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A B S T R A C T   

A recent experiment [K. H. Kim, et al., Science 370, 978 (2020)] showed that it may be possible to detect a 
liquid–liquid phase transition (LLPT) in supercooled water by subjecting high density amorphous ice (HDA) to 
ultrafast heating, after which the sample reportedly undergoes spontaneous decompression from a high density 
liquid (HDL) to a low density liquid (LDL) via a first-order phase transition. Here we conduct computer simu-
lations of the ST2 water model, in which a LLPT is known to occur. We subject various HDA samples of this 
model to a heating and decompression protocol that follows a thermodynamic pathway similar to that of the 
recent experiments. Our results show that a signature of the underlying equilibrium LLPT can be observed in a 
strongly out-of-equilibrium process that follows this pathway despite the very high heating and decompression 
rates employed here. Our results are also consistent with the phase diagram of glassy ST2 water reported in 
previous studies.   

1. Introduction 

Starting in the 1970s, interest in the properties of water and amor-
phous ice expanded greatly in response to the seminal discoveries made 
by Austen Angell and coworkers on the anomalous properties of 
supercooled water [1,2]. Although the proposal of a liquid–liquid phase 
transition (LLPT) in supercooled water to explain these anomalies was 
first presented almost three decades ago [3], experiments seeking to 
confirm and locate the LLPT remain challenging [4–10]. The LLPT 
separates two distinct phases of liquid water, low-density liquid (LDL) 
and high-density liquid (HDL), which are proposed to be the liquid-state 
manifestations of the two experimentally known forms of amorphous 
ice, low-density amorphous (LDA) and high-density amorphous (HDA) 
ice (see, e.g. Refs. [11–18]). The estimated location of the LLPT in the 
phase diagram of water places it at deeply supercooled temperatures for 
the liquid phase and at elevated pressures in the kbar range [11,19–22]. 
Under these conditions, the supercooled liquid rapidly transforms to the 
stable ice phase, and so an experiment to detect the LLPT must measure 
properties of the metastable liquid state on a time scale long enough to 
capture the behavior of the liquid in equilibrium, but do so fast enough 
to complete the measurement before ice nucleation eliminates the liquid 
phase [23]. 

A recent experimental study [24] addressed these challenges using a 
novel method to prepare HDL under pressure via ultrafast (&100 fs) 
isochoric heating of HDA using an IR laser pulse. The HDL sample so 
created then relaxed (i.e. decompressed) to ambient pressure on a sub-μs 
time scale, triggering the phase transition to LDL, followed by crystal-
lization on a longer time scale of approximately 10 μs. Short (<50 fs) 
X-ray laser pulses were used to measure the time evolution of the 
structure factor during the decompression of the HDL sample to ambient 
pressure, and revealed the conversion of the sample to LDL prior to 
crystallization. Ref. [24] also presented simulation results to support the 
interpretation of the experimental data. Using the ST2 model of water, in 
which the occurrence of a LLPT is well documented [3,25–27], Ref. [24] 
provided simulation evidence that the HDL state can be accessed by 
ultrafast isochoric heating of HDA, and that the subsequent decom-
pression of HDL exhibits a sudden density decrease associated with the 
LLPT. 

In the present work, we use computer simulations to study the same 
kind of thermodynamic pathway explored in Ref. [24], but over a much 
broader range of conditions, in order to clarify the response of the sys-
tem when subjected to such rapid changes of state. Here we also use the 
ST2 model, which provides a system in which we know that the equi-
librium liquid exhibits a LLPT. The simulation results presented in 
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Ref. [24] studied an HDA sample at a single density (1.30 g/cm3) and 
heated to three temperatures (200, 230 and 250 K), at which the 
decompression step was explored. Here we present results for HDA 
samples prepared at four different densities, and at different heating 
rates. We also explore the decompression process over a wide range of 
temperatures, spanning both glassy and equilibrium liquid states. In 
addition, we examine the effect of changing the rate of decompression. 
We also compare the thermodynamic pathways explored in our simu-
lations to the crystallization and glass transition boundaries known for 
ST2 water from previous work. As we will see, this comparison allows us 
to clarify how the LLPT manifests itself when following different path-
ways in the water phase diagram. Our results thus provide additional 
support for the interpretation that the experiments of Ref. [24] probe the 
LLPT in water. 

Our simulation results confirm that rapid isochoric heating of 
ambient-pressure HDA is able to drive the sample into the HDL region of 
the phase diagram at pressures above the coexistence line of the LLPT. 
Our simulations also reproduce the signature of the LLPT during the 
relaxation of the sample back to ambient pressure. We find that even 
when equilibrium liquid states of HDL and LDL do not have time to be 
established during this process, the signature of the underlying HDL-LDL 
transition can be observed in the response of the system. Overall, our 
simulations confirm the interpretation of the thermodynamic pathway 
explored in Ref. [24] and demonstrate that ultrafast manipulation of 
samples of amorphous ice and supercooled water can be used to confirm 
the existence, and also find the location, of the LLPT in the phase dia-
gram of water. 

2. Experimental pathway 

In the experiments of Ref. [24], HDA samples are produced under 
pressure and then recovered under vacuum (pressure P ≈ 0) at tem-
peratures T in the range T = 78 to 115 K. These HDA samples are then 
subjected to a process of rapid heating followed by density relaxation 
along the thermodynamic path depicted in Fig. 1. 

The details of this procedure are as follows. Prior to the heating 
process, the HDA samples are at an initial pressure of Pi ≈ 0 and initial 
temperature Ti = 115 K. Under these conditions, Ref. [24] estimates that 
the initial density ρi of the HDA sample is in the range 1.13 to 
1.16 g/cm3. The HDA sample is then rapidly heated from Ti to a final 
temperature Tf = 205 ± 10 K using an infrared (IR) laser pulse that lasts 
for approximately 100 fs. The corresponding heating rate was estimated 
to be qT ≃ 4500 K/ns [24]. As explained in Ref. [24], this heating pro-
cess occurs much faster than the rate, governed by the speed of sound in 
the sample, required for the sample density to respond to the change in 
T. As a result, the volume of the sample remains approximately constant 
and so the heating process is isochoric. 

Since the heating process is isochoric, immediately after the IR pulse 
is applied, the sample density is still ρi but the sample temperature is 
now Tf ≈ 205 K. Based on experimental data for supercooled liquid 
water, Ref. [24] shows that a liquid sample at this density and tem-
perature would be found at P = 300 ± 50 MPa and have a liquid-state 
relaxation time of less than 10 ns. Therefore, within a few ns of the IR 
heating process, the sample is in the equilibrium HDL state at T ≈ 205 K 
and P ≈ 300 MPa. However, the surface of the sample is exposed to 
ambient pressure conditions (P ≈ 0), and so the sample density imme-
diately begins to decrease as the system relaxes toward the lower 
equilibrium density expected at P ≈ 0. In Ref. [24] this density relaxa-
tion is described as a “decompression” process because the pressure 
inside the sample is decreasing from a high value, transiently imposed 
by the IR pulse, to P ≈ 0. The sample temperature remains constant 
during the density relaxation for approximately 100 μs, until heat con-
duction from the surroundings begins to cool the sample. That is, during 
the first 100 μs, the density relaxation process is analogous to an 
isothermal decompression. 

