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Infrared absorption study of Fermi resonance and hydrogen-bond symmetrization
of ice up to 141 GPa
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The infrared absorption spectra of H2O and D2O ices were measured with a diamond-anvil cell up to 141
GPa at 298 K. The high-pressure spectra corrected for diamond absorption provided the substantial absorption
profile of ices over the whole pressure range measured. A sequence of pressure-induced Fermi resonance was
observed between the softening stretch mode and the combinations of rotational and bending modes below 55
GPa as reported previously. One rotational mode showed an abrupt increase in the peak frequency at 58
63 GPa in H2O ice and 6863 GPa in D2O ice. This can be attributed to a transition from ice VII to
proton-tunneling-disordered ice VII. A further transition into proton-disordered ice X was inferred from the
spectral change to occur roughly at 65–75 GPa for H2O and 80–90 GPa for D2O. @S0163-1829~99!04133-8#
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INTRODUCTION

The property of ice under high compression, which c
provide crucial insights into pressure-induced molecular d
sociation, the evolution of chemical bonding, and the qu
tum effects of hydrogen such as tunneling, has attracted
siderable theoretical and experimental interest in the
couple of decades. Ice is a prototype of hydrogen-bon
molecular solids, showing very rich behavior in the pressu
temperature phase diagram. At pressures above 2 GPa,
ever, there exist only two known molecular phases, ice
(Pn3m) and VIII (I41 /amd), which possess a body
centered-cubic~bcc! and a slightly distorted bcc sublattice o
oxygen atoms, respectively.1,2 At room temperature ice VII
maintains the bcc sublattice at least up to 128 GPa while
oxygen-oxygen distancer O-O decreases to 0.223 nm.3 This
r O-O value is well shorter than a predicted symmetrizat
distance ranging from 0.23 to 0.25 nm.4–7 It has been in-
ferred that the protons already reach the midpoints betw
two neighboring oxygen atoms in ice VII at such high pre
sures; a hydrogen-bond symmetric phase~ice X! would be
formed as predicted by Holzapfel.4

X-ray and neutron powder diffraction and infrared~IR!
absorption measurements have been made to probe a tr
tion into the symmetric phase of ice. A detailed examinat
of the equation of state of ice lead to an anomaly at 66–
GPa,8,9 indicating an occurrence of second- or higher-ord
phase transition probably related to the hydrogen bond s
metrization. Neutron-diffraction measurement, which is
pable of probing H~or D! position, was made to a limited
pressure of 20 GPa.10–12The O-D covalent bond lengthr O-D
in D2O ice increases slightly with pressure to 10 GPa, sho
ing a trend toward symmetrization on further compressi
IR spectra provided more clearly an evidence for the sy
PRB 600163-1829/99/60~18!/12644~7!/$15.00
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metrization. Appearance of two absorption peaks above
GPa after disappearance of the molecular vibrational pe
in H2O ice was definitely interpreted as a transition from i
VII to symmetric ice X, which likely takes place around 6
GPa.13,14 However, the pressure behavior of the OH stretc
ing mode, which was expected to play a key role in detect
of the hydrogen-bond symmetrization, was not precisely
vestigated owing to interference by vibrational mode co
pling or Fermi resonance.15,16 Tunnel splitting of the vibra-
tional states in association with the symmetrization proce17

was another factor making the interpretation of the hig
pressure spectra much more complicated.

