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The infrared absorption spectra of® and DO 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
+3 GPa in HO ice and 6&3 GPa in QO ice. This can be attributed to a transition from ice VIl 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 fgd knd 80—90 GPa for f». [S0163-182(09)04133-9

INTRODUCTION metrization. Appearance of two absorption peaks above 100
GPa after disappearance of the molecular vibrational peaks
The property of ice under high compression, which canin H,O ice was definitely interpreted as a transition from ice
provide crucial insights into pressure-induced molecular disVIl to symmetric ice X, which likely takes place around 60
sociation, the evolution of chemical bonding, and the quanGPa:>**However, the pressure behavior of the OH stretch-
tum effects of hydrogen such as tunneling, has attracted coi?d mode, which was expected to play a key role in detection
siderable theoretical and experimental interest in the las®f the hydrogen-bond symmetrization, was not precisely in-
couple of decades. Ice is a prototype of hydrogen-bondeyestigated owing to mterfizerence by vibrational mode cou-
molecular solids, showing very rich behavior in the pressureP!ing or Fermi resongngjé: Tunnel splitting of the vibra-
temperature phase diagram. At pressures above 2 GPa, hof{2nal states in association with the symmetrization process
ever, there exist only two known molecular phases, ice vivas another factor making the mtgrpretatlon of the high-
(Pn3m) and VIll (14,/amd), which possess a body- pre‘?k?g;?e?i?;lairr?vrgsuti]hatrirc])%rse S;r:g IIé:t‘eartr?ig:'rnpiricaI methods
centered-cubi¢bco and'a slightly distorted bcc sublf':\ttlce of molecular-dynamics simulations, arab initio quantum-
oxygen atoms, respectively. At room temperature ice VIl mechanical methods have been carried out to obtain the mi-
maintains the bcc sublattice at least up to 128 GPa while th

i . 8roscopic view of symmetrization mechanism and to esti-
oxygen-oxygen distanceo.o decreases to 0.223 nfiThis  ate  the phase-transition presstifé®=?° The results

ro.o value is well shorter than a predicted symmetrizationpredicted a softening behavior of the OH stretching mode
distance ranging from 0.23 to 0.25 rinf. It has been in-  and a strong anharmonicity toward the hydrogen-bond sym-
ferred that the protons already reach the midpoints betweemetrization as intuitively speculated from a continuous de-
two neighboring oxygen atoms in ice VII at such high pres-formation of the hydrogen bond potential from a double- to
sures; a hydrogen-bond symmetric ph&se X) would be  single-well shape. A suggestive picture was proposed to the
formed as predicted by Holzapfél. symmetrization process fromb initio quantum-mechanical
X-ray and neutron powder diffraction and infraréidR) calculations, displaying dramatic changes in proton distribu-
absorption measurements have been made to probe a transén in a virtual ice at 100 K in association with sequential
tion into the symmetric phase of ice. A detailed examinationtransformations: ice VIH-translational-proton-tunneling-
of the equation of state of ice lead to an anomaly at 66—7@isordered ice VH-proton-disordered ice % proton-ordered
GPa®® indicating an occurrence of second- or higher-orderice X The transitions were shown to be dominated by
phase transition probably related to the hydrogen bond synguantum-mechanical effects such as the tunneling and
metrization. Neutron-diffraction measurement, which is cathe zero-point motions of protons. Translational-proton-
pable of probing H(or D) position, was made to a limited disordered ice Vlli(hereafter referred as disordered Vi$
pressure of 20 GPY-2The O-D covalent bond lengtty.,  characterized as a bimodal proton distribution arising from
in D,O ice increases slightly with pressure to 10 GPa, showthe enhanced proton tunneling along a double-well potential
ing a trend toward symmetrization on further compressionwith a depressed central barrier, whereas proton-disordered
IR spectra provided more clearly an evidence for the symice X (disordered X as a unimodal distribution of the proton
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with a zero-point motion energy exceeding the underlyingpeaks:*'°Ruby chips and KBr grains were pushed together
potential barrier. In proton-ordered ice X, a harmonic single-into a sample chamber made in the metal gasket which was
well potential is realized, resulting in a unimodal narrow fixed on the culet of a piston diamond anvil. Pressure me-
proton distribution along {t*® The energy levels of the pro- dium KBr is transparent for the measuring IR range 500—
ton vibrations in a potential being deformed from a double to6700 cm %, not giving rise to disturbance in ice spectra. Ice
a single minimum shape have been investigated using a gefm was prepared by condensing evaporated water on a flat-
eralized double Morse potentidl. The calculated tunnel tened top surface of KBr pressure medium filling almost the
splitting energies and their pressure variations would be ofyhqle space of the sample chamber. Ice film thus prepared