During this isothermal decompression, the structure of the sample is 

studied using short (<50 fs) X-ray pulses over a time window of 8.4 ns to 
1 ms after the IR pulse is applied. From the evolution of the structure 
factor with time, Ref. [24] shows that the sample converts from HDL to 
LDL during the isothermal decompression, before crystallization in-
tervenes on a time scale of approximately 10 μs. Since the pressure in-
side the sample is not measured in these experiments, it is not clear what 
the decompression rate qP is. However, it is estimated that the 
HDL-to-LDL transformation occurs within 10–100 ns after the IR pulse 
[24]. In the Supplementary Material of Ref. [24] it is estimated that the 
decompression process lasts for 70 ns, giving an experimental decom-
pression rate of approximately qP = 4.3 MPa/ns. 

3. Simulation methods 

In this work, we conduct out-of-equilibrium molecular dynamics 
simulations of a system composed of N = 1728 water molecules in a 
cubic box with periodic boundary conditions. We employ the ST2 water 
model [29], which exhibits a LLPT and associated liquid–liquid critical 
point (LLCP) in the supercooled liquid domain. The critical values of the 

Fig. 1. Schematic diagrams showing the paths in the (a) T-P and (b) T-ρ planes 
followed during our computer simulations, which mimic the experiments of 
Ref. [24]. An HDA sample is recovered at pressure Pi and temperature Ti with 
density ρi. The recovered HDA sample is then heated at constant density at rate 
qT up to a temperature Tf. Depending on the value of Tf, the sample may be 
found in the HDA or HDL state. The HDL/HDA so produced is then decom-
pressed at constant temperature Tf. In our computer simulations, Ti = 80 K and 
various values of Tf and Pi are explored (Tf = 100 to 300 K, Pi = − 100 to 
1150 MPa). In the experiments of Ref. [24], Ti = 115 K, Tf ≈ 205 K, and 
Pi ≈ 0 MPa. (For interpretation of the references to color in the text, the reader 
is referred to the web version of this article.) 
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temperature, pressure and density for the LLCP in ST2 are respectively 
Tc = 247 ± 3 K, Pc = 185 ± 15 MPa, and ρc = 0.955 ± 0.01 g/cm3 [3, 
23,25,27,30,31]. The ST2 water model has been used extensively to 
study the behavior of water in the liquid [3,23,26,27] and glassy states 
[32–38]. For consistency with previous studies, we treat the long-range 
electrostatic interactions using the reaction field technique [39]. Refs. 
[28,34,35] provide reference data sets for the ST2 system employed 
here. In all simulations, T and P are controlled using a Berendsen ther-
mostat and barostat, respectively. The time constant τT used for the 
thermostat is 0.5 ps. The barostat depends on the ratio τP/κ, where κ is 
the isothermal compressibility and τP is the barostat relaxation time. In 
this work, we use τP/κ = 50. For typical values of κ for ST2 water, this 
choice corresponds to values of τP in the range 0.05 ± 0.03 ps. 

To carry out cooling or heating runs, we change the thermostat 
temperature linearly with time at a rate qT. To conduct compression or 
decompression runs, the barostat pressure changes linearly at a rate qP; 
see Ref. [34] for details. For each cooling, heating, compression, or 
decompression study, we generate 10 independent starting configura-
tions using the same protocol for sample preparation. These 10 config-
urations are then subjected to the chosen process, allowing us to assess 
the magnitude of the sample-to-sample variation due to differences in 
the starting configurations. 

Our starting samples of HDA are created via the procedure described 
in detail in Refs. [34–38] and illustrated schematically in Fig. 2(a). We 
first produce LDA by cooling the equilibrium liquid from T = 350 K to 
T = 80 K at constant P = 0.1 MPa using a cooling rate qT = 30 K/ns. This 
LDA sample is then compressed isothermally at T = 80 K from 
P = 0.1 MPa to P = 1700 MPa using a compression rate 
qP = 300 MPa/ns. Fig. 2b shows the density of 10 independent simula-
tions during the compression of LDA. The sharp change in density at 
P ≈ 1100 MPa indicates the transformation of LDA to HDA. The HDA 
samples produced by this transformation are then decompressed at the 
same T = 80 K and rate qP used during the compression of LDA. The 
density of HDA during the decompression process is shown in Fig. 2b. In 
this work, HDA samples produced by decompressing HDA to pressures 
below P = 1100 MPa are denoted as HDA-d. The sharp density change at 
P ≈ − 400 MPa indicates the conversion of HDA back to LDA [34,36]. 

The sudden decrease in density observed at P ≈ − 550 MPa in Fig. 2b 
corresponds to the limit of mechanical stability of our LDA samples at 
which they fracture under hydrostatic tension. Beyond this limit, empty 
voids appear in the system separating isolated groups of molecules. The 
analogous mechanical stability limit of the liquid state corresponds to 
cavitation, the formation of vapor bubbles in the liquid phase when 
under tension. 

For the present simulations, we seek to study heating-decompression 
processes similar to that realized in the experiments of Ref. [24] and 
described in Section 2. This pathway starts with a sample of HDA at an 
initial temperature Ti and initial pressure Pi, corresponding to an initial 
density ρi, as depicted in Fig. 1. This sample is heated isochorically to a 
final temperature Tf, followed by an isothermal decompression carried 
out at Tf. In the experiments, Ti = 115 K and Pi ≈ 0, and Tf ≈ 205 K. 

In our simulations, we chose Ti = 80 K, the temperature at which the 
compression/decompression cycle to produce the samples of HDA- 
d have been conducted in this and in several previous studies of ST2. 
We note that the density of HDA samples recovered at ambient pressure 
varies [40]. In order to test if variations in ρi influence the results of the 
heating-decompression process studied here, we recover starting sam-
ples of HDA-d at Ti = 80 K at a set of four different initial densities 
ρi ∈ {1.30, 1.36, 1.43, 1.48} g/cm3. Due to the variations that occur 
across the 10 independent decompression runs used to produce the 
recovered HDA-d samples, the pressures for the samples at each density 
varies over a finite interval. The intervals of Pi corresponding to the set 
of values of ρi are Pi ∈ {(− 200, − 100), (− 25, 100), (375, 550), (900, 
1150)} MPa. The range of samples so produced allows us to test if 
varying the density of the starting HDA-d sample affects the conditions 
at which HDA/HDL transforms to LDA/LDL during the decompression 

step of the heating-decompression process. 
In addition, in order to provide a more general understanding of the 

thermodynamic pathway utilized in the experiments of Ref. [24], we 
explore the effect of varying Tf, the temperature at the end of the heating 
stage and at which the isothermal decompression stage is carried out. 
We vary Tf over the range 100 to 300 K, which encompasses the glassy 
state (approximately T < 210 K) and the liquid state (approximately 
T > 210 K), both below and above the temperature of the LLCP for ST2. 

