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Raman Spectroscopy of Dense H,O and the Transition to Symmetric Hydrogen Bonds
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High-pressure Raman measurements gDhte using synthetic diamond anvils reveal major changes
associated with the transition to the nonmolecular, symmetric hydrogen-bonded state. At 60 GPa the
strongly pressure-dependent O-H symmetric stretching mode disappears, and the translational modes
exhibit frequency and damping anomalies. With further increase in pressure, a single peak appears
and becomes the dominant feature in the spectrum in the megabar range. The band is assigned to the
predicted Raman-active O-O mode of the nonmolecular phase, consistent with the formation of cuprite-
type ice X with static, symmetric hydrogen bonds.

PACS numbers: 63.20.Dj, 63.20.Kr, 77.80.Bh

Recent theoretical and experimental studies of ice havthe results are controversial (see Ref. [17]). The Raman-
uncovered intriguing phenomena in this material at highactive stretching mode in 4@ ice softens until it merges
pressures [1-7]. Of particular interest has been théto the second-order Raman signal from the diamond
pressure-induced transformation to nonmolecular forms, anvils at 25 GPa [18]. Lattice translational and rotational
transition connected with hydrogen-bond symmetrizatiormodes observed to maximum pressures of 62 and 20 GPa,
[8—-11]. It is becoming increasingly clear that quantumrespectively, have been used to determine the boundary
effects play an essential role in governing crucial aspectbetween ice VIl (tetragonal antiferroelectric phase) to
of the system under pressure (e.g., Refs. [1,2,12]); indeedke VII (disordered cubic paraelectric phase) [12,17]. It
the study of ice provides important tests of theoreticahas been reported, however, that no Raman peaks were
treatments of quantum behavior in dense solids in gemnebserved in measurements carried out at higher pressures
eral. Recent infrared (IR) measurements have provide@to 130 GPa; see Ref. [6]). Nevertheless, Raman-active
evidence for the transition from ice VII (or ice VIl at vibrations are expected for the high-pressure phase: a
lower temperature) to a phase with symmetric hydrogersingle Raman-activel,, phonon is predicted for the
bonds (ice “X”) beginning at 60 GPa and stable to at leaspredicted CuO-type structure [18], an observation that
210 GPa [13] (see also Refs. [14,15]). Additional infor-would be considered a clear diagnostic of the phase. In
mation from x-ray diffraction studies includes an increasethis Letter, we present Raman spectra ofCHice to
in intensity of the hydrogen-related reflection (111) over amegabar pressures, which cover the stability fields of ice
wide pressure interval [5] and small changes in the equavll and ice VIII and the transition to higher pressure
tion of state [6,16]. forms. We find new features in the Raman spectra

Major questions now surround the onset and dynamthat can be understood by coupling of the O-H stretch
ics of the transition, the precise crystal structure (or strucvibration to other modes as the soft mode decreases
tures) involved, and the possibility of intermediate phasesin frequency with pressure. With a further increase in
First-principles molecular dynamics simulations [2] are inpressure, a single band emerges that is identified as the
good agreement with the conclusion of the infrared studexpected oxygen vibrational mode @b, symmetry as
ies but predict the existence of an intermediate regimeredicted for the classical cuprite-type structure eOH
characterized by large amplitude proton motion prior to The principal difficulty in high-pressure Raman studies
the formation of the symmetric state (see also Ref. [10])of H,O has been the presence of background lumines-
Calculations based on approximate single-particle doublezence and Raman scattering from diamond anvils, which
well potentials indicate similar behavior, with proton tun- is normally much stronger than the weak Raman signal
neling in the vicinity of the transition which vanishes at from the sample, and pressure gradients due to the shear
higher pressures where the effective potential evolves intstrength of ice (e.g., Ref. [16]). We overcame these prob-
a single-well-type [10,13]. It has also been proposed thaems by use of high-purity synthetic diamond anvils [19]
this change in the underlying effective potential is the acin a confocal optical configuration with a tightly focused
tual transition to ice X, and that “disordered” ice X [1,6] laser that substantially suppresses the luminescence and
or VIl [2,10] appears at intermediate pressures. spurious Raman signals as well as the effects of pres-