gree}t use to interpret tht_e vibrational spectra of ice measureg < squeezed together with KBr pressure medium and ruby
at high pressures especially near the hydrogen bond symmgg;q i 4 sandwich configuration between the diamond an-

trization. . - . . .
. . . . vils. The sample preparation was carried out in a nitrogen-
IR measurement with a diamond-anvil célDAC) is at gas purged glove box.

present time a prpmising tool to investigate the hydrogen- The absorption spectra of ices were acquired 4 cm *
bqnd symmetrization in ice at pressures beyond 100 C'.‘P%pectral resolution with a Fourier-transform-infrared spec-
Diamond exhibits strong IR absorption in a frequency region . ometer over the wave-number region of 500—6700 tm
18002400 cm', which is a critical span for monitoring the  £o"the measurement below 55 GPa, the initial size of the
softening behavior of O-HD) stretching modes. An intense sample chamber was 10@m in diametér and about 60m
synchrotron infrared source and thin diamond anvils havqn height and the measuring area was trimmed off into a
been used in IR reflectivity measurements to reduce interfer45,um><45,um square with an adjustable optical mask. For

ence of the diamond absorption on ice spettidowever, in the measurement beyond 55 GPa, the chamber size and the

all the previous IR measurements the spectrum of an emp%easuring area were reduced to @ in diameter and 25

DAC at ambient pressure was employed as a reference spec- . - ; ;
X ; m in height and a 2omXx25um square, respectively. The
trum to remove the diamond absorptihi® The spectral - 9 P pm sS4 P y

. . . ressure was determined by ruby-fluorescence measurement
change of diamond absorption with pressure was not take

) . . ~0n the basis of a quasihyrostatic ruby scdle.
into account. Such an absorption correction should have in- 9 y Y

) . . The spectra of a KBr-filled DAC were measured at vari-
jured the substantial f(_aatur_e of ice spectra measured at vegy s pressures up to 135 GPa to obtain the reference spectra
high pressure. In addition, it has been pointed out that highl

. . . . : - Yised for an appropriate correction of diamond and KBr ab-
strained diamonds might give rise to an IR activity of thesorption. Two experiments were made: one with 1.5-mm-
optical phonon which is inactive at ambient condition andthick diamond anvils up to 55 GPa and ahother with 2. 1-mm-
also j[hat an IR-gctwe mode of K?r would develop its ab'thick anvils up to 135 GPa. Typical spectra of the KBr-filled
sorption to a region of 700—1100 ¢rhat pressures of 100— cell are shown in Fig. (). The upper two spectra show the
150 GPa?® Therefore, a measurement of reliable and quali-absorption spectra measured with the 1.5 mm diamond an-
fied IR spectra of ice free from these disturbances has be ls. The spectrum at 23.4 GPa is nearly identical to that
required to clarify the hydrogen bond symmetrization PO measured at 50.1 GPa. The lower two spectra are those mea-
cess. . . sured with the 2.1 mm diamond anvils at higher pressures.
We present IR absorption spectra oj®iand DO ICES " The IR absorption peaks are obviously taller than those mea-
measured with a DAC up to 120 and 141 GPa, respgcnvely ured with the 1.5 mm diamond anvils, reflecting an increase
at 298 .K' Th_e spectra were finely COFrGCted for diamon y 40% in anvil thickness. They are almost saturated at the
absorptlo_n using the spectra of a KBr-filled DAC measure eak. No significant difference is observed between the spec-
over a wide pressure range to 135 GPa. By contrast;® H o easured at 52.2 and 135 GPa in spite of a wide pressure

ices, no IR spectral data has been reported fg e yet. ;. .oral of 83 GPa. There is neither an absorption peak of