Theoretical investigations using semiempirical metho
molecular-dynamics simulations, andab initio quantum-
mechanical methods have been carried out to obtain the
croscopic view of symmetrization mechanism and to e
mate the phase-transition pressure.6,7,18–20 The results
predicted a softening behavior of the OH stretching mo
and a strong anharmonicity toward the hydrogen-bond s
metrization as intuitively speculated from a continuous d
formation of the hydrogen bond potential from a double-
single-well shape. A suggestive picture was proposed to
symmetrization process fromab initio quantum-mechanica
calculations, displaying dramatic changes in proton distri
tion in a virtual ice at 100 K in association with sequent
transformations: ice VIII→translational-proton-tunneling
disordered ice VII→proton-disordered ice X→proton-ordered
ice X.18 The transitions were shown to be dominated
quantum-mechanical effects such as the tunneling
the zero-point motions of protons. Translational-proto
disordered ice VII~hereafter referred as disordered VII! is
characterized as a bimodal proton distribution arising fr
the enhanced proton tunneling along a double-well poten
with a depressed central barrier, whereas proton-disord
ice X ~disordered X! as a unimodal distribution of the proto
12 644 ©1999 The American Physical Society
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PRB 60 12 645INFRARED ABSORPTION STUDY OF FERMI . . .
with a zero-point motion energy exceeding the underly
potential barrier. In proton-ordered ice X, a harmonic sing
well potential is realized, resulting in a unimodal narro
proton distribution along it.6,18 The energy levels of the pro
ton vibrations in a potential being deformed from a double
a single minimum shape have been investigated using a
eralized double Morse potential.19 The calculated tunne
splitting energies and their pressure variations would be
great use to interpret the vibrational spectra of ice measu
at high pressures especially near the hydrogen bond sym
trization.

IR measurement with a diamond-anvil cell~DAC! is at
present time a promising tool to investigate the hydrog
bond symmetrization in ice at pressures beyond 100 G
Diamond exhibits strong IR absorption in a frequency reg
1800–2400 cm21, which is a critical span for monitoring th
softening behavior of O-H~D! stretching modes. An intens
synchrotron infrared source and thin diamond anvils h
been used in IR reflectivity measurements to reduce inter
ence of the diamond absorption on ice spectra.16 However, in
all the previous IR measurements the spectrum of an em
DAC at ambient pressure was employed as a reference s
trum to remove the diamond absorption.13–16 The spectral
change of diamond absorption with pressure was not ta
into account. Such an absorption correction should have
jured the substantial feature of ice spectra measured at
high pressure. In addition, it has been pointed out that hig
strained diamonds might give rise to an IR activity of t
optical phonon which is inactive at ambient condition a
also that an IR-active mode of KBr would develop its a
sorption to a region of 700–1100 cm21 at pressures of 100–
150 GPa.19 Therefore, a measurement of reliable and qu
fied IR spectra of ice free from these disturbances has b
required to clarify the hydrogen bond symmetrization p
cess.

We present IR absorption spectra of H2O and D2O ices
measured with a DAC up to 120 and 141 GPa, respectiv
at 298 K. The spectra were finely corrected for diamo
absorption using the spectra of a KBr-filled DAC measu
over a wide pressure range to 135 GPa. By contrast to H2O
ices, no IR spectral data has been reported for D2O ice yet.
The substantial spectra of ice obtained by an appropriate
sorption correction have allowed a quantitative compari
with the calculated results on the proton vibrational state
hence a deep understanding of the hydrogen-bond symm
zation process.

EXPERIMENTAL PROCEDURE

IR spectra of ices were measured at 298 K and press
up to 141 GPa. Distilled H2O water and high-purity D2O
~99.996%, Aldrich! were used. High pressures were gen
ated using a DAC with type-II-A diamond anvils. Pairs
1.5 mm and 2.1 mm thick diamond anvils were employed
a high-pressure measurement below and above 55 GPa
spectively. Hardened stainless-steel and rhenium metal w
used as gasket materials. Both of them were capable of
fining the sample in a gasket hole at pressures above
GPa. Since the fundamental vibrational bands of ice exh
very strong absorption, a thin film roughly less than 1mm in
thickness was required to avoid saturation of the absorp
g
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peaks.13,15 Ruby chips and KBr grains were pushed togeth
into a sample chamber made in the metal gasket which
fixed on the culet of a piston diamond anvil. Pressure m
dium KBr is transparent for the measuring IR range 50
6700 cm21, not giving rise to disturbance in ice spectra. I
film was prepared by condensing evaporated water on a
tened top surface of KBr pressure medium filling almost
whole space of the sample chamber. Ice film thus prepa
was squeezed together with KBr pressure medium and r
chips in a sandwich configuration between the diamond
vils. The sample preparation was carried out in a nitrog
gas purged glove box.

