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Melting domain size and recrystallization
dynamics of ice revealed by time-resolved
x-ray scattering

CheolheeYang 1,Marjorie Ladd-Parada2,5, KyeongminNam 1, Sangmin Jeong1,
Seonju You 1, Alexander Späh2, Harshad Pathak2, Tobias Eklund2,
Thomas J. Lane3, Jae Hyuk Lee 4, Intae Eom4, Minseok Kim4,
Katrin Amann-Winkel 2, Fivos Perakis 2, Anders Nilsson 2 &
Kyung Hwan Kim 1

The phase transition between water and ice is ubiquitous and one of the most
important phenomena in nature. Here, we performed time-resolved x-ray
scattering experiments capturing the melting and recrystallization dynamics
of ice. The ultrafast heating of ice I is induced by an IR laser pulse and probed
with an intense x-ray pulse which provided us with direct structural informa-
tion on different length scales. From the wide-angle x-ray scattering (WAXS)
patterns, the molten fraction, as well as the corresponding temperature at
each delay, were determined. The small-angle x-ray scattering (SAXS) patterns,
together with the information extracted from theWAXS analysis, provided the
time-dependent change of the size and the number of liquid domains. The
results showpartialmelting (~13%) and superheating of ice occurring at around
20ns. After 100 ns, the average size of the liquid domains grows from about
2.5 nm to 4.5 nm by the coalescence of approximately six adjacent domains.
Subsequently, we capture the recrystallization of the liquid domains, which
occurs on microsecond timescales due to the cooling by heat dissipation and
results to a decrease of the average liquid domain size.

The melting of ice and the crystallization of liquid water are amongst
the most common and important phenomena in nature and everyday
life1–11. Thus, it is crucial to understand the fundamentalmechanismsof
the phase transition between ice and water. The melting of ice has
been investigated intensively by using time-resolved optical
spectroscopies12–16 and computer simulations17–23. However, the
detailed mechanisms of the melting and recrystallization of ice in
terms of the structural dynamics are not fully elucidated due to the
lack of direct length scale sensitivity of the spectroscopic methods,
and the limited size of the system in computer simulations.

In a study using time-resolved IR spectroscopy, a rapid tempera-
ture increase (T-jump), induced by an intense IR pump pulse, was

previouslyutilized to investigate thehomogeneousmeltingof bulk ice.
In this study, experimental evidence of the superheating of ice on sub-
ps to hundreds of ps timescales was observed12. More recently, using a
similar approach with a wider time window, it was observed that the
superheating and homogeneous melting of ice are temporally over-
lapped and only a partial melting of ice occurs within the first 25 ns,
even when excess energy is provided15. Even though these spectro-
scopic studies have provided insight on the dynamics of melting and
superheating of ice, more direct structural information, such as the
number and size of the molten domains and how they change over
time, is necessary to fully understand the mechanism of the phase
transition between ice and liquid water. Moreover, previous studies
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have not elucidated the recrystallization process (crystallization post-
melting). An experiment utilizing time-resolved Mie scattering spec-
troscopy, with a millisecond (ms) time window, probed the time-
dependent size of the molten domain and suggested a model for the
melting and recrystallization dynamics.However, thedirect estimation
of the size was only possible at very late delays (after 0.3ms)16.

An x-ray probe can be the optimal tool for providing structural
information24–27. By combining a rapid T-jump, induced by an IR laser
pulse, with an intense x-ray pulse from free-electron lasers (FELs) as a
probe (x-ray scattering), the detailed structural dynamics of the
melting and recrystallization of ice can be elucidated. Furthermore, in
x-ray scattering experiments, structural information with different
length scales can be obtained depending on the observed scattering
angle. While the wide-angle x-ray scattering (WAXS) is sensitive to the
molecular structure and the local structure between adjacent mole-
cules, small-angle x-ray scattering (SAXS) is sensitive to the size and
shape of much larger domains. By combining the results extracted
from SAXS andWAXS after the T-jump, amore comprehensive picture
on the melting and recrystallization dynamics of ice with direct
structural information can be elucidated.

