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A B S T R A C T   

We investigate via numerical simulations of the TIP4P/Ice model the isothermal decompression of high density 
amorphous ice (HDA) mirroring the experimental protocol followed by recent experiments [H. K. Kim, et al., 
Science 370, 978, 2020]. Taking advantage of the recent determination of the TIP4P/Ice liquid-liquid critical 
point, we decompress our samples at temperatures both below and above the critical temperature. We follow the 
crossover between high and low density, complementing the time evolution of the structure factor with the time 
evolution of microscopic descriptors. Our results support the interpretation of the experimental pathway as a 
structural change from high to low density states through a first-order transition line. In the simulation study we 
do not observe nucleation events, but rather a spinodal-like non-equilibrium transformation, which offers an 
explanation on why the decompression process even at sub-critical temperatures may result in a continuous time 
evolution of the density and of the microscopic descriptors.   

Nearly 30 years ago, Poole et al. [1], proposed to explain the growth 
of water's response functions on cooling invoking the presence of a 
liquid-liquid critical point (LLCP) located in a temperature-pressure 
region where the liquid phase is metastable with respect to ice. Ac
cording to this hypothesis, a transition line exists in supercooled liquid 
water, separating two liquid phases: a high density (HDL) and a low 
density liquid (LDL). The idea that the same molecule can form two 
distinct disordered condensed phases, considered an exotic possibility 
when first proposed, is now regarded as the most probable scenario for 
describing the behavior of water. 

The original results based on the ST2 model [2], despite the limited 
size and computational time, have been confirmed by studies based on 
significantly more powerful computational resources [3,4] and algo
rithmic developments [5–8]. Very recently the critical fluctuations, first 
observed in the ST2 model, have also been found simulating water with 
more accurate classical potential models [9]. 

A natural connection to the LLCP scenario is found in two-state 
models of water [10–13], which posit that local configurations in 
liquid water can be grouped in two states that correspond to low density 
(LD) and high density (HD) environments respectively. Numerical 
[14–20] and experimental [21–27] evidence of two-state behavior in 
water points to a possible critical demixing of the two-states in deeply 

supercooled state [28]. 
Strong support toward the existence of the LLCP is also provided by 

the existence of two distinct glasses, differing in density and structure 
[29] in a way strongly reminiscent of the expected difference between 
the two liquid phases [30,31]. From an experimental point of view, the 
observed first-order like transition between these two amorphous forms 
on varying pressure [32,33], the evidence of two different calorimetric 
glass transitions [34], and the distinct heating profiles of the two glasses 
[35] are all consistent with the LLCP prediction. A direct thermody
namic link between two glasses (LDA and HDA) and two liquids (LDL 
and HDL) has recently been proposed via a neural network analysis of 
local environments [36]. Recent experiments have also confirmed the 
connection between the amorphous ices and the liquids by investigating 
vitrified droplets [37]. 

Experimental studies of water anomalies have also significantly 
restricted the number of possible alternative thermodynamic scenarios. 
Examples include the recently measured behavior of stretched water 
[38], and the maxima at ambient pressure in the compressibility [39] 
and in the specific heat [40]. 

In 2020 A. Nilsson and collaborators reported experimental findings 
that directly probe the cross-over from high to low density liquid [41]. 
They applied an ultrafast heating beam to a high-density amorphous 
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sample, bringing the sample in the no-mans land, then following the 
time evolution of the local structure via X-ray scattering. In the exper
iment, the authors have been able to follow the transition from the high 
to the low density liquid on the microsecond time scale, confirming that 
the liquid-liquid transition takes place just before ice nucleation occurs 
in the sample. 

Here we perform molecular dynamics simulations designed to 
reproduce in silico the out-of-equilibrium pathway of the experiment by 
H. K. Kim et al. [41]. Very recently, a simulation study aimed at 
reproducing the same experiment was presented in Ref. [42], where the 
ST2 water model was chosen and the isothermal decompression is per
formed with a barostat with a rate approximately 100 times faster than 
that of the experiments. In our simulations we use the TIP4P/Ice water 
model, and prepare the system in a slab geometry to decompress the 
HDA sample without the need of a barostat. Due to numerical limits, the 
width of the slab is significantly smaller than the experimental one and 
the possible consequences of this smaller size should be investigated in 
detail in future studies. Apart from this difference, the numerical 
investigation attempts to reproduce as close as possible the experimental 
set-up. We perform the same analysis used in the experiments. In 
addition, we complement them with the time dependence of micro
scopic descriptors, providing a detailed molecular scale description of 
the transformation process. 

