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Nature of the Polyamorphic Transition in Ice under Pressure
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We present a neutron diffraction study of the transition between low-density and high-density
amorphous ice (LDA and HDA, respectively) under pressure at ~0.3 GPa, at 130 K. All the intermediate
diffraction patterns can be accurately decomposed into a linear combination of the patterns of pure LDA
and HDA. This progressive transformation of one distinct phase to another, with phase coexistence at
constant pressure and temperature, gives direct evidence of a classical first-order transition. /n situ Raman
measurements and visual observation of the reverse transition strongly support these conclusions, which
have implications for models of water and the proposed second critical point in the undercooled region of

liquid water.
DOI: 10.1103/PhysRevLett.94.025506

Water exists at low temperatures in two amorphous
forms, low- and high-density amorphous ice (LDA and
HDA). LDA can be transformed into HDA at pressures
of ~0.6 GPaat 77 K [1] and ~0.3 GPa at 130 K [2]; and,
at 130 K, HDA can be transformed back to LDA at
~0.05 GPa [2]. The transition appears abrupt in volumet-
ric measurements and, as noted, is reversible with hystere-
sis at 130 K. On this basis it was interpreted as a classical,
first-order transition between two distinct phases [1,2].
This conclusion is important for our understanding of
amorphous ice in relation to liquid water and, conse-
quently, for models which were introduced to explain the
unusual thermodynamic properties of water [3]. Some
simulations suggest that LDA and HDA are essentially
the glassy forms of high- and low-density water which
appear as separate phases below a second critical point
C' (see Fig. 1), located in the undercooled region of the
liquid [3.4]. The existence of such a critical point is con-
troversial, and other calculations indicate that HDA is a
“mechanically collapsed” ice 1A [5], not related to the
liquid. In either case, the understanding of the nature of
the transition between LDA and HDA is crucial in the
current water debate and continues to be disputed [6—9].

The matter remained uncertain in the absence of any
microscopic characterization of the sample through the
transition. Mishima et al. have observed a sharp boundary
in LDA compressed in an ungasketed diamond anvil cell
[10] which they identified on the basis of Raman spectra as
the LDA to HDA transition. But the pressure gradients
inherent in this experiment meant that the possibility of a
continuous transition could not be ruled out. In view of the
experimental difficulty of in situ characterization, all sub-
sequent attempts to clarify the detailed nature of the tran-
sition have instead been carried out on samples recovered
to ambient pressure, where the (irreversible) conversion of
HDA to LDA occurs at ~105-115 K over a time scale of
minutes to hours. From such experiments two conflicting
views have recently emerged. Neutron and x-ray diffrac-
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tion measurements by Tulk et al. [6] and Guthrie et al. [7]
have been interpreted as showing a continuous structural
relaxation of HDA to LDA with intermediate states that
cannot be understood as mixtures of the two pure phases.
Such a conclusion appears inconsistent with the existence
of a second critical point [3,4,11]. In contrast, new work by
Mishima et al. [8] based on Raman scattering and visual
observation concludes that the ambient-pressure transition
is indeed discontinuous, with nucleation and phase coex-
istence. And in subsequent neutron diffraction studies very
similar to those in Refs. [6,7], Koza et al. [9] have come to
the conclusion that the data can indeed be interpreted as a
phase mixture, provided the correct end members are
chosen, i.e., annealed HDA and LDA. But all these studies
have the common drawback that their significance for the
current water debate is limited since they do not probe the
equilibrium phase boundary between LDA and HDA, esti-
mated to be at ~0.2 GPa [2,12]. Instead they probe the
kinetically activated irreversible conversion of HDA out-
side its P-T range of stability, in a temperature range (105—
115 K) where HDA also changes significantly through
annealing processes. A structural characterization under
in situ conditions is required.

In this Letter we report neutron diffraction studies
which, unlike all previous studies since Ref. [2], are carried
out as a function of pressure, at a relatively high tempera-
ture of 130 K (Fig. 1), where the transition is reversible [2]
and not obscured by relaxation phenomena. We also report
in situ Raman measurements and visual observations under
the same conditions. In contrast to previous studies at
atmospheric pressure and variable temperature, the experi-
ments reported here are able to probe the LDA-HDA phase
boundary [1,2] with both phases in equilibrium.

