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We prepared bulk samples of supercooled liquid water under pressure by isochoric heating of high-

density amorphous ice to temperatures of 205 ± 10 kelvin, using an infrared femtosecond laser. Because

the sample density is preserved during the ultrafast heating, we could estimate an initial internal

pressure of 2.5 to 3.5 kilobar in the high-density liquid phase. After heating, the sample expanded

rapidly, and we captured the resulting decompression process with femtosecond x-ray laser pulses at

different pump-probe delay times. A discontinuous structural change occurred in which low-density

liquid domains appeared and grew on time scales between 20 nanoseconds to 3 microseconds, whereas

crystallization occurs on time scales of 3 to 50 microseconds. The dynamics of the two processes

being separated by more than one order of magnitude provides support for a liquid-liquid transition

in bulk supercooled water.

T
he discovery of the apparent divergence
of isothermal compressibility (1) and heat
capacity (CP) (2) as water is supercooled
has inspired many theoretical scenarios
to explain the origin of this anomalous

behavior (3–5). One popular hypothesis pro-
poses the existence of a liquid-liquid transition
(LLT) in supercooled water between high-
density liquid (HDL) and low-density liquid
(LDL), terminating at a liquid-liquid critical
point (LLCP) at positive pressures (3, 6). The
anomalous behavior of water in this hypoth-
esis is attributed to fluctuations emanating
from theLLCP. Recently, the structure of super-
cooledwater was found to change continuously
upon cooling at 1 bar down to 227 K (7, 8),
indicating one-phase behavior without an LLT
at ambient pressure. Therefore, the experi-
mental results imply that if the LLT indeed
exists, the associated LLCP must be located
at pressure (P) > 1 bar (3). Rapid ice formation
in conditions at which the LLT has been pro-
posed has restricted studies of pure bulkwater
to computer simulations, with some models
exhibiting an LLT and others not (6, 9–16).
Although measurements on amorphous ice

and ultraviscous supercooled water at tem-
peratures in the range of 115 to 150 K (17–19)
are consistent with a LLT, it has been argued
that these observations are not related to real
liquid states (20–22) and cannot be directly
connected to the two proposed liquid phases
at higher temperatures.
An LLT has previously been detected in

phosphorus, where the structure factor in x-ray
scattering showed a discontinuous change
with varying pressure (23). Also, in interfacial
ice, a nonequilibrium phase transition was
observed as a discontinuous change and co-
existence of peaks in diffraction experiments
(24). On the basis of neutron-scattering exper-
iments of water, it has been proposed that dis-
tinct HDL and LDL phases may be identified
by their well-defined peak positions in the
structure factor (25). In particular, the position
of the first peak in the O–O scattering is
strongly sensitive to the existence of tetrahe-
dral structures (LDL) or interstitial molecules
between the first and second shells (HDL)
(25–27). Hence, the most direct way to detect
an LLT in supercooled water may be to follow
the liquid structure with x-ray or neutron scat-
tering and observe whether the scattering
peaks undergo a discontinuous change like
in phosphorus and interfacial ice, but with
positions as predicted from the neutron-
scattering results for water. The challenge is to
conduct such an experiment at different pres-
sures and on a time scale short enough so that
the LLT may be observed before ice crystalli-
zation occurs.
Recent experimental approaches have al-

lowed access to deeply supercooled water
under conditions inwhich ice crystallization is
rapid—for example, fast cooling of micrometer-
sized droplets and ultrafast probing with an
x-ray laser (7, 8) as well as nanosecond heat-

ing of thin ice films into the liquid state (28).
However, these studies have been limited to
atmospheric pressure (1 bar) rather than the
high-pressure conditions of the proposed LLT.
In order to avoid crystallization, and given
that the presence of ions has a similar effect
as that of pressure on water, another recent
approach has been to use highly concentrated
supercooled aqueous solutions, which gives
results indicating the existence of an LLT
(29). However, it is unclear whether these re-
sults can be connected to an LLT in pure bulk
supercooled water under conditions in which
fast ice crystallization occurs.
We used a new compression-decompression