For the isochoric heating stage of the heating-decompression pro-
cess, the heating rate employed in our simulations is qT = 30 K/ns. This 
is approximately 100 times slower than the experimental heating rate. 
While we could conduct simulations at the experimental rate, using 
qT = 30 K/ns allows us to compare our results to those obtained in 
previous ST2 simulation studies of amorphous ice that used the same 
rate. This rate also allows our samples to pass through the glass 

Fig. 2. (a) Schematic diagram showing the process followed in our simulations 
to prepare HDA-d. (b) Density as function of pressure during the pressure- 
induced LDA-to-HDA transformation and subsequent HDA-to-LDA trans-
formation at T = 80 K [right-arrows and left-arrows in (a)]. Black and red lines 
are obtained with a compression/decompression rate qP = 300 MPa/ns; blue 
and green lines correspond to qP = 30 K/ns. All 10 independent runs are 
included. The sharp density changes at P ≈ 1000 and 1100 MPa indicate the 
compression-induced LDA-to-HDA transformation. The sudden changes in 
density at P ≈ − 350 and − 400 MPa signal the decompression-induced HDA-to- 
LDA transformations. Recovered LDA samples fracture at P ≈ − 550 MPa. For 
comparison, we also include the isotherms of the equilibrium liquid at tem-
peratures below and above the LLCP temperature Tc ≈ 245 K (ρc ≈ 0.955 g/ 
cm3) from Ref. [28]. Reducing the compression/decompression rate qP reduces 
the hysteresis during the LDA-HDA transformation, bringing the LDA-to-HDA 
transformation paths (black and blue lines) as well as the HDA-to-LDA trans-
formation paths (red and green lines) closer to the low-temperature liquid 
isotherms. “Fracture” labels the limit of mechanical stability of the amorphous 
solid under tension. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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transition temperature Tg for the simulated system and access the 
equilibrium liquid state (when Tf > Tg) during the heating process itself. 
Thus by tuning Tf, we are choosing whether the decompression stage 
starts with a glass (HDA) or a liquid (HDL). 

For the isothermal decompression stage that follows the heating 
stage, the decompression rate in our simulations is qP = 300 MPa/ns. 
This decompression rate is approximately 100 times faster than the rate 
estimated in the experiments [24]. A subset of our runs have been 
reproduced using a slower rate of qP = 30 MPa/ns. These results are 
presented in Sec. I of the Supplementary Material (SM) and do not 
qualitatively change our conclusions. On this basis, we do not expect 
that a further reduction of the rate to the experimental value of 
qT = 4.3 MPa/ns will markedly affect our results. 

4. Results 

4.1. Isochoric heating 

The schematic diagram shown in Fig. 1 assumes that during the 
isochoric heating process, the pressure of HDA increases with increasing 
temperature (red arrow). However, the experiments of Ref. [24] do not 
provide the pressure of the system upon heating or decompression. We 
show in Fig. 3 the pressure as directly measured in our simulations 
during the isochoric heating of HDA-d samples with different values of 
ρi, which therefore begin the heating process at different values of Pi. We 
find that for our smallest value of ρi = 1.30 g/cm3, corresponding to 
samples with the lowest Pi, the pressure of the HDA-d samples indeed 
increases upon heating, confirming the assumption of Fig. 1 and 
Ref. [24]. However, the variation of P with T is not linear, or even 
monotonic, up to Tf ≈ 220 K at the heating rate used here. For larger ρi, P 
initially increases with T, and then reaches a maximum and decreases 
with T as Tf → 220 K. We show in the SM (Sec. II) that at the much faster 
heating rate of qT = 3000 K/ns, which is closer to the experimental rate, 
the variation of P with T for ρi = 1.30 g/cm3 approaches a linear relation 
[24]. This result is consistent with the expectation that in the limit of 
infinitely fast heating, the increase in P with T will be dominated by the 
ideal gas contribution to P, which is linear in T at fixed density. 

To place these results in context, we also show in Fig. 3 three 

boundaries obtained in earlier work characterizing the behavior of the 
ST2 system. (i) We show the boundary in the P-T plane where crystal-
lization to the high-pressure ice VII phase was observed in Ref. [34] 
during isothermal compression of ST2 water (qP = 300 MPa). This 
crystallization region occurs inside the nose-shaped area indicated by 
the black solid line at P > 700 MPa and centered at T ≈ 250 K. (ii) The 
orange up-triangles at T = 250 K indicate the temperature at which 
HDA/HDL crystallizes during isobaric heating (with qT = 30 K/ns) for 
P > 400 MPa. (iii) We also show the boundary in the P-T plane at which 
the HDA-to-LDA and HDA-to-HDL transformations occur upon isobaric 
heating, as reported in Ref. [35]. As shown in Refs. [33,35], these 
HDA-to-LDA and HDA-to-HDL transformations define a single line in the 
P-T plane that represents the limit of stability of HDA relative to LDA or 
HDL during isobaric heating. This metastability limit is indicated 
approximately by the maroon dashed line in Fig. 3 (for the case 
qT = 30 K/ns). We note that the HDA-to-LDA transformation line in the 
P-T plane, when measured using ultrafast rates, is sensitive to the pro-
cedure followed. For example, in Fig. 3 the HDA-to-LDA transformation 
induced by isobaric heating with qT = 30 K/ns at low and negative 
pressures (dashed maroon line) differs from the HDA-to-LDA trans-
formation induced by isothermal decompression with qP = 300 MPa/ns 
(orange left-triangles). As expected, these differences in the locations of 
the HDA-to-LDA transformation lines in the P-T plane decrease as the 
rates employed (qT or qP) decrease [34,35]. 

We observe crystallization during our isochoric heating runs at all 
densities ρi. As shown in Sec. III of the SM, crystallization is readily 
detected by monitoring the oxygen–oxygen radial distribution function 
of the system upon heating, and occurs in the range T = 230–260 K. At 
ρi = 1.30 g/cm3, 2 out of the 10 independent runs crystallize. At 
ρi = 1.36 g/cm3, 9 out of the 10 independent runs crystallize. For all 
larger values of ρi, all runs crystallize. In Fig. 3, we plot the pressure for 
each heating run only up to the temperature where crystallization oc-
curs. The crystallization behavior observed here is largely consistent 
with the boundaries for the onset of crystallization found in previous 
work during isothermal compression (solid black line) and isobaric 
heating (orange up-triangles). The exceptional case occurs for 
ρi = 1.30 g/cm3, where 8 out of 10 runs resist crystallization, allowing 
the system to be heated well into the liquid phase up to 350 K. The 

Fig. 3. (a) Temperature as function of pressure upon heating HDA-d at ρi = 1.30 (green lines), ρi = 1.36 (blue lines), ρi = 1.43 (maroon lines), and ρi = 1.48 g/cm3 