The substantial spectra of ice obtained by_ an appropriate alEi'lamond developed with the breaking of an IR inactivity of
sorption correction have allowed a quantitative compariso

: Lo its optical, nor an absorption peak of KBr predicted to move
with the calculated results on the proton vibrational state ang 4 frequency range 700—1000 chat pressures above 100
hence a deep understanding of the hydrogen-bond symmetiisp 419

zation process. We examined more carefully the influence of absorption

correction on the ice spectra. An example of the correction is
EXPERIMENTAL PROCEDURE given in Fig. 1B). Spectraa andb are those of KO ice at
53.3 GPa obtained after absorption correction using an
IR spectra of ices were measured at 298 K and pressuresnbient-pressure spectrum of an empty DAC and 50.1-GPa
up to 141 GPa. Distilled O water and high-purity BD  spectrum of the KBr-filled DAC, respectively. Marked dif-
(99.996%, Aldrich were used. High pressures were gener-ferences can be seen in the region 1800—3000cmhe
ated using a DAC with type-II-A diamond anvils. Pairs of peaks indicated by arrows in spectranare artificially pro-
1.5 mm and 2.1 mm thick diamond anvils were employed forduced by an inappropriate correction using the ambient-
a high-pressure measurement below and above 55 GPa, neressure spectrum, while they all are wiped out in spectsum
spectively. Hardened stainless-steel and rhenium metal werrected with the 50.1-GPa spectrum of the KBr-filled cell.
used as gasket materials. Both of them were capable of cofhe spectra measured with the 1.5-mm diamond anvils are
fining the sample in a gasket hole at pressures above 1Gfius satisfactorily corrected for the diamond absorption.
GPa. Since the fundamental vibrational bands of ice exhibiSpectrumc is obtained by dividing the absorption spectrum
very strong absorption, a thin film roughly less thaprh in ~ of the KBr-filled DAC at 50.1 GPa by that of the empty
thickness was required to avoid saturation of the absorptioDAC at ambient pressure. It demonstrates clearly that the
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cm ! due to an incomplete subtraction of the diamond ab-
sorption modified intensively by high compression. How-
ever, the purpose of the measurements above 55 GPa was
focused on investigation of the dominant spectral change in
association with the hydrogen-bond symmetrization, which
was expected to be detected in the region below 1800'cm
The incomplete absorption correction hence has made no
serious interference for this measurement.

RESULTS AND DISCUSSION

IR spectra were measured fop®land BO ices at 298 K
and pressures from 2 to 141 GPa. At room temperature, it is
known that water freezes at 0.7 GPa into ice VI with an
orthorhombic structure and then transforms into ice VII with
a cubic structure at 2.0 GPa. In our experiments, an ice film
was prepared in the DAC at low temperature around 250 K
and confined by squeezing it in the cell to a few GPa. The
pressure was held above 2 GPa, while the DAC was warmed
up to room temperature. We hence started IR measurements
from ice VII. Two experimental runs were made fo®land
D,0 ices; in the first run, the 1.5-mm-thick anvils were used
to obtain the detailed spectral features of the molecular vi-
brations up to about 55 GPa, and in the second run the 2.1-
mm-thick anvils were employed to generate higher pressures
beyond 55 GPa and to investigate a phase transition into
symmetric ice.