procedure carried out on ultrafast time scales,
where the initial pressure increase was im-
posed by laser-pulse–induced heating. When
the time scale of the laser-induced energy re-
lease is much shorter than the time for sound
to travel through the sample [valid with heat-
ing time scales of <0.1 ns for a >0.1-mm-thick
water film (30)], the heating is isochoric, and
the pressure inside the sample increases con-
siderably. After the ultrafast laser pulse ends,
the sample expands rapidly as the internal
pressure decreases toward that of the sur-
roundings. However, if the liquid dynamics
are fast enough to relax the sample on a time
scale shorter than the time for expansion,
quasi-equilibrium behavior will be observed
during the decompression process. We probed
the system with x-ray scattering at different
time delays during the decompression and
observed a sudden change in the structure
factor, which is indicative of a discontinuous
LLT. We also detected ice crystallization oc-
curring at longer time scales, confirming that
the LLT is metastable and distinct from the
liquid-ice transition.
Wemounted high-density amorphous (HDA)

ice samples in a cryostat inside a vacuum
chamber to allow for pump-probe measure-
ments in a transmission geometry, using in-
frared and x-ray lasers (Fig. 1A). Our samples
were prepared ex situ under pressure and
quenched-recovered at 78 K, at which the
temperature was low enough to kinetically
arrest the sample. The chosen samples in the
measurement had a thickness of either 35 to
55 mmor 15 to 25 mm. They were then pumped
by a 100-fs, 2-mm-wavelength infrared (IR)
pulse, which excited a combination of O–H
stretch and H–O–H bending modes that rap-
idly decayed into heat (31), and increased the
temperature on a time scale of ≈20 ps (32).
Excitations of the electron system may also be
possible because our laser fluence (6.5 J/cm2)
was above the threshold known for nonlinear
optical breakdown (33, 34). However, no notice-
able higher order behavior was observed in
our experimental data, indicating that there
is not a prominent contribution from a non-
linear process (35).
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A 2-mm IR pulse can superheat ice and
partially melt it within 10 ns (36), and such
partial melting was achieved with the current
setup for a 100-mm-thick hexagonal ice (Ih)
sample (Fig. 1B) (35). When we applied equiv-
alent heating to our HDA samples (<55 mm
thick), the temperature increased from 115 to
~205 ± 10 K, as estimated from temperature-
induced shifts in the Bragg reflections after
crystallization occurred (35). We could esti-
mate the pressure of the sample immediately
after the IR was applied by using existing ex-
perimental data for liquid water. The density
of HDA is known to be in the range of 1.13 to
1.16 ± 0.02 g/cm3 (37), and isochoric heating
maintained the density initially after the IR
pump. From pressure-dependent measure-
ments of density and temperature of super-
cooled water (38, 39), we derived that the
pressure after the IR pulse was between
2.5 and 3.5 kbar.

After the IR pulse was applied, spontaneous
decompression began, during which the tem-
perature remained approximately constant
until cooling through heat conduction be-
came essential after ~100 ms (35). This iso-
thermal decompression carried the sample
downward in pressure, and we probed the
samples with intense <50-fs hard x-ray pulses
of 9.7 keV at various time delays (8.4 ns to
1 ms) with respect to the IR pulse. Scatter-
ing patterns were recorded from individual
x-ray shots on a large two-dimensional (2D)
detector. For each time delay, 20 images were
summed together, for which each image was
measured with an x-ray shot taken at a fresh
sample position.
In Fig. 1, C to F, we show predictions for

the structure factor S(q) as a function of mo-
mentum transfer q during decompression
in four hypothetical scenarios: (i) Shown in Fig.
1C, direct crystallization to the high-pressure

phase ice IX or Ih occurred immediately after
the IR pulse was applied, because these are
the underlying stable crystal phases. (ii) Shown
in Fig. 1D, we assumed that only a single liquid
phase existed that first appeared and then
directly transformed into ice Ih or stacking
disordered ice (Isd) as the liquid decompressed
(10). (iii) Shown in Fig. 1E, a continuous cross-
over from HDL to LDL occurred during de-
compression before crystallization (4). (iv)
Shown in Fig. 1F, there was a discontinuous
LLT from HDL to LDL before crystalliza-
tion (3).
In cases (i) and (ii), we expected to see Bragg

peaks in S(q) caused by crystallization before
any indication of the LDL structure. In case
(iii), the first peak of S(q) would shift smoothly
with q upon decompression, similar to varia-
tions observed with pressure for 300 K water
(40) or with temperature for 1 bar water (8, 41).
Last, in case (iv), for which there would be a
discontinuous LLT involving distinct macro-
scopic phases, the HDL peak in S(q) would re-
main at fixed q, and a new peak would appear
and remain fixed at a different q (that of LDL)
during decompression (18, 42), similar to the
previously observed LLT in phosporous (23).
The x-ray scattering intensity of the 35- to