(indigo lines). The starting HDA-d configurations are obtained by decompressing HDA at T = 80 K from P = 1700 MPa until the system reaches the target density ρi; 
see red lines in Fig. 2 for the case qP = 300 MPa/ns. Heating trajectories are shown only for temperatures at which crystallization is absent. Empty left-triangles 
represent the HDA-to-LDA transformation obtained upon isothermal decompression of the HDA-d samples heated at ρi; see Fig. 4. For comparison, also included 
are the HDA-to-liquid (at high pressure) and HDA-to-LDA (at low and negative pressure) transformations upon isobaric heating (maroon dashed-line) from Ref. [35]. 
Crystallization to ice VII occurs upon isothermal compression at P > 700 MPa and T = 210–300 K (solid black line) [34], and during isobaric heating of HDA at 
T ≈ 250 K and P > 400 MPa (orange up-triangles and dashed line) [35]. Solid orange and indigo left-triangles represent, respectively, the HDA/HDL-to-LDA/LDL and 
LDA/LDL-to-vapor transformations during isothermal decompression of HDA samples with no heating treatment, reported in Ref. [34]. Squares locate the equi-
librium liquid-to-vapor spinodal line, as estimated in Ref. [28]. “Fracture” labels the limit of mechanical stability of the amorphous solid under tension. “Cavitation” 
labels the limit of mechanical stability of the liquid phase under tension. (b) Magnification of panel (a). All compressions/decompressions are performed at rate 
qP = 300 MPa/ns; all isochoric/isobaric heatings are performed at the rate qT = 30 K/ns. (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.) 
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absence of crystallization in an isochoric run which passes through a 
state point at which an isobaric run would reliably crystallize is likely a 
finite-size effect in our simulations. 

We also find that all our runs at ρi = 1.30 and 1.36 g/cm3 crossover 
from the glassy HDA state to the liquid HDL state in the range T = 210 to 
220 K, regardless of whether the runs crystallize at higher T. This 
crossover corresponds to the glass transition temperature Tg encoun-
tered when heating the ST2 system at these densities at qT = 30 K/ns. As 
shown in SM Sec. III, at Tg the mean-square displacement of the mole-
cules becomes non-negligible, and the temperature dependence of the 
pressure and total energy shows the characteristic change in slope 
consistent with passing through the glass transition. Similarly, in Fig. 3, 
we see that the variation of P with T at ρi = 1.30 g/cm3 changes behavior 
and becomes linear for T > 210 K, for those runs that do not crystallize. 
This behavior is consistent with the Tg boundary (maroon dashed line) 
found in previous work from isobaric heating runs at the same 
qT = 30 K/ns. That is, our runs at ρi = 1.30 and 1.36 g/cm3 enter a 
window of T between Tg and the crystallization temperature within 
which the HDL phase is accessed in our simulations. As shown in Fig. 3, 
our runs at ρi = 1.43 and 1.48 g/cm3 crystallize before they reach Tg, 
and so the HDL phase is not observed in these runs prior to 
crystallization. 

Based on the above observations, our simulations thus confirm that 
rapid isochoric heating provides a method to drive a sample of HDA at 
low-T and ambient-P to a location in the phase diagram corresponding to 
the equilibrium HDL phase at pressures above the coexistence line of the 
LLPT, just as proposed in the experiments of Ref. [24]. 

4.2. Isothermal decompression 

We next carry out isothermal decompression at fixed T = Tf of HDA- 
d samples heated at constant ρi to various temperatures Tf in the range 
from 100 to 300 K. Fig. 4(a) shows ρ for each sample as function of P 
during these isothermal decompression runs for different T. All these 
samples have an initial density, prior to decompression, of ρi = 1.30 g/ 
cm3 and, depending on T, they correspond to HDA (for Tf ⪅ 210 K) or 
HDL (for Tf ⪆ 210 K). As shown in Fig. 4(a), all samples exhibit a density 
change during decompression characteristic of the transformation to an 
LDA or LDL-like state. The sharpness of the density change depends on T. 
In particular, for T < 200 K where the system is a glass at all P, the HDA- 
to-LDA transformations are reminiscent of a sharp, discontinuous first- 
order phase transition. Similar abrupt density changes occur during 
the pressure-induced LDA-HDA transformation cycles at T = 80 K [34] 
(red and black lines). At T > 200 K, the high-density to low-density 

Fig. 4. Density as function of pressure during the isothermal decompression of HDA-d samples at different temperatures T. The HDA-d samples are prepared by 
isochoric heating at density ρi, from T = 80 K to the target temperature T. (a) ρi = 1.30 g/cm3, (b) ρi = 1.36 g/cm3, (c) ρi = 1.43 g/cm3, and (d) ρi = 1.30 g/cm3. Also 
included are the pressure-induced LDA-to-HDA and HDA-to-LDA transformations at T = 80 K from Fig. 2 (black and red lines). All compression/decompressions are 
performed at qP = 300 MPa/ns. Some HDA-d samples crystallize during decompression at approx T > 230 K and are not included for clarity. “Fracture” labels the 
limit of mechanical stability of the system under tension. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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transformation as a function of P becomes smoother but still follows a 
curve where ρ has a well-defined inflection point. At the highest 
T > 280 K this inflection point is weak or absent, consistent with 
entering the T-range well above the LLCP where such an inflection 
would also be weak or absent in the equilibrium system; see Fig. 1. The 
pattern of behavior shown in Fig. 4(a) is observed for all values of ρi 
studied here, as shown in Fig. 4(b)–(d), demonstrating that the occur-
rence of the high-density to low-density transformation is insensitive to 
the density at which HDA or HDL is prepared. 

In Sec. IV of the SM, we test if changing the preparation pathway for 
our starting HDA samples influences our results. Specifically, we prepare 
HDA samples by instantaneous isochoric quenches to T = 80 K, starting 
from the equilibrium liquid state at P = 400 MPa and T = 220 or 300 K. 
After adjusting the density of these quenched samples to match 
ρi = 1.30 g/cm3, they are subjected to the same two-stage process of 
isochoric heating and isothermal decompression applied to our HDA- 
d samples. We find that the high-density to low-density transformation 
is again observed, demonstrating that our results are independent of the 
method followed to prepare the starting HDA sample of the heating runs. 

Notably, the pressure of the high-density to low-density trans-
formation at fixed T is independent of the density ρi at which HDA-d is 
prepared. This is shown in Fig. 3, where the pressure of this trans-
formation PH→L is presented as a function of T for each of the values of ρi 
studied here. We define PH→L as the pressure, averaged over the 10 in-
dependent runs, at which the sample density passes through ρ = 1.05 g/ 
cm3. As shown in Fig. 4(a)–(d), this density corresponds approximately 
to the midpoint of the high-density to low-density transition. Also shown 
in Fig. 3, all values of PH→L coincide with the PH→L values obtained in 
Ref. [34] via decompression of HDA samples prepared by compression 
of LDA at fixed T. This demonstrates that the behavior observed during 
decompression is robustly insensitive to the method by which HDA 
samples under pressure are prepared, whether it be by ultrafast isochoric 
heating (as studied here and in Ref. [24]) or by isothermal compression 
[34]. 