The absorption spectra of ices were acquired at a 4 cm21

spectral resolution with a Fourier-transform-infrared sp
trometer over the wave-number region of 500–6700 cm21.
For the measurement below 55 GPa, the initial size of
sample chamber was 100mm in diameter and about 60mm
in height and the measuring area was trimmed off into
45mm345mm square with an adjustable optical mask. F
the measurement beyond 55 GPa, the chamber size an
measuring area were reduced to 30mm in diameter and 25
mm in height and a 25mm325mm square, respectively. Th
pressure was determined by ruby-fluorescence measure
on the basis of a quasihyrostatic ruby scale.21

The spectra of a KBr-filled DAC were measured at va
ous pressures up to 135 GPa to obtain the reference sp
used for an appropriate correction of diamond and KBr
sorption. Two experiments were made: one with 1.5-m
thick diamond anvils up to 55 GPa and another with 2.1-m
thick anvils up to 135 GPa. Typical spectra of the KBr-fille
cell are shown in Fig. 1~A!. The upper two spectra show th
absorption spectra measured with the 1.5 mm diamond
vils. The spectrum at 23.4 GPa is nearly identical to t
measured at 50.1 GPa. The lower two spectra are those
sured with the 2.1 mm diamond anvils at higher pressu
The IR absorption peaks are obviously taller than those m
sured with the 1.5 mm diamond anvils, reflecting an incre
by 40% in anvil thickness. They are almost saturated at
peak. No significant difference is observed between the sp
tra measured at 52.2 and 135 GPa in spite of a wide pres
interval of 83 GPa. There is neither an absorption peak
diamond developed with the breaking of an IR inactivity
its optical, nor an absorption peak of KBr predicted to mo
to a frequency range 700–1000 cm21 at pressures above 10
GPa.19

We examined more carefully the influence of absorpt
correction on the ice spectra. An example of the correctio
given in Fig. 1~B!. Spectraa andb are those of H2O ice at
53.3 GPa obtained after absorption correction using
ambient-pressure spectrum of an empty DAC and 50.1-G
spectrum of the KBr-filled DAC, respectively. Marked di
ferences can be seen in the region 1800–3000 cm21. The
peaks indicated by arrows in spectruma are artificially pro-
duced by an inappropriate correction using the ambie
pressure spectrum, while they all are wiped out in spectrub
corrected with the 50.1-GPa spectrum of the KBr-filled ce
The spectra measured with the 1.5-mm diamond anvils
thus satisfactorily corrected for the diamond absorpti
Spectrumc is obtained by dividing the absorption spectru
of the KBr-filled DAC at 50.1 GPa by that of the empt
DAC at ambient pressure. It demonstrates clearly that
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12 646 PRB 60SONG, YAMAWAKI, FUJIHISA, SAKASHITA, AND AOKI
structures marked by arrows in spectruma are attributed to
the pressure change in diamond.

The high-pressure correction is only slightly effective f
the IR spectra measured with the 2.1-mm diamond anvils
pair of 2.1-mm diamonds transmits a few percent of incid
infrared lights in the diamond absorption region. This va
is less than one-fifth of the transmittance for the 1.5-m
diamond anvils, being too small to allow a satisfactory c
rection of the diamond absorption. The IR spectra of
KBr-filled DAC with the 2.1-mm diamond anvils were mea
sured up to 135 GPa at an appropriate pressure interval
used for the diamond absorption correction. This correct
however, leaves some structures in the region 1800–2