55-mm-thick HDA samples is shown in Fig. 2A
at various time delays after the IR pulse. The
peak position before the IR pulse was at q =
2.15 Å−1, which is consistent with recent studies
of HDA (18, 27). At 8.4 ns after the IR pulse
was applied, the samples had undergone heat-
ing, and we observed that the peak position
remained constant and near to that of liquid
water at 300 K and pressures of 2 to 3 kbar
(40). After 16.8 ns, a shoulder appeared at q =
1.7 Å−1

—a similar q position to that of LDA and
LDL (25, 27). This peak grew in intensity as
decompression continued, up to a time delay
of 3 ms. At longer time delays (3 ms to 1 ms), we
observed the development of Bragg peaks corre-
sponding to Isd that increased over time. At the
final time delay measured (1 ms), all samples
had converted into ice.
Selected time delays of thinner samples

(15 to 25 mm thickness) where the amount of
HDL conversion to LDL was enhanced in com-
parison with the thicker ones are shown in Fig.
2B. After 1 ms, there is almost a 1:1 ratio of the
two components. This enhancement was con-
sistent with thinner samples having a more
uniform heating than that of thicker samples,
where the IR light is absorbed more at the
front than at the back surface, leading to a
larger temperature gradient (35). The two ob-
served interconverting phases have q positions
near HDL and LDL, as previously estimated
from the extrapolation of temperature- and
pressure-dependent neutron-scattering data
of water at higher temperatures (25).
The scenarios in Fig. 1, D to F, can be ap-

plicable only if the sample after the IR pulse
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Fig. 1. Experimental set-up and different possible outcomes of the experiment. (A) Schematic of the
experimental setup, with a sample holder containing a Cu-grid where amorphous ice samples are mounted,
pump-probe scheme with IR and x-ray laser pulses, and a 2D detector for x-ray scattering measurements.
(B) Laser-induced melting of ice Ih from a 170 K base temperature. The difference between the 8.4-ns
delay and the unpumped sample omits regions where intense Bragg peaks lie. The difference data are compared
with previously measured water scattering at 284.5 K (41). The difference is multiplied by a factor of 3 for
clarity. (C to F) Four different hypotheses for the potential scenarios during the pump-probe experiment.
At low temperatures, the equilibrium phase boundary between LDA and HDA is depicted. The original
pressure of HDA is estimated from its preparation by pressure annealing and assuming constant sample
density (35). The small sketches on top of the figures illustrate the evolution of the structure factor
S(q) probed with x-ray pulses along the blue arrow in the phase diagram. (C) HDA crystallizes immediately
after exposure to the IR pump pulse (red arrow), resulting in Bragg-reflections in S(q). (D) HDA transforms
into supercooled water, followed by crystallization, resulting in Bragg peaks but at longer delay times.
(E) Transformation into supercooled water, followed by a continuous transition from HDL to LDL, during
which the first diffraction maximum in S(q) is expected to shift continuously to lower-momentum transfers
q. (F) S(q) develops a second maximum at q = 1.7 Å−1 as LDL forms, which coexists with the maximum at
q = 2.1 Å−1 associated with HDL, which is consistent with a first-order phase transition between HDL and
LDL as proposed by the LLT scenario.
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was a liquid, rather than an amorphous solid,
and remained liquid during the decompres-
sion process. Much evidence supports this in-
terpretation. Immediately after the IR pulse,
the sample was driven to a point in the phase
diagram lying above the homogeneous ice nu-
cleation temperature (TH), conditions that are