A. Vibrational mode assignment of ice VII

The disordering in molecular orientation in ice VIl de-
stroys a normal selection rule for IR absorption, making it
hard to assign distinctly the observed peaks to the possible
vibrational modes. However, the similarity of the spectra of
ice VII and VIII, which have the same short-range order in

FIG. 1. (A) IR spectra of KBr-filled diamond anvil cells. The molecular arrangement and can be converted to each other
spectra at 23.4 and 50.1 GPa were measured with 1.5 mm-thicky introducing slight distortion of the primitive cells, allows
anvils and those at 52.2 and 135 GPa with 2.1 mm-thick anvils. Alla reasonable peak assignment for ice VII based on that for
the peaks observed are due to diamond absorption, showing a veige VIII (point group D,,) as reported in the previous

slight change in peak shape and intensity with pressiBge.An
example of absorption correction. Spectranand b are those of

papers??® Here we follow the same procedure in assign-
ment of the IR vibrational peaks of ice VII.

H0 ice at 53.3 GPa after correction using spectra of the empty Figure 2 shows three infrared spectra giHice VIl mea-
DAC at ambient pressure and KBr-filled DAC at 50.1 GPa, respecsred at a pressure interval of roughly 10 GPa with the vi-

tively. Spectrumc is that of a KBr-filled DAC at 50.1 GPa cor-

brational modes assigned. The O-H stretching peaks at about

rected with the ambient pressure spectrum. The structures at 2108100 cmilin a 12.5-GPa spectrum show an asymmetry peak

2300, 2700, and 3750 ¢ in spectruma (indicated with arrows
are shown to arise from inappropriate absorption correction usin

the ambient pressure spectrum.

shape, which can be deconvoluted into the asymmetric
94(E,) and symmetric stretching vibration; (A,,).?>%% In
the low-frequency region below 1000 ci there is a strong

structures marked by arrows in spectranare attributed to ~ absorption peak of a rotational modg(E,). It is accompa-

the pressure change in diamond. nied by a shoulder peak in the high-frequency side, which is
The high-pressure correction is only slightly effective for tentatively assigned to another rotational moge(E,) ac-

the IR spectra measured with the 2.1-mm diamond anvils. &ording to the peak assignment of ice VAflAn absorption

pair of 2.1-mm diamonds transmits a few percent of incidenshoulder, appearing at the low-frequency side of théE,)

infrared lights in the diamond absorption region. This valuepeak in a 30.1-GPa spectrum, can be assigned to the transla-

is less than one-fifth of the transmittance for the 1.5-mmtional vibrationv+(E,). The peak of the OH bending vibra-

diamond anvils, being too small to allow a satisfactory cor-tion v,(A,,) is located steadily at about 1600 th The

rection of the diamond absorption. The IR spectra of theovertones and combinations of the fundamental modes are

KBr-filled DAC with the 2.1-mm diamond anvils were mea- assigned by manipulating the fundamental peak frequencies

sured up to 135 GPa at an appropriate pressure interval amgeasured at various pressures in this study. In the order of

used for the diamond absorption correction. This correctiongecreasing frequency, they arg(A, ) + vr(E,), 2vr/(Ey),

however, leaves some structures in the region 1800-240and 2vr(E,) as described in the spectra. The absorption
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FIG. 2. Vibrational mode assignment of the IR absorption peaks
of H,O ice VII. v, 3 is the symmetric and asymmetric stretching ——————r
vibrations; v, is the bending vibrationyy is the rotational vibra- I

tion; vk is the high-frequency component of rotational modgijs 0.5 (B) Dzo

the lattice translational vibration. 47.0GPa
spectra of DO-ice VIl show pressure changes very similar to M