FIG. 1. ~A! IR spectra of KBr-filled diamond anvil cells. Th
spectra at 23.4 and 50.1 GPa were measured with 1.5 mm-t
anvils and those at 52.2 and 135 GPa with 2.1 mm-thick anvils.
the peaks observed are due to diamond absorption, showing a
slight change in peak shape and intensity with pressure.~B! An
example of absorption correction. Spectruma and b are those of
H2O ice at 53.3 GPa after correction using spectra of the em
DAC at ambient pressure and KBr-filled DAC at 50.1 GPa, resp
tively. Spectrumc is that of a KBr-filled DAC at 50.1 GPa cor
rected with the ambient pressure spectrum. The structures at 2
2300, 2700, and 3750 cm21 in spectruma ~indicated with arrows!
are shown to arise from inappropriate absorption correction u
the ambient pressure spectrum.
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cm21 due to an incomplete subtraction of the diamond a
sorption modified intensively by high compression. Ho
ever, the purpose of the measurements above 55 GPa
focused on investigation of the dominant spectral chang
association with the hydrogen-bond symmetrization, wh
was expected to be detected in the region below 1800 cm21.
The incomplete absorption correction hence has made
serious interference for this measurement.

RESULTS AND DISCUSSION

IR spectra were measured for H2O and D2O ices at 298 K
and pressures from 2 to 141 GPa. At room temperature,
known that water freezes at 0.7 GPa into ice VI with
orthorhombic structure and then transforms into ice VII w
a cubic structure at 2.0 GPa. In our experiments, an ice
was prepared in the DAC at low temperature around 250
and confined by squeezing it in the cell to a few GPa. T
pressure was held above 2 GPa, while the DAC was warm
up to room temperature. We hence started IR measurem
from ice VII. Two experimental runs were made for H2O and
D2O ices; in the first run, the 1.5-mm-thick anvils were us
to obtain the detailed spectral features of the molecular
brations up to about 55 GPa, and in the second run the
mm-thick anvils were employed to generate higher pressu
beyond 55 GPa and to investigate a phase transition
symmetric ice.

A. Vibrational mode assignment of ice VII

The disordering in molecular orientation in ice VII de
stroys a normal selection rule for IR absorption, making
hard to assign distinctly the observed peaks to the poss
vibrational modes. However, the similarity of the spectra
ice VII and VIII, which have the same short-range order
molecular arrangement and can be converted to each o
by introducing slight distortion of the primitive cells, allow
a reasonable peak assignment for ice VII based on that
ice VIII ~point group D4h) as reported in the previou
papers.22,23 Here we follow the same procedure in assig
ment of the IR vibrational peaks of ice VII.

Figure 2 shows three infrared spectra of H2O-ice VII mea-
sured at a pressure interval of roughly 10 GPa with the
brational modes assigned. The O-H stretching peaks at a
3100 cm21 in a 12.5-GPa spectrum show an asymmetry pe
shape, which can be deconvoluted into the asymme
n3(Eu) and symmetric stretching vibrationn1(A2u).22,23 In
the low-frequency region below 1000 cm21, there is a strong
absorption peak of a rotational modenR(Eu). It is accompa-
nied by a shoulder peak in the high-frequency side, which
tentatively assigned to another rotational modenR8(Eu) ac-
cording to the peak assignment of ice VIII.24 An absorption
shoulder, appearing at the low-frequency side of thenR(Eu)
peak in a 30.1-GPa spectrum, can be assigned to the tra
tional vibrationnT(Eu). The peak of the OH bending vibra
tion n2(A2u) is located steadily at about 1600 cm21. The
overtones and combinations of the fundamental modes
assigned by manipulating the fundamental peak frequen
measured at various pressures in this study. In the orde
decreasing frequency, they aren2(A2u)1nR(Eu), 2nR8(Eu),
and 2nR(Eu) as described in the spectra. The absorpt
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PRB 60 12 647INFRARED ABSORPTION STUDY OF FERMI . . .
spectra of D2O-ice VII show pressure changes very similar
those of H2O ice and the observed peaks are interpreted
following the same procedure applied to H2O ice.