In principle, Raman spectroscopy is ideal for addressingure gradients on the spectra [20]. Spectra were recorded
these issues in dense ice. However, owing to the very lowy a single-grating ISA HR-460 spectrometer equipped
scattering cross section of the material at these pressuresith holographic notch filters and a charge-coupled device
such spectra have been extremely difficult to measure an@CCD) detector. Normally, spectra were collected using
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low (300 g/mm grating) and high (1800 g/mm grating)
spectral resolution modes. The first mode was used for
recording very broad (=1000 cm™!) spectral features,
whereas the second (~2 cm™! resolution) provided accu-
rate measurement of the narrow bands, including their line
shapes. Doubly distilled, deionized water was loaded in
modified Mao-Bell diamond-anvil cell. Low-temperature
measurements were performed in liquid He continuous
flow cryostats with quartz infrasil windows, and the pres-
sure was determined from the ruby R; band. Three
separate experiments were performed at 3—128 GPa and
10-300 K. We systematically measured spectra along the
isotherms at 295 and 20—30 K, and along severa quasi-
isobars; we aso made numerous traverses of the VII-VIII
transition line. We also crossed the 60—80 GPa region
several times by increasing and decreasing pressure under
isothermal conditions.

Representative Raman spectraare shownin Fig. 1. The
high-frequency O-H stretching vibrationsin H,O ice VIII
form a triplet (a doublet and a small shoulder), which
has been assigned to v(A1,), v3(E,), and v (B;,) modes
in order of increasing frequency (ice VIII, point group
Dy4;) [18]. Asin Refs. [7,17,18], we observe softening
of these modes with pressure. Despite the merging with
the second-order band from the diamond anvils at 22 GPa,
we were able to track the behavior of these bands by sub-
tracting the signal from the diamond taken as areference at
17 GPa. The high-frequency »(A;,) band has the largest
pressure shift. We find that as this mode decreases in
frequency, the intensities of the other bands (descriptions
given below) are enhanced sequentially from higher to
lower frequency to produce prominent resonances which
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FIG. 1. (a) Representative Raman spectra at 22—65 GPa and
20 K. The points are the experimental data. First- and second-
order Raman signal from diamond anvils is subtracted. The
lines represent the results of the coupled oscillator model (see
text for details). The data in the 1700—2200 cm™! range were
measured with higher resolution and hence have a lower signal-
to-noise ratio. (b) Raman spectra (uncorrected) at 70—128 GPa
and room temperature. The line is a phenomenological fit.

appear and disappear as the pressure increases. Most no-
table, for example, is the enhancement of the 1650 cm™!
band at 38 GPa and the 400 cm™~! band at 51 and 60 GPa
(Fig. 1a).

Measurementsin the low-frequency rangereveal several
important changes. We find a change in the spectrum at
55—-62 GPaat all temperatures. Sharp trandational bands
at 400 and 500 cm™! assigned to the v7. (A1) + vr, (E,)
and v (B1g) + vr, (E,) excitations, respectively, of ice
VIl exhibit only minor frequency shifts at 45—60 GPa;
they soften and broaden just above 60 GPa and then in-
crease in frequency with pressure. Changes are also ob-
served near 60 GPa in a broad band at 700 cm™!, which
appears only at high pressure. At 7 > 100 K the broad
trangational band of ice V1l at 500 cm™!, which correlates
with the »7 (Big) + vr, (E,) band of ice VIII, evolves
into a doublet. These changes near 60 GPa become less
pronounced as temperature increases. the linewidth of the
lowest frequency band of the doublet increases with tem-
perature, and both lower bands tend to increase in fre-
quency (Fig. 2) and become an unresolved doublet at room
temperature. Theintensity of the rotational band gradually
decreases and disappears in approximately the same pres-
sure range. In contrast to these relatively minor changes,
further increase in pressure produces a major ateration
in the Raman spectrum. At 80—90 GPa, a new narrow
band appears (Fig. 1b), while the other excitations appear
toweaken. The frequency of this new excitation increases
with pressure, with little qualitative change in the spectrum
between 100 and 128 GPa (the small increase in linewidth
of the 900 cm™! mode can be explained by increasing pres-
sure gradients). Numerous control experiments have es-
tablished that the peak is associated with the sample and
not stress-induced changes in the diamond Raman [21].
The peak is the dominant Raman band in H,O at these
pressures.