those of HO ice and the observed peaks are interpreted by TR

following the same procedure applied tg®ice.
M)\'\—il__‘
34.1

v 29.3

B. Fermi resonance

The spectra of KD and BO ices up to 55 GPa are de-
picted in Figs. 8A) and 3B). Each fundamental mode shows
characteristic pressure behavior. IaQHice, thev, 3 stretch- 7 v
ing peaks shift to low frequency; the, bending peak stays Ve o VotV ’3 L
almost at the same position,; thg . rotational peaks move 1000 2000 3000 4000
to high frequency. The spectral profile changes more rapidly Wave number (cm“)
above 20 GPa. This is due to peak broadening by increased ,
anharmonicity especially for the, 5 peaks and coupling of F'dG' 3. Infrared spectra i) H,0 and(B) DO ice Vil at 298
the vibrational modes again through anharmonicity. As and pressure below 54 GPa. All these spectra are measured using

shown in Fig. 8B), D,O ice exhibits spectral changes in a a DAC with 1.5-mm dlamonq anvils. Th.ele Stre_tCh'ng peaks .
move to low frequency, showing sequential Fermi resonance with

manner very similar to those of B ice. the v+ )

. . 2+ VR, 2vr, and 2vg peaks(see also Fig. ¥4 The CQ peaks

Figures 4!'A) and 4B) shOW the frequen_cy variations of involved in the original spectra at 2300—2400 ¢rhave artificially
the absorption peaks with pressure obtained fgOHand  paoen removed.

D,0O ices, respectively. The peak frequencies measured by

the high-pressure experiment beyond 55 GPa are plotted to- The v, 3 stretching frequency is largely modified as the
gether. It is unusual that the frequencies vary with pressureesult of mode mixing or Fermi resonance successively in-
not monotonically. Thev, 5 stretching frequency, for in- duced with increasing pressure as shown in Fig. 4. The low-
stance, which shows a rapid and monotonic decrease fropressure frequencies below 20 GPa igOHand below 30
3500 cm! at ambient pressure, avoid a crossing with theGPa in DO are well described with a phenomenological
v,+ v frequency rising up from 2200 cm. A repulsive  function, voy=(v3—aP)*2° The softeningbehavior is per-
force seems to act between their frequencies as clearly seéurbed by the mode mixing effect and consequently an ex-
around 30 GPa. A very similar behavior is successively seepected decrease in frequency toward zero cannot be seen in a
along an extrapolated decreasing curve of#hefrequency higher pressure region above 20 GPa. However, the unper-
around 40 GPa with thei, frequency and around 45 GPa turbed or bare frequencies are able to be estimated by ana-
with the 2vg frequency. Thev, frequency is insensitive to lyzing the resonanced spectra under some assumptions; the
pressure, staying at 1600 chup to 40 GPa. Along the flat bare frequencies of the stretching modes are described with a
frequency-pressure line, an avoided crossing in frequency ifunction VOH:(Vﬁ—aP)l’2 just mentioned above, while
found to take place at about 6 GPa and again at about 2fhose of the other modes with second-order polynomials of
GPa, although they are small in magnitude compared tpressure. The analysis based on the simplified classical me-
those of they, 3 stretching modes. These particular behaviorschanical model would be available for the low-pressure data
are also observed forJO ice, being interpreted in terms of measured roughly below 40 GPa. To analyze the observed
vibrational mode coupling or Fermi resonance. frequencies especially of they s stretching modes, a

Absorbance
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resonance of the,+ vg, 2vg, 2vg, andv, modes with they; 5
Pressure (GPa) soft mode in HO ice. Solid lines are the guides to the eye.
3000 —————T————1— T
! ] frequencies, respectively, anxl,, is a coupling parameter.
(B) D20 ! . i
: Using the observed and assumed bare frequencies at each
- ] pressure, we can solve this determinant to get the coupling
- [ ] parameten\ .
£ 2000¢ ] The parameters obtained for,®l ice are given in Fig. 5.
L The coupling parameters of thg ; soft mode with thev,
> +vgr, 2vg and vy modes show similar pressure depen-
5 S . dence; they increase initially with pressure and turn to de-
g. 1000- T o000 ©° ] crease after reaching the maximum points. We can reason-
Pesee] . X
o v/ . ably take a pressure at the maximum point as an exactly
L P o°/° ° resonanced pressure for each resonance: 28 GPa with the
Vi ] 2vr, mode, 35 GPa with the iz, mode, and 40 GPa with
[ ' ] the 2vg mode. In contrast to these resonances, the resonance
ol v v 0y 1] between thev; 3 and v, modes exhibits a different pressure
0 50 100 150 behavior. The coupling parameter increases monotonically
Pressure (GPa) from about 200 cm* at around 20 GPa to 800 cthat about