B. Fermi resonance

The spectra of H2O and D2O ices up to 55 GPa are de
picted in Figs. 3~A! and 3~B!. Each fundamental mode show
characteristic pressure behavior. In H2O ice, then1,3 stretch-
ing peaks shift to low frequency; then2 bending peak stays
almost at the same position; thenR,R8 rotational peaks move
to high frequency. The spectral profile changes more rap
above 20 GPa. This is due to peak broadening by increa
anharmonicity especially for then1,3 peaks and coupling o
the vibrational modes again through anharmonicity.
shown in Fig. 3~B!, D2O ice exhibits spectral changes in
manner very similar to those of H2O ice.

Figures 4~A! and 4~B! show the frequency variations o
the absorption peaks with pressure obtained for H2O and
D2O ices, respectively. The peak frequencies measured
the high-pressure experiment beyond 55 GPa are plotted
gether. It is unusual that the frequencies vary with press
not monotonically. Then1,3 stretching frequency, for in-
stance, which shows a rapid and monotonic decrease f
3500 cm21 at ambient pressure, avoid a crossing with t
n21nR frequency rising up from 2200 cm21. A repulsive
force seems to act between their frequencies as clearly
around 30 GPa. A very similar behavior is successively s
along an extrapolated decreasing curve of then1,3 frequency
around 40 GPa with the 2nR8 frequency and around 45 GP
with the 2nR frequency. Then2 frequency is insensitive to
pressure, staying at 1600 cm21 up to 40 GPa. Along the fla
frequency-pressure line, an avoided crossing in frequenc
found to take place at about 6 GPa and again at abou
GPa, although they are small in magnitude compared
those of then1,3 stretching modes. These particular behavi
are also observed for D2O ice, being interpreted in terms o
vibrational mode coupling or Fermi resonance.

FIG. 2. Vibrational mode assignment of the IR absorption pe
of H2O ice VII. n1,3 is the symmetric and asymmetric stretchin
vibrations;n2 is the bending vibration;nR is the rotational vibra-
tion; nR8 is the high-frequency component of rotational mode;nT is
the lattice translational vibration.
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The n1,3 stretching frequency is largely modified as th
result of mode mixing or Fermi resonance successively
duced with increasing pressure as shown in Fig. 4. The l
pressure frequencies below 20 GPa in H2O and below 30
GPa in D2O are well described with a phenomenologic
function,nOH5(n0

22aP)1/2.5 The softeningbehavior is per-
turbed by the mode mixing effect and consequently an
pected decrease in frequency toward zero cannot be seen
higher pressure region above 20 GPa. However, the un
turbed or bare frequencies are able to be estimated by
lyzing the resonanced spectra under some assumptions
bare frequencies of the stretching modes are described w
function nOH5(n0

22aP)1/2 just mentioned above, while
those of the other modes with second-order polynomials
pressure. The analysis based on the simplified classical
chanical model would be available for the low-pressure d
measured roughly below 40 GPa. To analyze the obser
frequencies especially of then1,3 stretching modes, a

s

FIG. 3. Infrared spectra of~A! H2O and~B! D2O ice VII at 298
K and pressure below 54 GPa. All these spectra are measured
a DAC with 1.5-mm diamond anvils. Then1,3 stretching peaks
move to low frequency, showing sequential Fermi resonance w
then21nR , 2nR8 , and 2nR peaks~see also Fig. 4!. The CO2 peaks
involved in the original spectra at 2300–2400 cm21 have artificially
been removed.
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12 648 PRB 60SONG, YAMAWAKI, FUJIHISA, SAKASHITA, AND AOKI
quantum-mechanical treatment of the proton vibratio
states should be taken into account as discussed in d
later. Nevertheless, the classical analysis is an effec
method to obtain an approximate perspective for the in
ence of pressure on the vibrational states including the s
ening behavior of the stretching modes.