The experiments were carried out at the PEARL station
of the ISIS Facility of the Rutherford Appleton Laboratory
at Chilton, U.K., using the Paris-Edinburgh press [13,14].
Approximately 100 mm?® of water (D,0, 99.96%) were
loaded into the cell, cooled to 100 K to give ice 14, and
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FIG. 1. Main figure (adapted from Refs. [2—4]). Phase dia-

gram of water at low temperatures indicating schematically the
equilibrium LDA-HDA phase boundary estimated to be at
~0.2 GPa in the absence of hysteresis [2,12], which may ter-
minate in the hypothesized second critical point C'. The open
diamond indicates the temperature range in which the thermally
activated transformation of HDA to LDA occurs in warming
HDA samples at ambient pressure [6—9], and the two arrows
mark the paths of our neutron and Raman measurements. The
recrystallization zone of amorphous ice is shown by the hatched
area. Inset: The phase transition at 130 K in terms of sample
volume with increasing pressure, as found by Mishima et al. [2].
The circles marked (a)—(f) approximately locate the conditions
where patterns (a)—(f) of Fig. 2 were taken.

compressed at this temperature to ~1.5 GPa to produce
pure HDA. The sample was then decompressed to atmos-
pheric pressure and heated to 130 K where it transformed
to pure LDA. Diffraction data were collected at 130 K as
the sample volume was successively decreased (the pa-
rameter that is directly controlled in our experiments is the
volume of the sample rather than the pressure). The pat-
terns were corrected for the wavelength-dependent attenu-
ation of the sintered diamond anvils [15].

Figure 2 shows diffraction patterns from the initial LDA,
four intermediate volumes through the transition, and the
final HDA. The shift of the main diffraction feature at 3.7 A
shows that LDA compresses detectably between 0 GPa and
the start of the transition [patterns (a) and (b)]. On further
reduction of volume, the positions of the main features at
3.7 A (LDA) and 3.05 A (HDA) then remain essentially
constant while their intensities reverse through the transi-
tion [patterns (b)—(e)]. Finally, HDA compresses after
completion of the transition [patterns (e) and (f)], with
the pressure dependence observed on pure samples of
HDA [13]. Although it is not possible in our experiment

to determine the absolute value of the pressure through an
independent pressure marker, it can be estimated from
known pressure-load curves and from the position of the
main HDA peak. The peak positions in patterns (b)—(e) are
consistent with the transformation of LDA to HDA at a
constant pressure of ~0.3 GPa through the transition, as
determined in Ref. [2] at 130 K.

To investigate the changes through the transition further,
the diffraction patterns of pure HDA and LDA were first
parametrized by fitting with a convenient function—a
superposition of Gaussians—as shown in Fig. 2, to give
I; as a fit to the LDA pattern and Iy as a fit to the HDA
pattern. The inset to Fig. 2 shows that the main peaks are
significantly different in shape and width, as well as in
position in d spacing (or Q). The intermediate diffraction
patterns [(b) to (e)] were then fitted with a superposition of
these two forms:

I(d) = I (d/r) + (n — DIy(d/ry). (D

where the only fitting parameters are the phase fraction of
the two forms (7)) and two peak-shift parameters (r; and
ry) which take account of the fact that the pure forms in (a)
and (f) are at slightly different pressures from those in
mixed-phase patterns. As shown by the fits, patterns (b) to
(e) can all be exactly decomposed into a mixture of pure
HDA and LDA, and the peak-shift parameter for HDA
remains constant throughout, confirming that the transition
to HDA occurs at a constant pressure. There is a slight
change in the LDA peak position from panels (b) to (e),
attributable to (small) initial pressure gradients being re-
duced to zero as the LDA is all progressively compressed
up to the transition pressure—causing a small shift in the
average pressure of the LDA component.

These results are all characteristic of a transformation of
one homogeneous phase to another through a discontinu-
ous transition, with phase coexistence at a constant pres-
sure and temperature. Any other interpretation is extremely
implausible: the initial LDA and final HDA are unambig-
uous in our data, and a continuous transition would require
all the intermediate states of the sample to give patterns
accidentally identical to linear combinations of these initial
and final forms, over a wide Q range and over a density
change of ~20%, and to high precision.

The microscopic behavior of our sample through the
abrupt volume change [1,2] is clearly as expected for a
first-order transition, and it would be desirable to demon-
strate the same for the reverse transition from HDA to
LDA. However, this occurs at a low pressure of
~0.06 GPa [2] where it is difficult to control the pressure
cell used for our neutron diffraction studies. Instead, the
coexistence of the two different amorphous phases during
the reverse transformation was confirmed by complemen-
tary in situ Raman and visual observations at the same
temperature as the neutron measurements. HDA was ob-
tained by compressing ice H,O phase 14 at 80 K to 2.2 GPa

025506-2



PRL 94, 025506 (2005)