FIG. 4. Pressure variation of the vibrational frequencies4or 50 GPa, showing no maximum in the pressure span mea-
H,O up to 120 GPa anB) D,O up to 141 GPa at 298 K. Open sured. We performed the analysis for thglDdata. The reso-
circles: the present IR data; crosses: the IR data from Ref. 22; finnance parameter between the; and v,+ vy is about 800
solid lines: the speculated bare frequencies; a broken line: a fitedm 1 smaller by 400 cmt than that of HO ice at the maxi-
stretching frequencies based on a classical harmonic model. Th&um point. In addition to the coupling parameters, the reso-
stretching frequencies calculated fog®lice based on a quantum- npance analysis also yields the bare frequencies. They are
mechanical model are also drawn with dotted linegAn, where  qrawn by a broken line for th@l,s stretching mode and by

0'1, 01, 01, and 01 stand for*Eo —*Ey, "Eo—"E1, B0 fine solid lines for the other modes in FiggA4 and 4B).
—*E,, and*Ey—*E4, excitation, respectively, between the tun-

nel splitting levels(see the text and Ref. 19
. . . C. Hydrogen-bond symmetrization

guantum-mechanical treatment of the proton vibrational ]
states should be taken into account as discussed in detail The spectra of BD and DO ices measured beyond 55
later. Nevertheless, the classical analysis is an effectiv€Pa With the thick diamond anvils are shown in FigeA
method to obtain an approximate perspective for the inflund @B). The spectrum of kD at 57.9 GPa is featureless,
ence of pressure on the vibrational states including the sofhowing two broad peaks with the peak tops around 1250
ening behavior of the stretching modes. and 1750 cm™. On further compression, the absorption peak

A method equivalent to a harmonic approximation haslocated at 1250 cﬁy1 develops into a sharp and intense peak.
been applied to the analysis of Fermi resonance,id itel®  Another peak, which has likely been moving to high fre-
The coupling parameters between the resonanced vibrationﬁPenCy_‘iV'th pressure, exhibits its whole peak shape around
modes can be obtained by solving a secular equation for th@00 cm = eventually. The spectrum at 120 GPa shows two

vibrational frequencies modified by interactidn,, peaks alone at about 900 and 1400 ¢niThis spectral fea-
ture is entirely different from that observed for the low-
|(— 0%+ Q%) St Al =0, (1)  Pressure spectrum of ice VII, suggesting a phase transition

from phase VII to a higher symmetry structure while the
where the index is the number of vibrational modek,is  pressure increases up to 120 GPa. A very similar change is
the integer from 1 to,  and(), are the observed and bare seen in the spectra measured fofDice as shown in Fig.
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Yo (A)

T and vt translational mode, respectively. The frequency ratios
H,0 of »(H,0)/v(D,0) at a corresponding pressure of 120 GPa
are very close to 1.41 derived from(, /mp)*?, exhibiting a
harmonic isotope behavior of thg, and v modes.