A method equivalent to a harmonic approximation h
been applied to the analysis of Fermi resonance in H2O ice.16

The coupling parameters between the resonanced vibrat
modes can be obtained by solving a secular equation for
vibrational frequencies modified by interactionDnk ,

u~2v21V2
k!dnk1Dnk

2u50, ~1!

where the indexn is the number of vibrational modes,k is
the integer from 1 ton, v andVk are the observed and ba

FIG. 4. Pressure variation of the vibrational frequencies for~A!
H2O up to 120 GPa and~B! D2O up to 141 GPa at 298 K. Ope
circles: the present IR data; crosses: the IR data from Ref. 22;
solid lines: the speculated bare frequencies; a broken line: a fi
stretching frequencies based on a classical harmonic model.
stretching frequencies calculated for H2O ice based on a quantum
mechanical model are also drawn with dotted lines in~A!, where
081, 01, 0818, and 018 stand for * E08→* E1 , * E0→* E1 , * E08→* E18 , and * E0→* E18 excitation, respectively, between the tu
nel splitting levels~see the text and Ref. 19!.
l
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frequencies, respectively, andDnk is a coupling parameter
Using the observed and assumed bare frequencies at
pressure, we can solve this determinant to get the coup
parameterDnk .

The parameters obtained for H2O ice are given in Fig. 5.
The coupling parameters of then1,3 soft mode with then2
1nR , 2nR8 and 2nR modes show similar pressure depe
dence; they increase initially with pressure and turn to
crease after reaching the maximum points. We can rea
ably take a pressure at the maximum point as an exa
resonanced pressure for each resonance: 28 GPa with
2nR8 mode, 35 GPa with the 2nR8 mode, and 40 GPa with
the 2nR mode. In contrast to these resonances, the reson
between then1,3 andn2 modes exhibits a different pressu
behavior. The coupling parameter increases monotonic
from about 200 cm21 at around 20 GPa to 800 cm21 at about
50 GPa, showing no maximum in the pressure span m
sured. We performed the analysis for the D2O data. The reso-
nance parameter between then1,3 and n21nR is about 800
cm21 smaller by 400 cm21 than that of H2O ice at the maxi-
mum point. In addition to the coupling parameters, the re
nance analysis also yields the bare frequencies. They
drawn by a broken line for then1,3 stretching mode and by
fine solid lines for the other modes in Figs. 4~A! and 4~B!.

C. Hydrogen-bond symmetrization

The spectra of H2O and D2O ices measured beyond 5
GPa with the thick diamond anvils are shown in Figs. 6~A!
and 6~B!. The spectrum of H2O at 57.9 GPa is featureles
showing two broad peaks with the peak tops around 1
and 1750 cm21. On further compression, the absorption pe
located at 1250 cm21 develops into a sharp and intense pea
Another peak, which has likely been moving to high fr
quency with pressure, exhibits its whole peak shape aro
900 cm21 eventually. The spectrum at 120 GPa shows t
peaks alone at about 900 and 1400 cm21. This spectral fea-
ture is entirely different from that observed for the low
pressure spectrum of ice VII, suggesting a phase transi
from phase VII to a higher symmetry structure while t
pressure increases up to 120 GPa. A very similar chang
seen in the spectra measured for D2O ice as shown in Fig.

e
ed
he

FIG. 5. Pressure variation of the coupling parameters of Fe
resonance of then21nR , 2nR8 , 2nR , andn2 modes with then1,3

soft mode in H2O ice. Solid lines are the guides to the eye.
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6~B!. Two peaks located at about 750 and 1050 cm21 at 141
GPa correspond to those in the 120–GPa spectrum of2O
ice.