To interpret these spectra, we applied a multiple
coupled oscillator model to the observed Raman modes.
Following a well-known formalism (e.g., Ref. [22]), we
determined the spectra from the imaginary part of the
complex susceptibility for the coupled modes in terms of
the corresponding Green’s function and mode strengths.
The inverse of the frequency-dependent Green’s function
of a single oscillator is G;;'(w) = Q} — w? — iwy;
(where ; is the ith oscillator frequency and vy; is its
damping constant); the inverse Green's function of the
system of coupled oscillators is given by

G ) = 1IG; (@)l + IVEII, (N

where [|G;; || is a matrix having single oscillator inverse
Green’s functions on the diagonal (hondiagonal elements
equal to zero), and ||V,~2j|| is a nondiagonal matrix with
coupling strengths between oscillators i and j (diagona
elements equal to zero). The response of the system of
such coupled oscillators in terms of G(w) from Eq. (1) is
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FIG. 2. Raman frequencies of H,O to 128 GPa. Changes in
intensities and pressure dependences of the lower frequency
modes are observed at 60 and ~80 GPa, as described in
the text. The open squares are measured frequencies at
20 K; black circles correspond to room temperature. The
observed frequency shifts are indicated by the solid lines
(guides to the eye). The low-pressure data (<30 GPa) agree
with previous measurements (e.g., Refs. [7,18]). The ambi-
ent pressure data (dotted open squares) are from Ref. [23];
the high-pressure IR data (dotted-dashed lines) are from
Ref. [13]. The dotted lines are the bare frequencies obtained
from the coupled oscillator model for ice VIII: Qr =
176.8 + 8.06P — 0.06P%; Qp, = 235.7 + 9.13P — 0.05P2;
Qor = 529.6 + 48P;  Qupv = 10619 + 21.3P — 0.15P%;
Qorr = 1360.9 + 14.4P — 0.10P; Q, = 1642 — 0.55P;
QerT/ = 1843 + 3.35P; QZ+T” = 2090 + 1.33P; QZ+R =
2330 + 9.8P; the coupling parameters are Vgy—,,, = 500;
VSM*VTZ = 6001 VSM*VZT = 6001 VSM*VZR// = 5801 VSM*VZR/ =
480; Vsy—vn, = 400; Vspyr—p, 47 = 425, Vspy—p,+10 = 550;
Vsmu—w,+r = 650, where the pressure is in GPa, frequency is
incm™!, and SM denotes the soft mode. The soft mode bare
frequency (dotted circles) is shown with the associated errors;
the dashed line indicates the fitted pressure dependence. In
general, a parabolic dependence of V;; on pressure improves
the fit, additional details of the model will be presented
elsewhere [28]. For mode definitions see Refs. [15,18] (the
assignment of combination bands is tentative). Inset: pressure
dependence of the sguare of the soft mode frequency and
intensity of the single peak in the high-pressure phase (points
and solid line). The dashed line is the extrapolation of the soft
mode given in Ref. [7] based on lower pressure measurements.

given by
I{w) = Im(Z w;Gij(w)a)f,> , (2
ij

where w! denotes the plasma frequency (strength) of the
ith oscillator.