consistent with relatively fast liquid-like dif-
fusion. In this region, water has been observed
as a metastable liquid on a time scale of min-
utes before transforming to high-pressure crys-
talline ice phases (43). We observed no Bragg
peaks corresponding to such crystalline ice
phases at any delay times up to 1 ms, which

is consistent with the sample being in a meta-
stable liquid state above TH.
To understand the immediate appearance

of liquid-like diffusion after the IR-pulse heat-
ing of HDA, we used molecular dynamic sim-
ulations of the ST2 water model. There was a
temperature offset of 25 K, meaning that the
experimental temperature of 205K corresponds
to ~230 K in ST2 water (35). The mean-square
displacement (MSD) of ST2 molecules are
shown in Fig. 3A as function of time after
rapid heating (at 3000 K/ns) of HDA. Starting
at 80 K, HDA was heated to one of three dif-
ferent final temperatures in the range from
200 to 250 K and was then held constant. If
there were a delay for the sample to enter
the liquid state, the MSD would be initially
constant and then increase linearly after
the delay.
In our simulations, we saw that the MSD

immediately increased linearly with time, as
expected for a diffusing liquid. From these re-
sults, we can state that within 20 ps, after fast
heating from HDA, a liquid state was ob-
tained. This process was much faster than the
partial melting of ice Ih by our IR pulse, which
took ~10 ns (Fig. 1B). However, crystalmelting,
a transition between phases with qualitatively
different structures, is an activated process
that requires crossing a free-energy barrier.
Our experimental HDA samples were held
for 0.5 to 5 hours at 115 K, near the glass tran-
sition temperature of HDA (18, 37), so before
heating, they were already in an ultraviscous
liquid state. The samples encountered no free-
energy barrier on heating from 115 to 205 K,
which is consistent with HDA and HDL being
structurally closely related, and as a result, the
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A B

Fig. 2. Wde-angle x-ray scattering following the LLT from HDL to LDL. (A) Experimental x-ray
scattering intensities, I(q), of HDA samples of thickness 35 to 55 mm measured before (gray dashed line)
and after (black solid line) the laser excitation. Data obtained at IR pump/x-ray probe delay times of
–8.4 ns to 1 ms are shown. The contributions from HDL, LDL, and crystalline ice are indicated as gray, red,
and blue shaded areas, respectively. (B) I(q) curves of thinner HDA samples (15 to 25 mm thickness)
after the laser excitation.

0 1 2 3 4 5
0.9

1.0

1.1

1.2

1.3

0.1 1 10

0.01

0.1

1

10

100

0.9 1.0 1.1 1.2

1

10

100

 T = 210 K

 T = 220 K

 T = 230 K

 T = 240 K

Time (ns)

M
S
D
 (
n
m

2
)

A

Density (g/cm3)

t 1
(n
s
)

B

T = 200 K

T = 230 K

T = 250 K

Pressure (kbar)

D
e
n
s
it
y
 (
g
/c
m

3
)

C

T = 200 K

T = 230 K

T = 250 K

Fig. 3. Molecular dynamics simulation. (A) MSD of water molecules as a
function of time during annealing of ultrafast heated HDA at T = 200 (blue),
230 (black), and 250 K (red) and at density 1.30 g/cm3. At T = 230 K, all trajectories
crystallize to a high-pressure ice form after tx = 3 to 20 ns, and hence, the
corresponding MSD(t) becomes constant at t > tx. Some trajectories crystallize at
T = 250 K as well, but no crystallization occurs at T = 200 K (within 30 ns).
(B) Relaxation time, t1, of liquid water as a function of density for several isotherms

at 210 (blue), 220 (green), 230 (black), and 240 K (red). We computed t1 using
t1 = (1 nm2)/(6D), where D is the diffusion coefficient. Open symbols correspond
to homogenous liquid systems that are either pure HDL or pure LDL, and solid
symbols correspond to systems that have phase-separated into a mixture of
coexisting HDL and LDL regions. (C) Density as a function of pressure during
the decompression of ultrafast heated HDA at T = 200 (blue), 230 (black), and
250 K (red). The decompression rate is 3 kbar/ns.
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onset of fast diffusion was immediate (44),
as confirmed by our simulations when heated
from the amorphous state starting from either
80 K or 115 K.
The diffusion coefficient D for liquid water