To monitor the structural change in the system during decompres-
sion, we show in Fig. 5 the structure factor S(q) for O atoms as a function 

of wave number q, for various pressures during the isothermal decom-
pression carried out at T = 200 K, starting from our HDA-d samples 
having density 1.30 g/cm3. This decompression path is shown as the 
cyan curve in Fig. 4(a), and starts from HDA-d samples that have been 
heated to the vicinity of the Tg value where they become HDL; see Fig. 3. 
In Fig. 5, each curve is evaluated by averaging over the set of configu-
rations (typically 20) from all 10 independent decompression runs that 
occur within ±10 MPa of the indicated pressure. The qualitative pattern 
of change in S(q) with pressure is the same as that observed in the 
experimental S(q) data presented in Ref. [24]. There are distinct line 
shapes characteristic of HDA or LDA, and as P changes, the HDA line 
shape is most prominent at high P, while the LDA line shape is most 
prominent at low P. Similar to the experimental S(q), this change does 
not occur via a continuation change in the q-value of a particular peak. 
Rather, one set of features, with approximately fixed q, is exchanged for 
another, indicating that one type of local structure is being replaced by a 
distinct local structure during decompression. We also note that the 
value of S(q) as q → 0 is largest at intermediate P corresponding to the 
pressure where the most rapid density change occurs in Fig. 4(a). This 
behavior is consistent with the presence of large scale spatial fluctua-
tions of density occurring during the transition, and suggests the exis-
tence of distinct HDA and LDA domains. This behavior is also consistent 
with discontinuous structural change in the sample during decompres-
sion. We also note that while S(q) for LDA is consistent with experi-
ments, differences in the S(q) for HDA from ST2 water and experiments 
are observed, particularly in the range q = 2.0 to 3.5 Å-1. This is not 
surprising given that the OO radial distribution function of HDA is 
poorly reproduced by the ST2 model [41]. 

Our results also show that regardless of whether the isothermal 
decompression process starts with HDA or HDL, the signature of the 
LLPT is observed, in the form of an inflection point in the variation with 
P of the order parameter ρ. As shown above, our results are also 
consistent with the interpretation of the evolution of the structure factor 
observed in Ref. [24] during the decompression stage of the experiment. 
Regardless of the initial state of the sample prior to decompression in our 
simulations, we note that at the decompression rate used here, none of 
the simulations that we conduct for T < Tc access the equilibrium LDL 
state upon decompression; the low-density states in our simulations for 
T < Tc are always LDA or non-equilibrium LDL. In the experiments of 
Ref. [24], the decompression rate is approximately 100 times slower, 
and in addition, crystallization does not begin until approximately 10 μs 
after the end of the IR heating stage. Ref. [24] shows that this time scale 
is sufficient to access equilibrium liquid LDL at the end of the decom-
pression stage in the experiment (at P ≈ 0). 

5. Discussion 

In summary, the results of our simulations as shown in Figs. 3 and 4 
are consistent with the experiments of Ref. [24] and support the inter-
pretation of the thermodynamic pathway presented there. We have 
shown that a process of rapid isochoric heating applied to HDA at P = 0 
can be used to access the HDL phase at pressures above the coexistence 
line of the LLPT. Furthermore, when such a sample is decompressed 
isothermally, it will pass through the conditions of the LLPT and convert 
to the low-density phase, which is LDA or non-equilibrium LDL in our 
simulations and which is equilibrium LDL in the experiments. Further-
more, depending on the decompression temperature, the high-density to 
low-density transformation observed in our simulations can be smooth 
or sharp, but so long as T < Tc, the transition observed in our rapid 
decompression runs exhibits an inflection of the density as a function the 
pressure consistent with the discontinuous HDL-to-LDL transition of the 
equilibrium system. That is, despite the use of very fast heating and 
decompression rates, the influence of the underlying equilibrium 
behavior of the system remains observable during the strongly 
out-of-equilibrium process studied here. 

We note that we do not expect finite-size effects to influence our 

Fig. 5. Structure factor S(q) for O atoms as a function of wave number q along 
the isothermal decompression at T = 200 K starting from HDA-d with initial 
density of 1.30 g/cm3; see cyan curve in Fig. 4(a). S(q) curves at various 
pressures are shown, from 360 MPa (HDA, thick red curve) to − 200 MPa (LDA, 
thick blue curve). The arrows indicate the direction of decreasing pressure in our 
decompression simulations. As the system evolves from HDA/HDL to LDA/LDL, 
the contributions to S(q) in the range from q = 2.0 to 2.5 Å− 1, characteristic of 
HDA/HDL, decrease while the contributions from q = 1.4 to 2.0 Å− 1, charac-
teristic of LDA/LDL, increase. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.) 
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qualitative conclusions. Our results for N = 1728 molecules are consis-
tent with results obtained in glassy ST2 water using N = 1000 [33]. 
Similarly, previous MD simulation studies of glassy water using the 
TIP4P/2005 water model show that the behavior of ρ(P) during the 
compression-induced LDA-HDA transformations at T < 200 K is almost 
indistinguishable for N = 512 and N = 8192 [41,42]. 

Importantly, and as anticipated in Ref. [24], we find that due to the 
ultrafast decompression rate, neither the experimental nor the compu-
tational high-density to low-density transformation at PH→L occurs at the 
equilibrium LDL-HDL coexistence pressure Pcoex. Rather, as shown in 
Fig. 3, for T < Tc we find that PH→L < Pcoex. The position of the PH→L 
curve depends on several factors, especially the decompression rate, and 
so it may vary widely between simulations and experiments. Nonethe-
less, Fig. 3 shows that the PH→L curve observed in the ultrafast process 
studied here places a lower bound on the location of the equilibrium 
coexistence line of the LLPT. Notably, the PH→L curve also converges to 
the location of the equilibrium LLCP in the P-T plane as T → Tc. Fig. 3 
further shows that the PH→L curve overlaps with the HDL-to-LDL spi-
nodal line evaluated from ST2 simulations of the equilibrium liquid in 
the range 235 K < T < Tc [28]. As shown in SM Sec. I, we find that the 
range of T over which this overlap occurs increases when the decom-
pression rate decreases. Our work thus demonstrates that if the pressure 
corresponding to the PH→L curve as a function of T could be measured in 
an experiment, it would be possible to locate the equilibrium LLCP in 
real water using the ultrafast process pioneered in Ref. [24]. 

A broader conclusion may also be drawn by combining the present 
results with those reported in Refs. [33–38]. These studies collectively 
document the behavior of glassy ST2 water when subjected to a wide 
variety of heating, cooling, compression and decompression processes. 
As highlighted here, so long as the relevant rates qT and qP are constant, 
important boundaries defining the response of the system (e.g. Tg, PH→L, 
crystallization) can be predicted for one process (e.g. isochoric heating) 
using results found from another process (e.g. isothermal compression). 
That is, for practical purposes, one can define a phase diagram for glassy 
and supercooled ST2 water with well-defined boundaries between the 
LDA, HDA, LDL, and HDL when qT and qP are fixed. It would be inter-
esting in future work to test if this result can be generalized to other 
water models. It would also be interesting to explore the implications of 
this finding for the definition of an out-of-equilibrium free energy 
function F(N, V, T, qT, qP) for glassy water, and the corresponding phase 
diagram, that explicitly includes the rates as “state variables”. 