We simulated the observed spectra by a superposition
of the soft mode and a number of oscillators that are either
coupled or uncoupled to it. These bands include defor-

2000

mational (»,), trandational and rotational modes, and their
combinations [15,23]. Fits of the frequency shifts of the
modes at lower pressures were used to probe the coupling
with the soft mode at higher pressures. The parameters
of the model were determined by fitting the simulated to
the measured spectra.  This procedure gave the pressure
dependence of mode parameters (frequencies, strengths,
linewidths, and couplings; e.g., Fig. 2). Very good agree-
ment with experiment is obtained (Fig. 1a). Both the ob-
served intensity increases (e.g., large enhancement of »,
near 1650 cm™!) and asymmetries of the peaks can be ex-
plained by the coupling of the modesto the soft mode [24].

The soft mode itself is not observable above 40 GPa,
but we have been able to constrain its frequency,
linewidth, and strength (Fig. 2) by analyzing its coupling
with other observable modes. To reproduce the spectra
at these pressures the strength of the soft mode must
decrease. Of specia interest is the coupling of the soft
mode to the two low-frequency translational modes and
the 700 cm~! mode at about 60 GPa. This behavior
can be understood by assuming a crossover of these
modes with the overdamped soft mode. If we assume
that near the transition Qgy = A(P. — P)* (a = 1/2
is the critica index, P. is the critica pressure), as
suggested by low-pressure Raman measurements [7],
then we can obtain very good fits over the entire pressure
range. This analysis is in excellent agreement with the
direct observations of the spectrum of the high-pressure
phase. But the most significant result of this study is
the direct observation of the single phonon excitation
which grows in intensity between 80 and 95 GPa and
persists to the maximum pressure (128 GPa). A fit of
the intensity versus pressure gives an onset pressure (P,.)
near 70 GPa (Fig. 2 inset). The new band is identified
as the T, (first-order) O-O vibration as expected for the
Cu, O dtructure, which is consistent with available x-ray
data [26]. Combined with the two IR-active T, modes
(Fig. 2), this completes the identification of the k = 0
vibrational spectrum of ice X.

The phase diagram determined from these measure-
ments is shown in Fig. 3. The VII-VIII boundary, de-
termined from changes in the low-frequency modes, is
in good agreement with the Raman studies reported in
Refs. [7,17]. The pressure at which the 75, mode ap-
pears is comparable to that estimated from the extrapo-
lation of the high-frequency O-H Raman mode from low
pressure, providing further support for the soft-mode char-
acter of thetransition. Comparison of the low-temperature
Raman data for the ice VII-VIII line (where the sharp
low-frequency bands disappear) with the room- [15] and
liquid-nitrogen- [13] temperature IR studies (as well as
with the pressure of the possible compressibility changes
from x-ray measurements [6]) suggests a possible triple
point. However, the changes in the Raman spectra mea
sured as afunction of temperature near 60 GPa(Fig. 3) can
also occur as a result of mode coupling, so the existence
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FIG. 3. Phase diagram of H,O. Solid circles, this work; open
squares [17]; closed diamond, IR [13,15]; open triangle, x ray
[6,16]. The crosses denote the points where changes in the
low-frequency modes are observed, and the grey area indicates
the transition region between the low- and high-pressure phases
(see text).

of a well-defined (vertical) phase line at this pressure re-
mains to be established; understanding this transition re-
gion above 60 GPa thus requires further study. With
increase in pressure within the high-pressure phase, quan-
tum proton motion becomes suppressed as a result of the
reduction of the barrier in the origina double-well effec-
tive potential, giving rise to a single well-type potential.
At this point (e.g., >100 GPa), the Raman spectra obey
momentum conservation rules and symmetry restrictions
to produce one first-order excitation in the classical high-
pressure structure [9,13,27].
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