In this work, we investigate the melting and recrystallization
dynamics of ice by conducting the time-resolved x-ray scattering
experiments with rapid T-jump. Through the analysis of the WAXS
patterns, the molten fraction and the corresponding temperature at
each delay are determined. The SAXS patterns, together with the
information extracted from the WAXS analysis, provide the time-
dependent change of the size and the number of the liquid domains.

Results and discussion
Time-resolved x-ray scattering of ice
We measured the time-resolved wide and small angle x-ray scattering
pattern of ice I at various time delays before and after the T-jump to
follow melting and recrystallization dynamics of ice at the XSS beam-
line of PAL-XFEL28, 29. The experimental setup is shown schematically in

Fig. 1a. The detailed experimental procedure and analysis are descri-
bed in a previous paper26 and in the Method section. Briefly, an ice I
sample with a thickness of ~84μm was prepared on a Cu-grid and
loaded on custom-made sample holder connected to a cryostat. The
sample was then placed inside a vacuum chamber with a pressure of
less than0.1 Pa. Femtosecond IR laser pulses at 2μmwavelengthwith a
pulse energy of 250μJ/pulse were focused to a spot size of 70μm
(FWHM) and were used to induce the ultrafast T-jump of the ice
sample. Femtosecond x-ray pulses generated by PAL-XFEL were used
to measure scattering patterns of the sample before and after the
T-jump. Themomentum transfer q-range of 0.1–3.0 Å−1 was covered by
a large area CCD detector (MX225-HS, Rayonix). To probe a fresh spot
for eachmeasurement, the sample holder wasmoved to an unexposed
position prior to each pump-probemeasurement.We note that our ice
sample is mounted without using any windows and thus is directly
exposed to the pump and probe pulses. Our setup provides the fol-
lowing advantages: (1) There is no background scattering from any
window materials, (2) there is no extra cooling process that can be
induced by the heat conduction between the sample and the windows,
and (3) the total volume of the sample is not constrained, and it allows
the sample to change in volume.

The experimental results of the IR laser-induced melting of ice I
are summarized in Fig. 1. As an example, x-ray scattering intensities
before the IR pump and 16.8 ns after the pump and the difference
between them are shown together in Fig. 1b. The difference shows the
generation of diffuse scattering, comparable to the scattering pattern
of liquid water measured at 337.3 K (red line, taken from ref. 30),
clearly indicating that the ultrafast T-jump causes the melting of ice I.
We note that for clarity, the q range that is affected by the Bragg peak
of ice I is omitted in the difference pattern.

The difference scattering intensities in the SAXS and WAXS
regions at various time delays from −8.4ns to 10μs are shown in Fig. 1c
and d, respectively. The difference intensities, both in the SAXS and
WAXS regions, rise within tens of ns and decay at later delays. The rise
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Fig. 1 | Experimental setup and experimental results. a Schematic diagramof the
experimental setup. Femtosecond IR laser pulses were used to induce an ultrafast
T-jump of the ice sample. Femtosecond x-ray pulses were used to measure scat-
tering patterns of the sample before and after the T-jump. b The angularly inte-
grated x-ray scattering patterns before (black line) and after (blue line) the T-jump
and the differencebetween them (black circles) are shown together. The difference
scattering is compared with the scattering pattern of liquid water measured at

337.3 K (red line) taken from a previous study30. The difference scattering inten-
sities (black circles) in the (c) SAXS and (d) WAXS regions at time delays from
−8.4 ns to 10μs. The Bragg peaks of ice I are removed for clarity. The fitting results
(red line) obtained from the analysis explained in ‘Radius estimation of the molten
domain’ and ‘Temperature and thickness estimationof themoltendomain’ sections
are shown together.
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in intensity can be associated to the melting of ice, whilst the later
decay is indicative of the recrystallization process. Interestingly, the
timescales of the decay of SAXS and WAXS are different as shown in
Fig. 2a. The decay in the SAXS region is much faster than that in the
WAXS region. Given that both regions provide structural information
at different length scales, this discrepancy is the key to understanding
the comprehensive picture on the structural dynamics of melting and
recrystallization of ice.