Supplemental material 

In Sec. I of the SM, we test whether our results are sensitive to the 
compression/decompression rates employed. In Sec. II, we show how 
increasing the heating rate during isochoric heating affects the tem-
perature dependence of the pressure and energy. Sec. III provides a brief 
description of dynamical and structural properties used to identify the 
HDA-to-HDL transformation and crystallization during the isochoric 
heating of HDA. In Sec. IV, we show that the results presented in the 
main manuscript are independent of the process followed to prepare the 
recovered HDA samples at T = 80 K and pressure Pi. 
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I. SIMULATIONS USING A SLOWER COMPRESSION/DECOMPRESSION

RATE

In the main manuscript, the HDA forms recovered at T = 80 K and pressure Pi, which

are used as starting configurations in the isobaric heating runs, correspond to HDA-d. In

particular, all compression/decompression runs are performed at the rate qP = 300 MPa/ns.

In this section, we repeat the heating-decompression simulations described in the main

manuscript but using a slower compression/decompression rate of qP = 30 MPa/ns, closer

to the estimated experimental rate.

First we obtain new samples of HDA-d by compression of LDA at T = 80 K and qP =

30 MPa/ns from P = 0.1 MPa to P = 1500 MPa. The resulting HDA is then decompressed

at T = 80 K to Pi ≈ 0, yielding HDA-d. For simplicity, we only consider the case where of

starting HDA-d samples have a density ρi = 1.36 g/cm3 at T = 80 K, giving Pi in the range

from 0 to 150 MPa.

These new HDA-d samples are then heated isochorically at the same rate used in the

main manuscript, i.e., qT = 30 K/ns. Fig. S1 shows the trajectories of our ten independent

runs upon heating HDA-d at constant ρi = 1.36 g/cm3. Fig. S1 is analogous to Fig. 3 of

the main manuscript, and the results in these two figures are qualitatively identical. For

the HDA-d samples prepared at qP = 30 MPa/ns, we find that nine of the ten independent

runs crystallize upon heating. In Fig. S1, we show the single trajectory that extends into

the liquid state without signs of crystallization. For comparison, also included is one of

the trajectories that exhibit crystallization. The remaining trajectories are shown up to the

temperature where crystallization occurs (T ≤ 240 K).

The same boundary lines shown in Fig. 3 of the main manuscript (for qP = 300 MPa) are

included in Fig. S1: (i) The black solid line indicates the crystallization (nose-shaped) re-

gion at high pressures determined during isothermal compression in Ref. [1]. (ii) The orange

up-triangles at T = 250 K indicate the temperature at which HDA/HDL crystallize during

isobaric heating at P > 400 MPa (qT = 30 K/ns). (iii) The maroon dashed-line represents

the P -T conditions at which the HDA-to-LDA and HDA-to-HDL transformations occur

upon isobaric heating [2] with qT = 30 K/ns. (iv) The solid orange left-triangles indicate

the HDA/HDL-to-LDA/LDL transformation reported during isothermal decompression in

Ref. [1]. (v) The solid indigo left-triangles indicate the pressures at which the recovered LDA
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forms fracture upon isothermal decompression. The boundary lines (i)-(v) are valid when all

the compression/decompression runs are performed with rate qP = 300 MPa/ns. Reducing

the rate to qP = 30 MPa/ns does not affect (v); see indigo empty left-triangles. However, it

increases the size of the crystallization region (i) at high pressures; the crystallization region

obtained using qP = 30 MPa/ns is indicated by the black empty right-triangles. Similarly,

reducing qP shifts the boundary (iv) towards higher pressures; the HDA/HDL-to-LDA/LDL

transformation line obtained during isothermal decompression at qP = 30 MPa/ns is indi-

cated by empty orange left-triangles (see Ref. [1]). One of the main points of Fig. S1 is that

the temperature at which HDA-d reaches the liquid state, P ≈ 550 MPa and T ≈ 210−220 K

(see Sec. III), occurs at the intersection of the magenta lines with the maroon dashed-line,

i.e., at the glass transition temperature of HDA determined independently from isobaric

heating runs at the same heating rate qT = 30 K/ns employed here; see Ref. [2].

The HDA/HDL samples obtained by isochoric heating to the temperature T = Tf are

then subjected to isothermal decompression at this T . Fig. S2 shows the density as function

of temperature for HDA/HDL samples decompressed at different T ≤ 210 K. (At T > 210 K

crystallization occurs either during the heating runs or upon isothermal decompression). As

reported in Fig. 4 of the main manuscript, we find that the HDA/HDL-to-LDA/LDL trans-

formation is rather sharp at all T ≤ 210 K. The HDA/HDL-to-LDA/LDL transformation

pressures PH→L are included in Fig. S1 (magenta left-triangles). In agreement with the dis-

cussion in the main manuscript, PH→L (magenta left-triangles) overlaps with the HDA/HDL-

to-LDA/LDL transformation pressures (empty orange left-triangles) obtained in Ref. [1]

upon isothermal decompression of HDA/HDL at qP = 30 MPa/ns. That is, reducing qP

shifts the decompression-induced HDA/HDL-to-LDA/LDL transformation towards higher

pressures. Nonetheless, the PH→L line determined during ultrafast heating-decompression

simulations still coincides with the HDA/HDL-to-LDA/LDL transformation pressures de-

termined during isothermal compression-decompression cycles of LDA to HDA and back,

when conducted at the same rate qP .

II. INCREASING THE RATE OF ISOCHORIC HEATING

Here we test the effect of increasing the rate of heating qT used in our isochoric heating

runs that start with HDA-d at T = 80 K and ρi = 1.30 g/cm3. Fig. S3 shows P and E as a
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function of T using qT = 30, 300 and 3000 K/ns. We find that as qT increases, the variation

of P with T at fixed density becomes more linear, the result that would be expected when

the ideal gas contribution to the pressure dominates. Despite the very fast heating rates

explored here, all our runs give similar values for P and E when the system accesses the

liquid state for T > Tg ≈ 220 K.

III. GLASS TRANSITION AND CRYSTALLIZATION UPON ISOCHORIC

HEATING

Next, we discuss briefly the glass transition of HDA-d and crystallization reported during

isochoric heatings. For simplicity, we focus on the heating runs discussed in Sec. I above.

The phenomenology is reminiscent to the HDA-to-ice, HDA-to-HDL, and HDA-to-HDL-to-

ice transformations reported in Ref. [2] upon isobaric heating.

Fig. S4 shows the pressure P and total energy E as function of temperature upon heating

HDA-d at ρi = 1.36 g/cm3. Crystallization is observed in most of the independent runs (red

lines). Only one trajectory shows no signs of crystallization (black line). The corresponding

mean-square displacement (MSD) of the water O atoms as function of temperature is shown

in Fig. S5.