PHYSICAL REVIEW LETTERS

week ending
21 JANUARY 2005

in a membrane diamond anvil cell. The temperature was
then increased to 130 K, and measurements were taken
with decreasing pressure at this temperature. The pressure
was measured using the ruby fluorescence scale (corrected
for the temperature shift) and the Raman spectra were
recorded using a DILOR XY triple monochromator with
an Ar-ion laser operated at a wavelength of 514.5 nm. A
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FIG. 2. Neutron diffraction patterns taken as LDA (n = 1;
top) transforms to HDA (7 = 0; bottom) under reducing sample
volume at 130 K. The acquisition time was ~2 h for each data
set. The lines through the data (circles) of patterns (a) and (f) are
parametrizations of the pure LDA and HDA patterns, respec-
tively. These are shown together without the measured data in
the inset. The scales on the inset are Q (A7) (top) and d (AD;)
(bottom). The “intermediate’’ samples [patterns (b)—(e), 0 <
n < 1] can be fitted (line) to a linear combination of the pure
LDA and HDA patterns at a constant pressure, as explained in
the text. Difference curves are given below each pattern. The
asterisk in panel (f) marks a peak from a small amount of
untransformed ice 1% that is equally present in all the patterns
within statistics and was excluded from the fits.

beam size of less than ~5 um allowed spectra to be
collected with high spatial resolution at various points of
the sample chamber of ~270 wm diameter. Different val-
ues of the laser power were found to have no influence on
the spectra. Above 0.3 GPa the sample appeared homoge-
neous, from both visual appearance and Raman spectra
taken at different locations inside the gasket hole (Fig. 3).
The Raman spectrum of the O-H stretching band with two
broad features centered at ~3140 and 3400 A identifies
HDA, by comparison with published data at ambient [8]
and high pressure [16]. On decreasing the pressure well
below 0.3 GPa, irregular dark lines appeared across the
whole sample and became sharper and broader over a time
scale of an hour. A scan (Fig. 3) shows a strong increase in
the intensity of the feature located at 3140 A when the laser
probes the middle of a line, and this is characteristic of pure
LDA [8,17], by comparison with known LDA spectra at
ambient pressure [18]. Crystalline phases can be excluded,
since their spectra in this frequency region have sharp
features and their intensities are significantly different [17].

This first in situ diffraction and optical study of the
LDA-HDA transition resolves the conflicting conclusions
from various recent experiments on the thermally activated
transition at ambient pressure [6—9]. Our results provide
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FIG. 3. Microphotographs and corresponding Raman spectra
showing the appearance of a phase mixture of HDA and LDA at
130 K as a function of decreasing pressure, in a diamond anvil
cell. Upper left: pure HDA at 1.0 GPa; below: LDA (dark lines)
and HDA (bright background) at ~0.1 GPa. Upper right: Raman
spectra taken from pure HDA at 1.0 GPa and from a dark line
(LDA) at ~0.1 GPa. Lower: sequence of Raman spectra taken
along the black line (crossing a dark line of LDA) indicated in
the ~0.1 GPa picture.
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compelling direct evidence for a discontinuous transition
between two distinct amorphous forms [19], as first sug-
gested from volumetric measurements [1,2]. The disputed
structural changes reported in HDA at ambient pressure on
warming towards the transformation [6,7,9] are likely to
arise from a progressive annealing of HDA rather than the
formation of distinct, stable states intermediate between
HDA and LDA [8]. In any case, as said, this ambient-
pressure behavior is not directly relevant to the key issue
of a possible second critical point.

Although the first-order character of the in situ trans-
formation is beyond reasonable doubt from our findings,
they cannot prove the existence of a second critical point,
since they are confined to the solid region of amorphous
water. However, the results clearly show experimental
behavior that tends to support this intriguing possibility.
Phase separation below a critical point in undercooled
liquid water is predicted by widely used water potentials,
such as ST2 [4], TIP4P [11], and TIPSP [20]. More recent
work even indicates the possibility of multiple liquid-
liquid transitions in ST2 water [21]. In these scenarios
the liquid-liquid transition line naturally extends to low
temperatures to meet the LDA-HDA transition line, which
would produce a behavior as seen in our experiments. In
contrast, singularity-free models, such as in Refs. [22-24],
are difficult to reconcile with our results, since these mod-
els predict a continuous transition. Our structural data thus
constrain any water model that aims for a comprehensive
understanding of both liquid and solid (amorphous) forms,
and provide a basis for further theoretical studies of the
behavior of water at low temperatures. The contrast be-
tween the clarity of the behavior under pressure at 130 K
and the uncertain conclusions to be drawn from the
ambient-pressure studies at lower temperatures indicates
that further studies need to be conducted under in situ
conditions at temperatures high enough to overcome an-
nealing effects.

It is interesting to note that our diffraction and Raman
data were collected at a temperature (130 K) close to the
reported glass transition temperature (T,) of LDA, of
hyperquenched and vapor deposited water [25], and of
HDA, i.e., 129-140 K [26] at 0 GPa, and only a little
below an estimated 7, of 150 K for HDA at 0.3 GPa
[26]. But the effective 7\, in our experiments would be
lower than these estimates, because the time scale of the
neutron and Raman measurements is 10* s, which is 2
orders of magnitude longer than the time scale normally
used to define T, [27]. Thus, there is a possibility that our
measurements may in fact probe the domain of ‘“‘ultra-
viscous water” [3].
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