Melt thickness and the estimated temperature
Given that WAXS is only sensitive to the local structures at short
distances, the difference intensity of the diffuse scattering at the
WAXS region is directly proportional to the total amount of liquid
water in the probed volume at a specific time delay. Thus, by com-
paring the integrated intensity of the diffuse scattering in the WAXS
region with that measured from a sample with a known thickness at
various temperatures, ranging from 254 to 366K30, we can directly
estimate the total thickness of the liquid water in the probed volume
at each delay. We performed the fitting analysis by using the liquid
water scattering patterns at various temperatures and adjusting the
scaling factor. The temperature that gives the bestmatch was chosen
as the temperature of themolten domain at each time delay. By using
this scaling factor, we converted the integratedWAXS intensity of the
experimental data into the thickness of the liquid water. The time-
dependent change of the thickness of themolten fraction is shown in
Fig. 2a. The amount of liquid water increases at early delays due to
the ultrafast melting and reaches a maximum at around 20 ns.
However, at later delays, recrystallization occurs due to cooling,
causing the proportion of liquid water to decrease to almost zero
at 10 μs.

The timescale of themelting process is consistent with a previous
study using time-resolved IR spectroscopy15. In that study, the time-
dependent change of ν2 + L2 absorption bands of liquid water reached
itsmaximumat around 25 ns, and amelting time constant of 4.1 ns was
reported. However, the timescale of recrystallization (~1μs) in our
present study is faster than those previously reported using time-
resolved Mie scattering spectroscopy (within a few ms)16. Since the
crystallization is limited by the timescale of the heat dissipation to the
surrounding in this case, we consider the discrepancy to originate in
the current study from using a much lower base temperature (170 K
vs. 270 K).

We clearly observe partial melting, which is qualitatively con-
sistent with the results reported as superheating in the previous
spectroscopic studies12–15. We determined the molten fraction of the
sample within the probed volume to be of about 13% (from the ratio of
the thickness, ~11 μm/84μm), which is lower than that reported of a
previous study using time-resolved IR spectroscopy (32.4%)15. Once

more, we consider this discrepancy to be caused by our lower base
temperature (170K vs. 270K). This is also consistent with the results
from our measurement at the base temperature of 117 K (see Supple-
mentary Information for details). For example, only about 8% of the
molten fraction was found at this condition.

It is well known that the shape of the scattering pattern of liquid
water at WAXS region varies depending on the temperature. Thus, as
explained above, by comparing the shape of the diffuse scattering
generated by the ultrafast melting with that of liquid watermeasured
at various temperatures, the temperature of the molten fraction can
be estimated. The comparisons are shown in Fig. 1d and the esti-
mated temperatures of liquid water at each time delay are summar-
ized in Fig. 2b.While the estimated temperatures have relatively large
errors, we can still observe the time-dependent trend. The tem-
perature rises from the base temperature (170 K) to ~350Kwithin our
experimental time resolution and then decreases to the melting
temperature (~270 K) within 10 μs. The timescale of the heat dis-
sipation is simulated to be about 1 μs by using the thermal diffusivity
of ice31 and is qualitatively in good agreement with the value esti-
mated from the experiment as shown in Fig. 2b. We note that there
can exist a temperature gradient within the sample, thus, the tem-
perature estimated here corresponds to an average value. Conse-
quently, recrystallization can occur at the edge of the pumped
volume already when the average temperature is higher than the
melting temperature.

Size and the number of liquid water domains
As shown in Fig. 2a, the integrated SAXS intensity decays much faster
than that of WAXS. Since the WAXS intensity is proportional to the
total amount of liquid water, the faster decay constant of the SAXS
intensity indicates that the SAXS intensity decreases even when the
total amount of molten fraction remains stable. To understand this
behavior, we simulated the SAXS intensity of differently sized molten
domains. If we consider that the total amount of molten fraction in
each simulation is the same (by normalizing by r3), the SAXS intensity
within our q range decreases with increasing the size of the molten
domain as shown in Fig. 3a. Thus, our results (a faster SAXS intensity
decay than that of the WAXS) can be well explained by the increase of
the size of themolten domains, but decrease of their total number.We
interpret this observation as coalescence of the adjacent domains at
around 100 ns.