At the employed heating rate, qT = 30 K/ns, the MSD is negligible up to T ≈ 220 K

and then starts to increase rapidly upon further heating. At T = 250 K, the MSD reaches

approximately 0.6 to 0.8 nm2, suggesting that molecules have displaced by approximately

0.8 to 0.9 nm, i.e., > 2 times the separation between OO nearest-neighbors. It follows that

all samples remain in the HDA-d state until the glass transition temperature Tg ≈ 220 K

is reached at P ≈ 550 MPa. Again, this temperature is very close to the glass transition

temperature of HDA obtained upon isobaric heating of HDA at P ≈ 550 MPa and T ≈ 225 K

with qT = 30 K/ns. Consistent with the behavior of the MSD, the total energy increases

almost linearly with increasing T for T < 220 K, while the samples are in the HDA-d state.

As shown in Fig. S4a, all samples reach the same P at T ≈ 200 K, slightly below Tg.

Upon further heating at T > 220 K, the samples show different behaviors. When crys-

tallization is avoided (black line), the MSD and E both increase monotonically with T upon

heating, as expected for a system in the liquid state. Indeed, as shown in Fig. S6a, the OO

radial distribution function (RDF) of the system at different temperatures shows no indica-
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tion of crystallization. Specifically, the RDF reaches the value ≈ 1 at r ≈ 1 nm indicating

that there is only short range order in the sample.

In the case where crystallization occurs (red lines), the MSD, E and P decrease sharply

with T at the crystallization temperature Tx. Not surprisingly, crystallization among the

different runs occurs randomly in the range Tx = 240 to 260 K. Crystallization is confirmed

by the RDF of the system; see Fig. S6b. We note that the RDF of the system at T = 260 K

is indeed similar to that reported in Ref. [2] for ice VII which was found to form during

isobaric heating of HDA-d at P > 400 MPa with qT = 30 K/ns. It follows from our

discussion that, at the present ultrafast rates, the samples must reach a HDL-like state

over the short temperature interval (Tg = 220 K) < T < (Tx = 240 to 260 K). Indeed, a

similar sequence of transformations from HDA-d to HDL to ice VII upon isobaric heating

was reported in Ref. [2].

Upon further heating, the ultra-fast heating rate employed in this work forces the crystal

to at least partially melt. Specifically, the MSD, E and P increase sharply with T at

T > 300 K, consistent with a fraction of the system returning to the liquid state. Fig. S6b

shows that the structure of the samples retains features of the crystal RDF up to 340 K,

suggesting that melting is not complete in these runs. Since our heating runs are carried

out at constant volume, the system may be in a state of liquid-ice coexistence.

IV. ROLE OF THE PROCESS FOLLOWED TO PREPARE RECOVERED HDA

Glasses, in general, and amorphous ices, in particular, are history-dependent materials.

Accordingly, the process followed in the preparation of the starting HDA sample could affect

the outcome of ultrafast heating-decompression experiments or computer simulations [3, 4].

In this section, we show that our results as presented in the main manuscript are robust

relative to the method of preparing the starting HDA sample at T = 80 K and ρi.

In the main manuscript, the starting HDA sample for the heating runs is HDA-d. In

this section, we use a different HDA form, termed “HDA-i”, which was studied in detail

in Refs. [1–5]. Briefly, HDA-i samples are prepared from HDL configurations equilibrated

at P = 400 MPa and at temperatures T0 ≥ Tg. Here we choose T0 = 220 and 300 K.

After equilibration at T0, the HDL samples are cooled instantaneously to T = 80 K by

rescaling the velocities of all atoms in the system, producing HDA. That is, these HDA-i
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samples are obtained using an infinite cooling rate. It follows that the so produced HDA-i

samples have the same density and are structurally identical to the equilibrium HDL at

the starting temperature T0 and P = 400 MPa. We note that the HDA-i forms obtained

from different temperatures T0 can exhibit slightly different structural and thermodynamic

properties [3, 4]. We stress that, since HDA-i is obtained from the equilibrium HDL, our

HDA-i samples are completely unrelated to our HDA-d samples.

The HDA-i samples produced at P = 400 MPa and T = 80 K are then isothermally

compressed/decompressed at rate qP = 300 MPa/ns at T = 80 K until they reach the

density ρi = 1.30 g/cm3. In the case of T0 = 220 K [T0 = 300 K], the pressure of the

resulting HDA-i samples are within the interval (200, 400) MPa [(525, 800) MPa]. These

HDA-i samples at ρi = 1.30 g/cm3 and T = 80 K are used as starting configurations for the

heating runs described in the step (i) of Fig. 1 in the main manuscript.

Fig. S7 shows the trajectory in the P -T plane of the HDA-i samples heated at constant

ρi = 1.30 g/cm3. For comparison, we also include the trajectories followed by HDA-d samples

heated at the same density ρi, taken from Fig. 1 (green lines) of the main manuscript. The

pressures of the HDA-i samples at the initial temperature T = 80 K are indeed very different:

Pi = 200 to 400 MPa for the HDA-i prepared from the liquid at T0 = 220 K (red lines), and

Pi = 550 to 800 MPa when T0 = 300 K (dark green lines). These pressures are considerably

larger than the pressures of HDA-d, which have −100 ≤ P ≤ −50 MPa. It follows that,

upon heating, HDA-d, HDA-i (T0 = 220 K), and HDA-i (T0 = 300 K) all follow different

paths within the glass domain. In this glass regime, in the range T < 200 K, the pressure of

all the HDA samples varies non-linearly with increasing temperature when qT = 30 K/ns.

At T ≈ 200 K, all HDA forms studied reach the same pressure of P ≈ 400 MPa. This

is because all these HDA forms have the same density ρi and reach the glass transition at

T ≈ 210 K and P = 400 MPa when qT = 30 K/ns. Accordingly, HDA-d and HDA-i must

transforms to the same equilibrium liquid state at T ≈ 210 K and P ≈ 400 MPa. This also

explains why all heating runs follow a common path in the P -T plane when T > 210 K. In

this liquid regime, we find that approximately P ∝ T .

Despite the different behavior of HDA-d and HDA-i in the glass state, the behavior of

HDA-d, HDA-i (T0 = 220 K), and HDA-i (T0 = 300 K) during isothermal decompression

is very similar; see Fig. S8. This similarity is to be expected for samples decompressed

at T > Tg for HDA, since these samples all begin the decompression process from the

6



equilibrium HDL phase. However, the similarity also applies to the decompression runs

conducted at T < Tg, in which case the HDA-d and HDA-i samples are distinct glasses,

with distinct preparation histories. In particular, we find only very small differences in the

transformation pressure PH→L. The PH→L lines for HDA-d, HDA-i (T0 = 220 K), and HDA-i

(T0 = 300 K) are indicated in Fig. S7 by green, red, and dark-green empty left-triangles,

respectively. Fig. S7 therefore supports the robustness of the results reported during the

ultrafast heating-decompression pathway considered here, both from computer simulations

and experiments.

[1] J. Chiu, F. W. Starr, and N Giovambattista, J. Chem. Phys. 139, 184504 (2013).

[2] J. Chiu, F. W. Starr, and N Giovambattista, J. Chem. Phys. 140, 114504 (2013).