120 GPa Disordered phase VII has theoretically been predicted to
appear prior to the transition into disordered phast X.
transition to such a phase, however, is not immediately rec-
ognized from the observed spectra; the spectrum changes
gradually into that of symmetric phase X above 100 GPa as

Absorbance

57.9 shown in Fig. 6. A careful investigation on the frequency
-5 variations in Fig. 4A) reveals that the frequency provides
vl S 3|52 - a signal probably related to a transition from phase VIl to
1000 2000 3000 4000 5000 disordered phase VII. In 0 ice, an abrupt change in thg
Wave number (cm™ ') frequency is found at about 58 GPa, the frequency increases

by about 100 cm! and becomes less sensitive to pressure
above it. We should recall here that thhg molecular rota-
tional mode is converted into they distortional mode in
association with the hydrogen bond symmetrizatdirhe
changes in the frequency-pressure relation are hence inter-
preted in terms of the conversion from thg to v mode
and consequently from phase VIl to disordered phase VII. A
similar change is found also in,D ice at about 68 GPa,
being again explained as a transition into disordered phase
VII. A large isotope effect is expected for the VII-
disordered-VII transition as the result of the mass effects on
L T zero-point energy and tunneling probability. The present IR
1000 2000 3000 4000 measurement provided a pressure difference of about 10 GPa
Wave number (cm™’) between HO and DO ices.
FIG. 6. IR spectra ofA) H,0 ice up to 120 GPa an(®) D,0 _ _We attempt to derive an ins_ight into a further phase tran-
ice up to 141 GPa at 298 K. The peak located at 1250%im the sition from disordered VIl to disordered X. Theg, peak of
H,O spectrum at 57.9 GPa grows to a sharp peak with increasingisordered phase VIl of §D ice shows an asymmetric shape
pressure. Another peak appears at 900 tim a 120-GPa spec- With a long tail extending well up to 3000 crhas shown in
trum. The low-and high-frequency peaks are assigned as the trankig. 6(A). In a 61.6-GPa spectrum, we can scarcely see an
lation lattice modev+ and distortional lattice mode, of the sym-  additional peaKindicated by arrowson the tail around 1600
metrized hydrogen bond phase. A similar spectral change is seen gm™1. This peak, which originates from the molecular
the D,O spectra. The peaks at 750 and 1050 &rim a 141-GPa  gretching vibration, gradually disappears at about 75 GPa
spectrum are assigned as theand vp modes, respectively. The i o)y associated with the disordered-Vii—disordered-X tran-
noises in a region 1800—2409 Charise from incomplete cancel- sition as discussed in the following paragraphs.
lation of the diamond absorption. . . . .
The proton vibrational states in the hydrogen bonding po-
tential changing from a double to single minimum shape
have precisely been calculated on the basis of a quantum-

Absorbance

6(B). Two peaks located at about 750 and 1050 te 141

GPa correspond to those in the 120—GPa spectrum,6f H ) . ) : :
ice. P P 2 mechanical model including proton tunnelitgEach vibra-