By analyzing the SAXS patterns, taking into account the total
amount of liquid water as estimated from theWAXS data, the size and
the number of liquid domains at each delay can be determined. If we
assume molten domains as homogeneously distributed spherical
particles in the icemedium, we can fit the experimental SAXS patterns
at each time delay with the theoretical SAXS pattern calculated by
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Fig. 2 | Time evolutionof themelt thickness, SAXS intensity, and the estimated
temperature. a The time-dependent change of the thickness of the liquid domain
(black square) and the integrated intensity of the SAXS region of the difference
scattering pattern (red circle). e. u. is electron units. b The estimated temperatures

of liquid water at each time delay (black square) and the simulated temperature
change by the heat dissipation (gray line, see Estimation of the heat diffusion in the
Method section). The error bars show the standard error for each data point
determined by propagating the error associated with the averaged ΔI(q) curves.
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using the form factor of a sphere (See Method section for details):

ΔI qð Þ= cNp Δρelectron
4π
3

r3
� �2

3
sin rqð Þ � rqcos rqð Þ

rqð Þ3
� �2

ð1Þ

where c is a scaling factor between the theory and the experiment,Np is
the number of molten domains, Δρelectron is the difference in the
number density of the electrons between the liquid and ice phases of
water, r is the radius of the liquid domain, and q is the momentum
transfer. To minimize the risk of overfitting, we used only one free
parameter (radius of the liquid domain, r) which was adjusted during
the fitting analysis, while the other parameters are fixed to values
estimated from theWAXS analysis. The number of themolten domain,
Np is dependent on the radius (r) and calculated by the following
equation.

Np tð Þ= Vwater

Vp
=
Vwater
4π
3 r3

ð2Þ

Vwater is the total volume of liquidwaterwithin the probed volume
generated by the ultrafastmelting of ice whichwas estimated from the
WAXS analysis (Fig. 2a).Vp is the volumeof each individual domain and
is calculated by using the radius (r).

The theoretical SAXS patterns obtained from the fitting analysis
are shown together with the experimental data in Fig. 1c. The esti-
mated radius (r) and the calculatednumber (Np) of themoltendomains
as a function of time delays are summarized in Fig. 3b. Initially, liquid
domains with a radius of 2.5 nm are formed within 16.8 ns and remain
for ~100 ns. At around 100–200ns, the radius increases to ca. 4.5 nm

and the number of domains decreases by a factor of 6. The previous is
consistent with our proposed coalescence scenario, inferred from the
integrated SAXS intensity and the difference in decay times between
SAXS and WAXS.

After about 1 μs, the radius decreases again to less than 2 nm,
while the number of domains stays the same, corresponding to the
recrystallization of the molten fraction. We note that the timescale of
the recrystallization is consistent with the cooling process estimated
from the WAXS analysis, as shown in Fig. 2b.

Proposed model of the melting and recrystallization dynamics
In Fig. 4, we summarize the model of the melting and recrystalliza-
tion dynamics of ice I based on the conclusion obtained by com-
bining the results of SAXS and WAXS analysis. After the IR
irradiation, ice is only partially melted by the rapid heating, even if
the temperature of the liquid water increased to ~350 K, in agree-
ment with the superheating of ice. The molten fraction reaches its
maximum at around 20 ns and the average radius of the liquid
domains at this stage is of around 2.5 nm. At around ~100 ns, the
liquid domains grow to a radius of 4.5 nm through the coalescence of
approximately six adjacent domains. As the temperature of thewater
in the probed volume cools down by heat dissipation, the recrys-
tallization of the liquid domain occurs in a broad time range up to
several μs, and the size of the liquid domain decreases continuously.
After approximately 10 μs, the sample is completely frozen. As we
have previously noted, the timescale of the recrystallization in the
current study is much faster than that from a previous study16, but it
is consistent with the recrystallization rate increasing at lower base
temperatures.
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In summary, we have performed a time-resolved x-ray scattering
experiment on the effects of IR-irradiation-induced ultrafast heating
of crystalline ice and have elucidated the melting and recrystalliza-
tion dynamics of crystalline ice with direct structural information.
Our study demonstrates that by combining the structural sensitivity
of x-ray scattering experiments on different length scales with
ultrafast temporal resolution, a comprehensive picture on the com-
plicated processes such as ultrafast melting and recrystallization of
ice can be elucidated. Finally, we note that by utilizing the experi-
mental and analysis protocol established here, future experiments
focusing on the femtosecond time regime and/or using the various
pump fluences can reveal important structural details in the ice phase
of the initial melting process, such as the mechanism of the forma-
tion of superheated water or the energy dissipation through the ice
lattice.