The observed spectral changes are well interpreted
terms of a phase transition from molecular phase VII to sy
metric phase X. Symmetric ice X is speculated to posse
cuprite Cu2O structure. Oxygen atoms form a bcc lattice w
hydrogen atoms at the midpoints between the neighbo
oxygen atoms. The hydrogen atoms hence construct a t
hedron with one oxygen atom at the center. A vibratio
mode analysis has predicted two IR-active lattice modes
the symmetric ice with a cuprite Cu2O structure: a distor-
tional twisting of the tetrahedron of hydrogen atoms aroun
resting oxygen atom,nD , and a translational motion of oxy
gen and hydrogen atoms in the opposite direction,nT .25 The
spectra of H2O ice above 101 GPa and D2O ice above 124
GPa with two IR absorption peaks alone are exactly in ag
ment with the vibrational mode analysis, providing clear e
dence for the transition into symmetric ice X. The high- a
low-frequency peaks can be assigned as thenD distortional

FIG. 6. IR spectra of~A! H2O ice up to 120 GPa and~B! D2O
ice up to 141 GPa at 298 K. The peak located at 1250 cm21 in the
H2O spectrum at 57.9 GPa grows to a sharp peak with increa
pressure. Another peak appears at 900 cm21 in a 120-GPa spec
trum. The low-and high-frequency peaks are assigned as the t
lation lattice modenT and distortional lattice modenD of the sym-
metrized hydrogen bond phase. A similar spectral change is se
the D2O spectra. The peaks at 750 and 1050 cm21 in a 141-GPa
spectrum are assigned as thenT and nD modes, respectively. The
noises in a region 1800–2400 cm21 arise from incomplete cancel
lation of the diamond absorption.
in
-
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g
ra-
l
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andnT translational mode, respectively. The frequency rat
of n(H2O)/n(D2O) at a corresponding pressure of 120 G
are very close to 1.41 derived from (mH /mD)1/2, exhibiting a
harmonic isotope behavior of thenD andnT modes.

Disordered phase VII has theoretically been predicted
appear prior to the transition into disordered phase X.18 A
transition to such a phase, however, is not immediately r
ognized from the observed spectra; the spectrum chan
gradually into that of symmetric phase X above 100 GPa
shown in Fig. 6. A careful investigation on the frequen
variations in Fig. 4~A! reveals that thenR frequency provides
a signal probably related to a transition from phase VII
disordered phase VII. In H2O ice, an abrupt change in thenR

frequency is found at about 58 GPa, the frequency increa
by about 100 cm21 and becomes less sensitive to press
above it. We should recall here that thenR molecular rota-
tional mode is converted into thenD distortional mode in
association with the hydrogen bond symmetrization.26 The
changes in the frequency-pressure relation are hence i
preted in terms of the conversion from thenR to nD mode
and consequently from phase VII to disordered phase VII
similar change is found also in D2O ice at about 68 GPa
being again explained as a transition into disordered ph
VII. A large isotope effect is expected for the VII–
disordered-VII transition as the result of the mass effects
zero-point energy and tunneling probability. The present
measurement provided a pressure difference of about 10
between H2O and D2O ices.

We attempt to derive an insight into a further phase tr
sition from disordered VII to disordered X. ThenD peak of
disordered phase VII of H2O ice shows an asymmetric shap
with a long tail extending well up to 3000 cm21 as shown in
Fig. 6~A!. In a 61.6-GPa spectrum, we can scarcely see
additional peak~indicated by arrows! on the tail around 1600
cm21. This peak, which originates from the molecul
stretching vibration, gradually disappears at about 75 G
likely associated with the disordered-VII–disordered-X tra
sition as discussed in the following paragraphs.