1. The experiment in silico 

In the experiment of Ref. [41], a layer of (30 ÷ 50) μm thick high- 
density glass sample is irradiated by a ultra-fast infrared (IR) laser 
pulse (~100 fs, 2 μm) that increases instantaneously and isochorically 
the vibrational temperature of the sample. The temperature jump pro
duced by the IR heating brings the temperature of the slab around 205 ±
10 K, as estimated in the experiment from temperature-induced shifts in 
the Bragg reflections. The sample is then left to equilibrate at ambient 
pressure and the associated relaxation kinetics is recorded by an X-ray 
laser pulse (~50 fs, 9.7 Kev) at various time intervals (covering tens of 
microseconds), until crystallization arises. During the relaxation, the 
sample density progressively decreases with a negligible temperature 
variation (isothermal decompression). 

We model the water-water interaction using the TIP4P/Ice model 
[43], a rigid model optimized to reproduce the behavior of supercooled 
water. The choice of the water model is motivated by the recent deter
mination of its liquid-liquid critical point at T = 188.6 K and P = 1725 
bar [9]. The simulations are carried out using GROMACS 5.1.4 [44] 
with a leapfrog algorithm with a time step of 2 fs, using a Nose-Hover 
thermostat. 

The first step of our simulation protocol is the preparation of samples 
of HDA glass. This is obtained by simulating a high density liquid 
configuration for ≈23μs at T = 160 K and P = 2500 bar or higher (i.e. 
in the HDL region of the phase diagram). The shape of the simulation 
box, containing N = 3000 water molecules, is a rectangular cuboid with 
a 3 × 1 × 1 ratio and periodic boundary conditions. The last 
configuration of the T = 160 K run is quenched, preserving the volume, 
at T = 77 K to generate the HDA phase. Then, in agreement with the 
experimental protocol, the HDA configuration is recovered at ambient 
pressure, always at T = 77 K. The average density at this point is 
1.118 ± 0.007 g/cm3. In order to reproduce the geometry of the 
experimental setup, the second step of our protocol involves the creation 
of a 9 nm slab of HDA glass. We first expand the box size along the x 
direction to 200 nm, effectively creating an interface with vacuum (but 
without observing evaporation of any molecule from the surface). The 
large length of the box along x is chosen in order to avoid any in
teractions between the repeating images of the molecules along the x 
direction. A short equilibration (≈0.3μs) at ambient pressure and T =
77 K is then performed to allow local rearrangements of the molecules 
located on the surface. Fig. 1 shows a pictorial representation of the 
simulation setup. 

As previously alluded, the width of the slab in the simulation 
(≈9 nm) is significantly smaller than the experimental one (30–50 μm). 
We cannot exclude that this limited size affects the relaxation times (for 
example by coupling of elastic and diffusive processes). The present 
contribution must thus be considered as a first attempt to investigate the 
decompression dynamics of a high density liquid mimicking as close as 
possible the experimental protocol. Further investigations, focusing on 
the slab-size effect (as well as on the dependence of the results on the 
preparation of the high-density glass) will be required for a definitive 
validation of the present results. 

The IR laser heating was simulated rescaling the velocities to the 
desired final temperature T, followed by a coupling to a Nose-Hoover 
thermostat with characteristic times τT = 1.87 ps providing a fast ther
malization of the vibrational degrees of freedom. We investigated 
several T values, specifically T = 160 K, T = 170 K, T = 180 K, T =
185 K, T = 192 K. 

To follow the kinetic associated with the transition from the high 
density configuration to the low density one, we analysed only the 
central part of the slab (of approximately width of 3 nm). This inner part 
of the configuration is significantly separated (by 3 nm on each side) by 
the slab boundaries and hence it can be considered as a representation of 
the bulk behavior of the system. All quantities that follow refer only to 
the molecules in the central slab. 

Being an out-of-equilibrium process, where only the kinetic tem
perature and the density are properly defined, it is not possible to 
unambiguously draw a transformation pathway on the phase diagram. 
Still, one can correlate the starting density with the known equilibrium 
equation of state [20] to draw approximately the starting and ending 
points of the transformation on the (P, T) plane, as shown in Fig. 2 for the 
simulations at T = 180 K and at T = 192 K. Note that the T = 180 K <
TC path crosses the liquid-liquid transition line, while the other path at T 
> TC (i.e. T = 192 K) lies entirely in the supercritical region. 

Fig. 1. Orthogonal projection along the x and y axis of the simulation box. The 
slab thickness is ≈9 nm, while the whole box spans for 200 nm in lenght, 
hence creating the interface with vacuum. Along the y and z axis (≈3 nm long), 
periodic boundary conditions are imposed. 