Methods
Preparation of ice I sample
Ice I samples were prepared in a 0.1-mm-thick Cu-grid that has a total
diameter of 10mm and contains holes of 0.8mm or 1.5mm in dia-
meter. The Cu-grid was first filled with ultra-pure deionized water and
then dipped into liquid nitrogen to form ice I.

Time-resolved x-ray scattering experiment
An x-ray scattering experiment with a pump-probe scheme was
performed at XSS-FXS beamline of PAL-XFEL28,29. Ice I samples on a
Cu-gridwere loadedon a custom-made sample holder connected to a
cryostat (ST-400, Janis Research Company). The temperature of the
cryostat was controlled by a silicon diode and a cryogenic tempera-
ture controller (DT-670 and Model 335, respectively, Lake Shore
Cryotronics). The sample was placed inside a vacuum chamberwith a
pressure of less than 0.1 Pa and cooled with liquid nitrogen. The base
temperature of the sample during the measurement was maintained
at 170 K. Femtosecond optical laser pulses at 2 μm wavelength with
an energy of 250μJ/pulse were generated from an optical parametric
amplifier, which was pumped by pulses at 800 nm center wavelength
of a Ti:sapphire regenerative amplifier. The laser beam was focused
to a spot of 70μm (FWHM) diameter. Femtosecond x-ray pulses were
generated from the x-ray free-electron laser (XFEL) at PAL-XFEL by
self-amplified spontaneous emission (SASE). The x-ray beam has a
mean energy of 9.7 keV and an energy bandwidth of 0.3% (ΔE/E) and
was focused to a spot of 19 μm× 32μm. An optical laser pulse was
spatially overlapped with an x-ray pulse with an angle of 20°. The q
range of 0.1–3.2 Å−1 was covered by a large area CCD detector
(MX225-HS, Rayonix) at a distance of 250mm. An ultrafast tem-
perature jump (T-jump) within the sample was induced by an optical
laser pulse (pump) and the time-dependent change of the samplewas
probed by an x-ray pulse (probe). To probe a fresh sample for each
measurement, the sample holder wasmoved to a fresh position prior
to each pump-probe measurement. Laser-off images (probe-only)
prior to the pump-probe measurement were acquired as references
for each position and used for obtaining the difference x-ray scat-
tering pattern at each time delay. The scattering images were
acquired at the following time delays: −8.4 ns, 8.4 ns, 16.8 ns, 33.6 ns,
42 ns, 50.4 ns, 58.8 ns, 84 ns, 100 ns, 150 ns, 200 ns, 300 ns, 1 μs, 3 μs,
and 10 μs.

Integrated intensities of the difference scattering pattern
As a measure of time-dependent changes of the difference scattering
pattern associated with the melting and recrystallization dynamics of
ice, the integrated intensities at SAXS and WAXS regions were used.
The q range from 0.10Å−1 to 0.30Å−1 was used for the SAXS region and
from 1.00Å−1 to 2.73 Å−1 was used for the WAXS region. The q range
where the Bragg peaks of ice I appear was excluded. The integrated
intensities are shown in Fig. 2a.

Temperature and thickness estimation of the molten domain
Weestimated the temperatureof themoltendomainby comparing the
shape of the diffuse scattering atWAXS regionwith that of liquidwater
measured at various temperatures, ranging from 254K to 366 K30.
We performed the fitting anlysis by adjusting the scaling factor, and
the temperature that gives the best match was chosen as the tem-
perature of themolten domain at each time delay. The comparisons at
all time delays are shown in Supplementary Fig. 3 and the time-
dependent change of the temperature is shown in Fig. 2b. From the
fitting analysis, we obtained the optimal scaling factor between our
experimental diffuse scattering and the normalized scattering pattern
of liquid water30. By using this scaling factor, we converted the inte-
grated WAXS intensity of our experimental data into the thickness of
the liquid water. The time-dependent change of the estimated thick-
nesses of the molten domain is shown in Fig. 2a.