at 205 K and 3 kbar can be interpolated from
experimental data (45), from which we ob-
tained D = 2 × 10−11 m2/s. To convert D to a
characteristic time for liquid-like diffusion,
we define t1 = (1 nm2)/6D, where t1 is the
average time required for the MSD to reach
1 nm2, which is equivalent to diffusion of over
three times the diameter of a water molecule.
We found that immediately after the IR pulse,
t1 was 8 ns. For the ST2 model, when the sys-
tem had a temperature in the range from 220
to 240 K and a density of 1.2 g/cm3, the time t1
was between 0.5 and 2 ns (Fig. 3B), which is
consistent with the time scale found experi-
mentally and confirms the temperature off-
set of ST2 water. Even after our shortest delay
time (8.4 ns), the sample produced by the IR
pulse had ample time to access the liquid state
of HDL.
The time scale for liquid-like relaxation in

the low-density regions that formed in our
samples during decompression could be es-
timated in several ways. Previous measure-
ments in thin layers of LDL water at 1 bar
and 205 K found D = 2 × 10−13 m2/s (28),
corresponding to t1 = 800 ns, a factor of
about 100 times longer than the HDL formed
after the IR pulse. Consistent with this factor,
for ST2 water, we found that t1 increased by a
factor of ~50 as the system converted from
pure HDL to pure LDL (Fig. 3B). Also, exper-
imental crystallization times on the order of
milliseconds were observed for an LDL liquid
at 160 K obtained after fast decompression of
high-pressure crystalline ice VIII (46) and
could be modeled by using liquid-like diffu-
sion. At 205 K, we observed crystallization
on a time scale of 10 ms, indicating an LDL
state with much greater molecular mobility
than at 160 K. Furthermore, at T > 200 K, the
density varied almost instantaneously in the
ST2model during fast decompression (Fig. 3C),
which is in agreement with our observation
that the transformation rate in the experiment
was limited only by the speed of sound in the
sample (35).
Both experiments and simulations indicated

that a liquid-like equilibrium was established
at 205K in LDLwithin a time that is a factor of
50 to 100 times longer than for HDL. Because
liquid-like equilibrium was established in HDL
at 205 K within several nanoseconds, we can
access equilibrium LDL within a few hundred
nanoseconds. On this basis, the distinct high-
and low-density phases observed on a submi-
crosecond time scale (Fig. 2) can be interpreted
as quasi-equilibrated liquid phases. There is no
immediate conversion to ice upon heating the
sample, nor a continuous liquid-state conver-

sion, as would be expected from the scenarios
depicted in Fig. 1, C to E. The formation of
crystalline ice would occur on time scales
more than one order of magnitude longer
than the conversion to LDL. It follows that our
experimental data can only be quantitatively
fit with the scenario shown in Fig. 1F (35),
which shows the same discontinuous behav-
ior in the x-ray scattering intensity as in the
LLT of phosphorus (23).
To better characterize the progression of the

LLT, we used scattering differences from the
35- to 55-mm-thick samples to estimate the frac-
tional population of each phase in the sample
as a function of the time delay (Fig. 4A) (35).
We observed a small fraction of LDL at 16.8 ns
that reached a maximum of ~40% of the
total scattering intensity at 3 ms that was ac-
companied by a corresponding decrease in
the HDL fraction. At 3 ms, crystalline ice ap-
peared and became dominant at later times.
The shape of the LDL scattering peak was not
consistent with any substantial contribu-
tions of small nanocrystals of Isd when LDL
first appeared (35). The formation of crystal-
line ice occurred on a time scale more than
one order of magnitude longer than the con-
version of HDL to LDL, demonstrating that
the LLT, although a metastable phase tran-
sition, was a distinct process from the liquid-
to-ice transition.
Because of the dynamic nature of the de-

compression process, we expected that the con-
version of HDL to LDL occurred in the region
of the phase diagram between the equilibrium
HDL-LDL coexistence line and the metastab-
ility limit (or spinodal) of the HDL phase. In