Fig. 2. (P, T) phase diagram of the TIP4P/Ice model showing the LLCP (blue 
circle) and the liquid-liquid transition line (blue). Also shown (pink lines) are 
the isothermal decompression paths at two of the studied temperatures, T =
180 K and at T = 192 K. 
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2. Results 

Fig. 3 shows the time evolution of the density during the equilibra
tion process. Following the very fast expansion associated to the ther
malization of the vibrational degrees of freedom at T, the density slowly 
evolves toward the ρ ≈ 0.95 g/cm3 value expected for this model at 
ambient pressure [20]. We observe a continuous change from a density 
value characteristic of the high density liquid to a value characteristic of 
the low density liquid. Even at temperatures below Tc, where the path 
crosses the equilibrium location of the liquid-liquid transition, the 
density change progresses with continuity (no clear signature of a 
plateau or a change in concavity), suggesting the absence of nucleation 
events. 

The oxygen‑oxygen radial distribution function g(r) (evaluated only 
for molecules belonging to a 3 nm thick slab equidistant from the in
terfaces) highlights the major changes in local structure taking place 
during the process and it is plotted in Fig. 4a. Specifically, the signature 
of the interstitial molecules in the region between the first and the 
second shell of the molecules (r ≈ 0.35 nm), a characteristic of the high 
density liquid (and glass), progressively disappears, signalling the for
mation of local configurations in which water's tetrahedral geometry is 
recognisable [31,45]. 

To make contact with the experiments, we evaluate by Fourier 
transform of g(r) the oxygen‑oxygen structure factor S(q), and plot it in 
Fig. 4b. The figure shows the progressive shift of the first diffraction 
peak from qHD ≈ 21 nm− 1 to qLD ≈ 17 nm− 1, the same peak position 
observed in the HDA and LDA ices [34]. The position of this pre-peak is 
considered a signature of the dominant locally favored structure [46]. 
Differently from what has been observed experimentally in the trans
formation from eHDA and LDA [34], we do not observe a time at which 
the S(q) has a double peak shape. It has been suggested that the double 
peak structure could be masked by interference effect between low and 
high density regions when the correlation length of these region is of the 
order of a few molecular diameters. Further work could clarify if this 
difference is a genuine feature or if it arises from the finite size of the 
studied system. 

2.1. Spectral decomposition 

Here we analyze the structure factor S(q) following a protocol similar 
to the one applied in the experimental study, fitting the time evolution of 
S(q) in the region of the pre-peak (15 nm− 1 < q < 25 nm− 1) and the 
following two peaks (q < 60 nm− 1) with the sum of two Gaussians and 
two Lorentzians 
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(1)  

where the coefficient ai, Γi, qi, σi for i = HD, LD, T3, T4 are the free pa
rameters of the fit. This functional form has been proposed by Shi and 
Tanaka [46] to quantify the role of low and high local density regions in 
supercooled water. In this functional form, the first Lorentzian, centered 
in qLD, captures the contribution of the tetrahedrally coordinated mol
ecules while the first Gaussian, centred at qHD captures the contribution 
from molecules in a local higher density configuration. The additional 
Lorentzian and Gaussian contribution in Eq. (1) (centred at q >
30 nm− 1) are added to capture the leakage of the two successive peaks 
in the selected window. The integrated area below the first two contri
butions provides a quantification of the fraction of molecules in low and 
high density environments respectively. Fig. 5 shows the least squares fit 
and the evolution of the two contributions during the relaxation of the 
sample. We note that, differently from Ref. [41], where an HD, LD and 
crystalline peak were used to fit the pre-peak in S(q), here we do not 
account for a crystalline contribution, as homogeneous nucleation does 
not occur in the time scale of the simulations. In agreement with the 
results in Ref. [41], Fig. 5 shows how the HD contribution is converted 
into its lower density counterpart LD. The populations extracted from 
the fits will be discussed in conjunction with other microscopic de
scriptors in the following. 

