spectra of ice VII above 150
The nR andnD peaks for ice VII show an intensity exchange wi
increasing temperature.
6-8
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from thermally activated translational proton transfer~hop-
ping!, which allows formation of the tetrahedron of hydrog
atoms. For ice VIII, the distortional peak is expected to
present at 1200–1300 cm21 even at pressures of 50–6
GPa, however, the spectra show no obvious signal in
expected wave number region possibly due to low proba
ity of thermally activated proton transfer in ice VIII.

The multisite-disordered structure for ice VII indicat
that the covalent O-D~H! bond length in ice VII is identical
to that in ice VIII but the hydrogen-bonded O-O separatio
in ice VII are a mixture of lengths about 0.1 Å longer
shorter than ice VIII.28 As observed along the 54 GPa is
baric P-T path ~see Fig. 10!, the nD distortional peak is
unrecognizable in the spectra of ice VIII below 150 K but
clearly observed in the 150 K spectrum as ice VIII trans
into ice VII. This phenomenon can be attributed to the ex
tence of the shorter hydrogen-bonded O-O separations in
VII, and hence serves an evidence for the multisi
disordering model for ice VII. Even though the ice VII-X
boundary is determined as a line at 60–62 GPa~72–75 GPa
for D2O ice!, dynamical translational disordering, whic
arises from thermally activated proton transfer and multis
disordering, becomes significant in ice VII at pressures ab
several to 10 GPa below the determined ice VII-X bound
as indicated by the appearance of thenD distortional peak
~Fig. 10!.6,28The dynamical translational disordereing arisi
from thermallly activated proton transfer and multisite dis
dering below the determined ice VII-X boundary can a
been taken as the onset of the ice VII-X transition althou
we generally denote the ice phase below the determined
VII-X phase line as ice VII, and this is in agreement with
latest quantum mechanical calculation on dense ice at r
temperature.

IV. SUMMARY

The infrared absorption spectra of H2O and D2O ices
were measured for the wideP-T range of 2–100 GPa an
12–298 K. The phase transitions between ices VII, VIII, a
X were satisfactorily characterized from the observed sp
tra, allowing a precise determination of the phase bou
aries. The ice VII-X and VIII-X transitions are characterize
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