The proton vibrational states in the hydrogen bonding
tential changing from a double to single minimum sha
have precisely been calculated on the basis of a quant
mechanical model including proton tunneling.19 Each vibra-
tional energy level of the proton originally localized at on
minimum will split into a doublet when the midpoint barrie
top, which is depressed continuously to zero by compress
approaches and passes through it. An energy splitting he
occurs successively with increasing pressure from a hig
energy level, for instance, asE2→* E2,28 , E1→* E1,18 and
finally E0→* E0,08 , whereEn and * En,n8 represent the en
ergies of the singlet and doublet states, respectively.
observed stretching frequencies at low pressures below
GPa corresponds to anE0→E1 excitation of the proton
trapped in one minimum, being converted gradually into
E0→* E1 excitation just before the VII–disordered-VII tran
sition and eventually into an* E08→* E1 excitation after it.
The stretching frequencies thus calculated for H2O ice are
drawn by dotted lines in Fig. 4~A!, showing a decrease with
pressure to 1600 cm21 at about 58 GPa and a slight increa
on further compression.
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The bare stretching frequency is found to trace t
frequency-pressure curve calculated based on a quant
mechanical model. Although then1,3 stretching frequencies
observed were perturbed by Fermi resonance, the analys
the resonanced vibrational states provided the unpertur
frequencies for the pressure range below 40 GPa for H2O ice
and below 50 GPa for D2O ice. The bare stretching frequen
cies obtained for H2O ice are shown to connect continuous
and smoothly to a frequency minimum located at 1600 cm21

and about 67 GPa very close to the location of the calcula
minimum. The essential feature of the frequency-press
curve thus drawn is well in agreement with that theoretica
calculated@compare the solid line and the dotted 081 line in
Fig. 4~A!#. A minimum in the frequency is located at 67 GP
just above 58 GPa, where the VII–disordered-VII transiti
takes place. This is also predicted from the calculation.19 In
the spectra of D2O ice, a frequency minimum can be seen
about 80 GPa just above the VII to disordered VII transitio
pressure of 68 GPa as well@Fig. 4~B!#.

The energy-level calculation leads to a further plausib
interpretation of the IR spectra that the disappearance of
1600-cm21 peak of H2O ice provides roughly an estimation
for the transition pressure from disordered VII to disorder
X. An increase in the ground-state splitting* E02* E08 with
pressure, will reduce the population of the first excitati
level at * E08 and consequently the transition probability a
sociated with the* E08→* E1 excitation. The population
thermally activated to the* E08 state~the initial state of the
* E08→* E1 excitation! should become small for a suffi
ciently widened* E02* E08 splitting, which may induce re-
location of the proton to the midpoint of the hydrogen bond
that is, a transition into disordered phase X; the calculat
predicted a splitting of 500 cm21 or 700 K at the transition
point.6 The peak disappearance can therefore be conside
as a signal of a transition from disordered phase VII to d
m

e

ll

P

e

e
m-
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d
re
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t
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ordered X with a unimodal proton distribution. The transitio
pressures thus estimated are 65–75 and 80–90 GPa for2O
and D2O ices, respectively.

Finally, we compare the results of the present IR measu
ment with those obtained by the x-ray diffraction on ic
Powder-diffraction measurements have been made for H2O
ice up to 128 GPa.3,9 They showed the presence of the b
sublattice of oxygen atoms for the whole pressure reg
measured above 2 GPa, indicating that the hydrogen b
symmetrization is realized in the bcc lattice at a cert
threshold pressure. The observed equation of state provid
signature of phase transition at about 66–70 GPa,8,9 close to
the disordered-VII–disordered-X transition pressure
65–75 GPa roughly estimated from the IR spectra. Very
cently a more direct measurement on the proton centerin
ice was carried out by single-crystal x-ray-diffractio
measurement.27 The intensity change in diffraction from th
proton sublattice indicated a proton centering at about
GPa again close to those determined by the IR spectra.
change, however, should be interpreted as a transition f
phase VII to phase X without passing through the interm
diate disordered phase VII. Another run of the same sing
crystal diffraction measurement revealed that the proton c
tering occurred at about 40 GPa far below 60 GPa. The
spectra measured around this pressure exhibited clearly
spectral features due to H2O molecular vibrations, showing
no evidence for a transition into phase X. The phase ide
fication still remains inconclusive between the IR absorpt
and x-ray-diffraction measurements.
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