2.2. Microscopic descriptors 

Here we provide a microscopic description of the system evolution 

Fig. 3. Density evolution during aging for the simulations at: T = 170 K (blue), 
T = 180 K (green), T = 185 K (red), T = 192 K (yellow). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 4. Structural changes occurring during the relaxation of the T = 180 K 
simulation. The colour change represents time (from blue to red) and each line 
is taken at intervals of ≈5 ns apart. The oxygen‑oxygen pair correlation func
tion (top panel) shows a gradual decrease in the interstitial region (r ≈ 0.35 nm) 
n while the corresponding structure factor (bottom panel) shows the change in 
the pre-peak position. The arrows indicates the time evolution. (For interpre
tation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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extracted from the numerical trajectories. We focus on two descriptors 
which have been proposed in the past to identify the local structure of 
each individual water molecule. Specifically we focus on d5 [47] and ζ 
[15]. d5 is defined as the distance of the fifth oxygen atom from the 
selected molecule. ζ requires also information on the hydrogen bonded 
neighbours of the selected molecule. It expresses the distance between 
the second and first shell. ζ [15] has been shown to successfully capture 

the anomalous contribution to water anomalies over a large range of 
temperatures and pressures [15,48]. For a review of other methods for 
local structure determination in water see Ref. [49]. 

The distribution of both descriptors for different times during the 
relaxation of the sample are plotted in Fig. 6. Both descriptors are 
characterized by a broad distribution of values which progressively 
shifts to larger values with time and a non-monotonous evolution of the 
height of the distribution. The value of the descriptor corresponding to 
the peak position of the minimum height of the distribution (which 
represents equimolar mixing) is used as a threshold (d5 = 0.36 and ζ =
0.75) to separate molecules in either a high-density (HD) or low-density 
(LD) environment, for values lower or higher than the threshold 
respectively. With this procedure, initially most of the molecules are 
described by the HD type while at the end of the simulation most of the 
molecule are classified as LD. As for the analysis of the structure factor, 
the time evolution of the number of HD molecules (or equivalently of the 
LD type) provides a quantification of the time dependence of the local 
structural changes. 

Fig. 7 compares the time evolution of the LD populations extracted 
from the fit of the structure factor (top panel), and the structural de
scriptors ζ (middle panel) and d5 (bottom panel). For each quantity we 
plot the relaxation at temperatures below (T = 170 K, T = 180 K) and 
above (T = 192 K) the critical temperature of Tc = 188.6 K. The 
different quantities show a similar relaxation dynamics, with the pop
ulation of low density environments going from the minority at t = 0 to 
the majority component on similar timescales. This timescale depends 
on the temperature, with the higher temperature relaxing faster. The 
same trend is observed for samples prepared at different initial densities 
and for different quenching temperatures (not shown). We also observed 
that the appearance of the low density population does not take place in 
a well defined region of the sample, but it is distributed homogeneously 
over the entire volume, confirming the absence of nucleation phenom
ena, both below and above Tc. 

Comparing our results to the experiments of Ref. [41], we note that 

Fig. 5. Oxygen-Oxygen structure factor S(q) — calculated by Fourier transform 
of the g(r) — of the T = 180 K simulation during the decompression process 
(green dashed). The yellow curves indicate the fit according to Eq. (1). The S(q) 
pre-peak is fitted by the sum of the blue Gaussian (HD) and the red Lorentzian 
(LD). The dotted components are used to fit the rest of the data. The graph 
shows the evolution of the peak position during the decompression from short 
(top) to long times (bottom). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. Histograms showing the distribution of the d5 (bottom) and the ζ (top) 
structural indicators during the decompression process. The dashed black line 
represents the selected threshold to distinguish between low and high density 
populations. Here T = 180 K. 
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while in the experiments the LDL component reaches a 40% fraction on a 
timescales of ≈1 μs, the simulations display T-dependent dynamics that 
appear to be faster compared with the experimental timescale. Inde
pendently on the value of T we observe similar relaxation pathways. The 
comparison between the evolution of the structure factor and the 
microscopic descriptors allows us to confirm the interpretation of the 
relaxation process observed in the evolution of the structure factor as 
originating from the interconversion between HD and LD populations. 
Our results thus support the interpretation provided in the experimental 
study [41] in term of interconversion between two liquid-phases at T <
Tc. No clear distinction in the relaxation pathway is observed for tra
jectories with T > Tc via the descriptors of Fig. 7, making the analysis 
insensitive to the location of the critical point. 