The observed spectral changes are well interpreted ifona! energy level of the proton originally localized at one
terms of a phase transition from molecular phase VI to symMinimum will split into a doublet when the midpoint barrier
metric phase X. Symmetric ice X is speculated to possess ®P. Which is depressed continuously to zero by compression,
cuprite CyO structure. Oxygen atoms form a bec lattice with @PProaches and passes through it. An energy splitting hence
hydrogen atoms at the midpoints between the neighboringccurs successively with increasing pressure from a higher
oxygen atoms. The hydrogen atoms hence construct a tetrg@nergy level, for instance, @&,—*E,», E;—*E; and
hedron with one oxygen atom at the center. A vibrationalffinally Ec—*Eqy , whereE,, and *E,, ,, represent the en-
mode analysis has predicted two IR-active lattice modes foergies of the singlet and doublet states, respectively. The
the symmetric ice with a cuprite GD structure: a distor- observed stretching frequencies at low pressures below 20
tional twisting of the tetrahedron of hydrogen atoms around &Pa corresponds to aBy—E; excitation of the proton
resting oxygen atomyp, and a translational motion of oxy- trapped in one minimum, being converted gradually into an
gen and hydrogen atoms in the opposite directign?® The  Ey—* E, excitation just before the VlI—disordered-VII tran-
spectra of HO ice above 101 GPa and,D ice above 124 sition and eventually into afi Eq,—* E; excitation after it.
GPa with two IR absorption peaks alone are exactly in agreefhe stretching frequencies thus calculated fgOHce are
ment with the vibrational mode analysis, providing clear evi-drawn by dotted lines in Fig.(A), showing a decrease with
dence for the transition into symmetric ice X. The high- andpressure to 1600 cnt at about 58 GPa and a slight increase
low-frequency peaks can be assigned asitgealistortional  on further compression.
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The bare stretching frequency is found to trace theordered X with a unimodal proton distribution. The transition
frequency-pressure curve calculated based on a quanturpressures thus estimated are 65—75 and 80—90 GPa,@r H
mechanical model. Although the, 5 stretching frequencies and DO ices, respectively.
observed were perturbed by Fermi resonance, the analysis of Finally, we compare the results of the present IR measure-
the resonanced vibrational states provided the unperturbedent with those obtained by the x-ray diffraction on ice.
frequencies for the pressure range below 40 GPa {@ ide  Powder-diffraction measurements have been made & H
and below 50 GPa for D ice. The bare stretching frequen- ice up to 128 GP&? They showed the presence of the bcc
cies obtained for KD ice are shown to connect continuously sublattice of oxygen atoms for the whole pressure region
and smoothly to a frequency minimum located at 1600tm measured above 2 GPa, indicating that the hydrogen bond
and about 67 GPa very close to the location of the calculatedymmetrization is realized in the bcc lattice at a certain
minimum. The essential feature of the frequency-pressurthreshold pressure. The observed equation of state provided a
curve thus drawn is well in agreement with that theoreticallysignature of phase transition at about 66—70 &Pelpse to
calculated compare the solid line and the dottetilOline in  the disordered-VIl-disordered-X transition pressure of
Fig. 4A)]. A minimum in the frequency is located at 67 GPa 65—75 GPa roughly estimated from the IR spectra. Very re-
just above 58 GPa, where the VIl-disordered-VIl transitioncently a more direct measurement on the proton centering in
takes place. This is also predicted from the calculatfoim.  ice was carried out by single-crystal x-ray-diffraction
the spectra of BO ice, a frequency minimum can be seen atmeasuremerft. The intensity change in diffraction from the
about 80 GPa just above the VII to disordered VII transitionproton sublattice indicated a proton centering at about 60
pressure of 68 GPa as wéFig. 4B)]. GPa again close to those determined by the IR spectra. This

The energy-level calculation leads to a further plausiblechange, however, should be interpreted as a transition from
interpretation of the IR spectra that the disappearance of thghase VIl to phase X without passing through the interme-
1600-cm ! peak of HO ice provides roughly an estimation diate disordered phase VII. Another run of the same single-
for the transition pressure from disordered VII to disorderedcrystal diffraction measurement revealed that the proton cen-
X. An increase in the ground-state splittifidgE,—* E, with  tering occurred at about 40 GPa far below 60 GPa. The IR
pressure, will reduce the population of the first excitationspectra measured around this pressure exhibited clearly the
level at * Ey, and consequently the transition probability as-spectral features due to,8 molecular vibrations, showing
sociated with the*Ey —*E, excitation. The population no evidence for a transition into phase X. The phase identi-
thermally activated to thé E,, state(the initial state of the fication still remains inconclusive between the IR absorption
*E, —*E,; excitation should become small for a suffi- and x-ray-diffraction measurements.
ciently widened* Eq—* E, splitting, which may induce re-
location of the proton to the midpoint of the hydrogen bonds,
that is, a transition into disordered phase X; the calculation
predicted a splitting of 500 cfit or 700 K at the transition This work was conducted under the Core Research for
point® The peak disappearance can therefore be considerdgvolutional Science and TechnologZREST) project sup-
as a signal of a transition from disordered phase VIl to disported by Japan Science and Technology Corpordtl&).
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