this region, the transition should manifest it-
self at short times as localized LDL fluctua-
tions, followed by nucleation and growth of
LDL domains as the decompression proceeds
(47). Small LDL fluctuations were evident in
Fig. 4B, which shows the small-angle x-ray
scattering (SAXS) intensity in the range from
0.1 to 0.3 Å−1 as a function of the time delay.
Therewas a SAXS enhancement at short times
peaking between 50 and 100 ns. The estimated
correlation length, obtained by fitting the SAXS
curves, peaks at 10 to 20 Å in the same time
interval (35).
LDL fluctuations of this size appearingwith-

in the HDL phase would result in some con-
tribution of scattering between atom pairs
being in both LDL and HDL and would cause
interference in the scattering process and af-
fect the LDL peak position in q-space. Such
interference has been observed in the conver-
sion of unannealed HDA (uHDA), in contrast
to expanded HDA (eHDA) (18). At early time
delays, we observed such a shift (35), indi-
cating that interference did arise from small
LDL regions, which is consistent with the
SAXS information.
At time delays longer than 100 ns, the in-

terference was almost gone, and the SAXS en-
hancement was no longer visible, suggesting
that the LDL domains grew to macroscopic
size, and the contribution of atom pairs across
the interface became negligible. Although the
complete conversion of the sample to LDLwas
preempted by ice crystallization, for our thin
samples, theHDL:LDL ratio reached 1:1 at 1 ms
before any ice appeared (Fig. 2B). Nucleation
and growth of LDL domains within HDL was
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The difference between the unpumped and pumped scattering curves at various time delays in the
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resulting in a negative SAXS difference.
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only consistent with a discontinuous first-
order LLT and would not be observed in a
continuous transformation of a spatially homo-
genous system from high to low density.
Our results reveal structural changes in liq-

uid water at 205 K consistent with crossing a
discontinuous LLT between HDL and LDL
phases occurring at a pressure between am-
bient and 3.5 kbar. Although some uncertainty
exists in our estimate of the temperature (195
to 215 K) at which the decompression process
occurs in our experiments, our results show
that an LLT occurred in the high-temperature
region of the “no-man’s land” (pressures and
temperatures at which usually only crystalli-
zation occurs), and well above the tempera-
ture range of the amorphous ice phases, as
confirmed by partially melting of hexagonal
ice by using our IR heating procedure. Fur-
thermore, the time scale we observed for the
LLT (nanoseconds to microseconds) is con-
sistent with a previous experimental estimate,
based on extrapolations from 10 ms at 174 K
to nanoseconds and microseconds at 220 K
by using temperature-dependent kinetic mea-
surements analyzedwith an Arrhenius expres-
sion (42).
It has been observed that at 1 bar, crystal-

lization occurs on a 10- to 100-ms time scale at
~8 K below TH (8). Considering that we ob-
served that ice crystallization from the LDL
phase occurred on the same time scale, we
expect that the HDL spinodal of the LLT (at
≈205 K) is a few degrees below TH and fol-
lows closely the homogeneous ice nuclea-
tion line (43). A more narrow range of 1.5 to
2 kbar for the HDL spinodal is consistent
with a recent LLT study that used a water-
rich ideal solution that prevented crystalli-
zation (48).
Our observation of an LLT during isothermal

decompression at positive pressure, combined
with water at 1 bar changing continuously on
cooling, implies the existence of an LLCP at
positive pressures (7, 8). We expect that the
procedure presented here could provide more
details about the nature of the LLT and help
refine the location of the LLCP. The latter
could be identified from critical fluctuations
observed through SAXS intensity enhance-

ments at lower q than in the present study,
thus allowing detection of a diverging correla-
tion length (6).
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competing ice crystallization.
appeared and grew on time scales between 20 nanoseconds and 3 microseconds, which was much faster than 
high-density liquid water at increased pressures. As the layer expanded and decompressed, low-density liquid domains
femtosecond pulses for rapid heating of amorphous ice layers formed at about 200 kelvin. The heating process created 

 combined x-ray lasers for rapid structure determination with infraredet al.crystallization is extremely rapid. Kim 
low-density forms, but this transition is difficult to study experimentally because it occurs under conditions in which ice 

Theoretical simulations suggest that deeply supercooled water undergoes a transition between high- and
Liquid-liquid transitions under pressure
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