3. Discussions and conclusion 

In summary, we have performed simulations of the TIP4P/Ice 
model with the goal of reproducing the decompression pathway of HDA 
observed in the experiments of Ref. [41], qualitatively duplicating the 

experimental observations. More precisely we have observed a similar 
time evolution of the structure factor's pre-peak, which continuously 
changes from a shape typical of the high density amorphous ice to a 
shape typical of the low density amorphous ice. While this change is 
fully compatible with two-state model predictions [46], the inherently 
out-of-equilibrium nature of the transformation does not allow to 
definitively locate the presence of a corresponding equilibrium liquid- 
liquid critical point (notwithstanding TIP4P-Ice has one). Despite 
their intrinsic limitations (constraints on time and length scales, and the 
use of simplified potentials), simulations offer important insights into 
the studied kinetic process. First, by analyzing the simulation trajec
tories, we unambiguously attribute the shift of the structure factor's pre- 
peak to a change of local environments from high to low density. Sec
ond, the numerical results are not affected by crystallization. Finally, 
differently from the experiments, we know exactly the location of the 
liquid-liquid critical point and are able to compare the decompression 
dynamics both above and below the critical temperature. Our choice of 
the TIP4P-Ice model was indeed motivated by the recent determina
tion of its critical parameters [9]. 

The results show that the change in the structure factor's pre-peak are 
not sufficient to distinguish the relative distance from the critical point. 
Even for T < Tc no clear signatures of activated processes (expected in a 
nucleation event) have been observed. We stress that at the present time 
we cannot rule out the possibility that finite size effects (the slab width) 
can significantly alter the observed relaxation pathway. We cannot also 
exclude a dependence originating from the protocol chosen to build the 
starting high-density glass configuration. Finally, effects arising from the 
different molecular mobility of the TIP4P-Ice model as compared to 
water cannot be excluded. Future studies must definitively address these 
possibilities. Despite these uncertainties, we propose here a 
thermodynamic-based possible explanation of the reasons why nucle
ation phenomena has not been observed. Fig. 8, shows a schematic 
equation of state (EOS) for the case in which a LL transition exists. The 
figure indicates a starting state in the high density branch of the EOS and 
two possible final states, one inside the liquid-liquid coexistence region 
(left panel) and one at much lower pressure (right panel), mimicking the 
ambient pressure conditions of the experiment and of the present 
simulation. In the first case (path a), assuming a path composed of quasi- 
equilibrium states, upon expansion the density will follow the HD 
branch and then undergo nucleation to cross the free-energy barrier that 
separates it from the the LD branch. In the second case (path b), the 
density will still follow the HD branch down to minimum in the EOS, and 
will then proceed, in the absence of any thermodynamic barrier, toward Fig. 7. Evolution of the low density population during decompression resulting 

from the fit of S(q) (top panel), from the ζ descriptor (middle panel) and from the 
d5 descriptor (bottom panel) for simulations above (T = 192 K) and below (T =
180 K, T = 170 K) the critical temperature TC. 

Fig. 8. Schematic representation of the EOS for supercooled water. The 
hypothesised Liquid-Liquid transition is depicted by the Van der Waals (VdW) 
loop. The left graph (a) represents a path with a final pressure inside the 
metastable region of the VdW loop. In this case, the system evolves toward the 
final equilibrium state undergoing nucleation. The right graph (b) represents 
the path along the EOS for a quench to P = 0 bar, visualizing the case in which 
the pressure is smaller than the pressure values in the VdW loop. In this case the 
system does not need to overcome any free energy barrier to evolve toward 
equilibrium. 
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the low density case. Indeed, in mean field, the height of the barrier at 
the minimum vanishes. This qualitative explanation is consistent with 
the transformation of molecules from HD to LD over all the simulated 
samples and the absence of a plateau in the time evolution of the density 
[50,51]. 

Finally, we stress that a quench from high to ambient pressure at T >
Tc would produce a similarly smooth density evolution, in agreement 
with the results reported in Fig. 7. Only in the very low wavevector 
range, outside the window explored in both experiments and simula
tions, differences between under-critical (T < Tc) and super-critical (T >
Tc) paths could possibly be observed. 

The simulation results presented in this article thus corroborate the 
experimental study of Ref. [41], confirming the clear cross-over from 
high-density to low-density local order, well before crystallization takes 
place. Differently from standard nucleation events, we do not observe a 
plateau followed by a steep variation in the time evolution of the density 
and of the structural indicators either evaluated from a two-population 
analysis of the structure factor or from microscopic local order param
eters such as d5 and ζ. 

We stress that the absence of a clear nucleation and growth of the low 
density phase is consistent with a quench to pressures smaller than the 
values for which the van der Waals loop exists (see Fig. 7(b)), a path that 
(in mean field) does not encounter any thermodynamic barrier. Hence, 
the standard signatures of a first-order transition (a fast equilibration to 
the original phase followed — at a random time — by one or more 
nucleation events generating critical nuclei of the stable phase, further 
followed by their growth) should not be expected. Finally we observe 
that, the time dependence of the structural indicators is not significantly 
different below and above Tc. In this respect, the study of decompression 
protocols near the critical point will require future investigation in the 
low-q region. 
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