[3] N. Giovambattista, F. W. Starr, and P. H. Poole, J. Chem. Phys. 147, 044501 (2017).

[4] N. Giovambattista, F. W. Starr, and P. H. Poole, J. Chem. Phys. 150, 224502 (2019).

[5] N. Giovambattista, F. Sciortino, F. W. Starr, and P. H. Poole, J. Chem. Phys. 145, 224501

(2016).

7



-500 0 500 1000 1500
P [MPa]

0

100

200

300

T
 [
K

]
(a)

VII

LDA

HDA

Vapor

Li
qu

id

Crystal

HDA-d

-200 0 200 400 600 800
P [MPa]

180

200

220

240

T
 [

K
]

(b)

VII

LDA HDA

FIG. S1: Same as Fig. 3 of the main manuscript for the case of HDA-d samples obtained using

a slower compression/decompression rate qP = 30 MPa/ns. Temperature as function of pressure

upon heating HDA-d at ρi = 1.36 g/cm3 (magenta lines) with qT = 30 K/ns. The starting HDA-

d configurations are obtained by decompressing HDA at T = 80 K from P = 1500 MPa until

the system reaches the target density ρi; see green lines in Fig. 2b of the main manuscript for

the case qP = 30 MPa/ns. Empty magenta left-triangles represent the HDA/HDL-to-LDA/LDA

transformation obtained upon isothermal decompression of samples formed during heating of HDA-

d at ρi; see also Fig. S2. Solid violet and orange left-triangles represent, respectively, the pressure

at which LDA fractures and the HDA-to-LDA transformation upon decompression at the fast

rate qP = 300 MPa from Fig. 3 of the main manuscript. The corresponding transformation

lines obtained at qP = 30 MPa/ns are indicated by empty violet and orange left-triangles [1, 2].

Squares are the equilibrium liquid-to-vapor spinodal line. The maroon dashed line indicates the

transformation of HDA to LDA (at low pressure) and HDA to HDL (at high pressure) upon isobaric

heating. The orange up-triangles signal the temperature at which HDA crystallizes upon isobaric

heating [2].
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FIG. S2: Same as Fig. 4b of the main manuscript for the HDA-d samples obtained with the

slower compression/decompression rate qP = 30 MPa/ns. The starting HDA/HDL samples for

the decompression runs at temperature T are prepared by isochoric heating of HDA-d at density

ρi = 1.36 g/cm3, from T = 80 K to the target temperature T . Blue and green lines are the

pressure-induced LDA-to-HDA and HDA-to-LDA transformations at T = 80 K at the slower rate

qP = 30 MPa/ns, as also shown in Fig. 2b of the main manuscript. HDA-d samples crystallize

during heating or decompression at T > 210 K.
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FIG. S3: (a) Pressure and (b) total energy as function of temperature during the isochoric heating

of HDA-d at ρi = 1.30 g/cm3 at different heating rates qT . Two runs out of 10 for qT = 30 K/ns

(green lines) show crystallization. All other runs remain in the glass or liquid state.
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FIG. S4: (a) Pressure and (b) total energy as function of temperature during the isochoric heating

of HDA-d at ρi = 1.36 g/cm3 with qT = 30 K/ns (see also magenta lines in Fig. S1). The starting

HDA-d was produced from LDA with a compression/decompression rate qP = 30 MPa/ns at

T = 80 K. From the ten independent runs, only one trajectory does not show crystallization (black

line); the rest crystallize at approximately T > 230 K (red lines). At low temperatures the system

is in the HDA-d state and, at the present heating rate, it enters the liquid state at T ≈ 220 K.

Crystallization occurs randomly at Tx = 240−260 K (red lines) and some trajectories briefly reach

the liquid state before crystallization occurs.
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FIG. S5: Mean-square displacement (MSD) of O atoms as function of temperature during the

isochoric heating of HDA-d at ρi = 1.36 g/cm3 with qT = 30 K/ns; see also Fig. S4. The MSD is

calculated relative to the starting configuration of the system at T = 80 K. Molecules do not displace

significantly until T ≈ 220 K and so the system remains in the HDA-d state at these temperatures.

At T ≈ 220 K, the molecules start to diffuse and the MSD increases rapidly indicating that the

system reaches a liquid-like state. Nine out of ten independent runs crystallize at temperatures in

the range T = 240 to 260 K (red lines). The fast heating rate causes the crystal to subsequently

melt.
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FIG. S6: Oxygen-Oxygen RDFs at selected temperatures upon heating HDA-d at ρi = 1.36 g/cm3;

see also Fig. S4. (a) RDF of the single sample that does not crystallize upon heating (black line

in Fig. S4). (b) RDF of one of the samples that crystallizes upon heating.
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FIG. S7: Same as Fig. 3 of the main manuscript but for the case of HDA-i. Temperature as

function of pressure upon heating HDA-i at ρi = 1.30 g/cm3 (red and dark green lines). Red

(dark green) lines correspond to HDA-i obtained by cooling instantly (qT = ∞) the equilibrium

liquid from T0 = 220 K (T0 = 300 K) to T = 80 K at constant P = 400 MPa. Empty dark-

green and red left-triangles represent the (HDA-i)-to-LDA transformation obtained upon isothermal

decompression of HDA-i samples at different tempeartures T (dark-green triangles, for the case

T0 = 300 K, and red triangles, for T0 = 220 K); see also Fig. S8. For comparison, we also include

the density upon heating HDA-d at constant ρi = 1.30 g/cm3 [(taken from Fig. 2 of the main

manuscript (green lines)] and the corresponding (HDA-d)-to-LDA transformation pressure (empty

green left-triangles). At T ≥ 180 K, the transformation pressures to LDA/LDL are independent of

whether one starts from HDA-i or HDA-d forms, i.e., the process followed to prepare HDA is not

relevant. Minor differences in the (HDA-i)-to-LDA and (HDA-d)-to-LDA transformation pressures

are present at T < 180 K.
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FIG. S8: Density as a function of pressure during the isothermal decompression of HDA-i samples

heated to different temperatures T . The HDA-i samples are prepared by, first, cooling instantly

(qT = ∞) the liquid equilibrated at P = 400 MPa and (a) T0 = 220 K and (b) T = 300 K

to T = 80 K. The HDA-i forms are then decompressed/compressed (T = 80 K) until the density

ρi = 1.30 g/cm3 is reached. Samples are then heated at constant ρi = 1.30 g/cm3, from T = 80 K to

the target temperature T with heating rate qT = 30 K/ns. Also included are the pressure-induced

LDA-to-HDA and HDA-to-LDA transformations at T = 80 K from Fig. 2b of the main manuscript

(black and red lines). All compression/decompression runs are performed at qP = 300 MPa/ns.

No crystallization occurs during decompression of HDA-i (T0 = 300 K), while one of the ten

decompression runs of HDA-i (T0 = 220 K) exhibits crystallization at T = 240, 250, 260, 260 K.

Similarly, two runs starting from HDA-d exhibit crystallization during decompression at 230 ≤

T ≤ 250 K. Decompression trajectories that crystallize are omitted.
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