Radius estimation of the molten domain
By analyzing the difference SAXS intensities, the size and the number
of the liquid water domains at each time delay were determined.
Equation (3) describes the SAXS pattern of a spherical particle with a
radius of r32.

ΔI qð Þsingle = Δρelectron
4π
3

r3
� �2

3
sin rqð Þ � rqcos rqð Þ

rqð Þ3
� �2

ð3Þ

If we assume molten domains as spherical particles in the ice
medium, the experimental SAXS patterns at each time delay can be
fitted with the theoretical SAXS pattern calculated by the following
equation.

ΔI qð Þ= cNp Δρelectron
4π
3

r3
� �2

3
sin rqð Þ � rqcos rqð Þ

rqð Þ3
� �2

ð4Þ

where c is a scaling factor between the theory and the experiment,Np is
the number of the molten domain, Δρelectron is the difference in the
number density of the electron between the liquid and ice phases of
water, r is the radius of the liquid domain, and q is the momentum
transfer. The free fitting parameter that was adjusted during the fitting
analysis is the radius of the liquid domain, r. The electron densities of
liquid water and ice are calculated from the mass densities of liquid
water and ice, and they are0.98 and0.93 g/cm3, respectively. Since the
mass density varies slightly depending on the temperature, the aver-
age value was used. A scaling factor between the theory and the
experiment, c, was determined from the WAXS analysis by comparing
our experimental diffuse scattering with the normalized scattering
pattern of liquidwater30 (See Temperature and thickness estimation of
the molten domain section for details). The number of the molten
domains, Np, was calculated by Eq. (5).

Np tð Þ= Vwater

Vp
=
Vwater
4π
3 r3

ð5Þ

Vp is a volume of a single domain and is calculated from the radius
r. Vwater is the total volume of liquid water within the probed volume
and was estimated from the WAXS analysis.

In a more realistic picture, the molten domains with slightly dif-
ferent sizes can exist at the same time with a certain distribution. In
order to take this into account, we used a normal distribution of the
radius f(r) for calculating the theoretical SAXSpatterns insteadof using
a single value of r.

f rð Þ= e�
1
2

r�rmean
σr

� �2

σr

ffiffiffiffiffiffi
2π

p ð6Þ
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where σr is the variance and rmean is the mean value of the radius. For
the representative fitting results, the ratio between the variance and
themean value of the radius, (σr/rmean), was set to be 0.2. We note that
the distribution of radius effectively reduce the oscillatory features in
the theoretical SAXS pattern by averaging trigonometric functions
with different period and the choice of the degree of the distribution
does not affect our conclusion. The theoretical SAXS patterns
obtained from the fitting analysis are shown together with the
experimental data in Supplementary Fig. 2. The estimated radius (r)
and the calculated number (Np) of themolten domains as a function of
time delays are shown in Fig. 3b.

Estimation of the heat diffusion
After the ultrafast T-jump, the cooling process occurs due the the heat
dissipation. The timescale of the cooling process is estimated by using
the thermal diffusivity. The initial temperature of the irradiated area
right after theultrafast T-jumpwasestimated tobe ~350Kbasedon the
WAXS analysis as shown in Fig. 2b, whilst the area that is not irradiated
has thebase temperatureof 170 K. The thermaldiffusivity of ice I varies
from 2.87 × 10−6 m2/s at 170 K to 1.17 × 10−6 m2/s at 273K31. The time-
depenent changes of the temperature near the center (red) and the
edge (green) of the irradiated area were calculated and are shown in
Supplementary Fig. 5. Due to the differences in the timescale of the
cooling, a temperature gradient within the sample can be generated
and the recrystallization can occur at the edge of the pumped volume
already when the average temperature is higher than the melting
temperature. The simulated cooling time scale is in qualitative agree-
ment with that of our experiment shown in Fig. 2b. We note that a
temperature gradient along the beam axis may also exist since the
front of the sample absorbs more energy than the back and the
timescale of the heat dissipation can be faster than the values shown in
Supplementary Fig. 5 that is calculated from the simplified
1-dimensional case.

Data availability
The authors declare that all data supporting the findings of this study
are available within the paper and the Source Data file. Source data are
provided with this paper.

References
1. Dolan, D. H., Knudson, M. D., Hall, C. A. & Deeney, C. A metastable

limit for compressed liquid water. Nat. Phys. 3, 339–342 (2007).
2. Murray, B. J. et al. Kinetics of the homogeneous freezing of water.

Phys. Chem. Chem. Phys. 12, 10380–10387 (2010).
3. Lee, G. W., Evans, W. J. & Yoo, C. S. Dynamic pressure-induced

dendritic and shock crystal growth of ice VI. Proc. Natl. Acad. Sci.
USA 104, 9178–9181 (2007).

4. Engemann, S. et al. Interfacial melting of ice in contact with SiO2.
Phys. Rev. Lett. 92, 205701 (2004).

5. Shaw, R. A., Durant, A. J. & Mi, Y. Heterogeneous surface crystal-
lization observed in undercooled water. J. Phys. Chem. B 109,
9865–9868 (2005).

6. Choi, E. M., Yoon, Y. H., Lee, S. & Kang, H. Freezing transition of
interfacial water at room temperature under electric fields. Phys.
Rev. Lett. 95, 085701 (2005).

7. Matsumoto, M., Saito, S. & Ohmine, I. Molecular dynamics simula-
tion of the ice nucleation and growth process leading to water
freezing. Nature 416, 409–413 (2002).

8. Malkin, T. L., Murray, B. J., Brukhno, A. V., Anwar, J. & Salzmann, C.
G. Structure of ice crystallized from supercooled water. Proc. Natl.
Acad. Sci. USA 109, 1041–1045 (2012).

9. Xu, Y. T., Petrik, N. G., Smith, R. S., Kay, B. D. & Kimmel, G. A.
Growth rate of crystalline ice and the diffusivity of supercooled
water from 126 to 262 K. Proc. Natl. Acad. Sci. USA 113,
14921–14925 (2016).

10. Kimmel, G. A. et al. Homogeneous ice nucleation rates and crys-
tallization kinetics in transiently-heated, supercooled water films
from 188 K to 230 K. J. Chem. Phys. 150, 204509 (2019).

11. Woutersen, S., Emmerichs, U., Nienhuys, H. K. & Bakker, H. J.
Anomalous temperature dependence of vibrational lifetimes in
water and ice. Phys. Rev. Lett. 81, 1106–1109 (1998).

12. Iglev, H., Schmeisser, M., Simeonidis, K., Thaller, A. & Laubereau, A.
Ultrafast superheating and melting of bulk ice. Nature 439,
183–186 (2006).

13. Schmeisser,M., Iglev, H. & Laubereau, A.Maximumsuperheating of
bulk ice. Chem. Phys. Lett. 442, 171–175 (2007).

14. Schmeisser, M., Iglev, H. & Laubereau, A. Bulk melting of ice at the
limit of superheating. J. Phys. Chem. B 111, 11271–11275 (2007).

15. Fanetti, S. et al. Superheating and homogeneousmelting dynamics
of bulk ice. J. Phys. Chem. Lett. 10, 4517–4522 (2019).

16. Citroni, M., Fanetti, S., Falsini, N., Foggi, P. & Bini, R. Melting
dynamics of ice in the mesoscopic regime. Proc. Natl. Acad. Sci.
USA 114, 5935–5940 (2017).

17. Caleman, C. & van der Spoel, D. Picosecond melting of ice by an
infrared laser pulse: a simulation study. Angew. Chem. Int. Ed. 47,
1417–1420 (2008).

18. Donadio, D., Raiteri, P. & Parrinello, M. Topological defects and
bulk melting of hexagonal ice. J. Phys. Chem. B 109, 5421–5424
(2005).

19. McBride, C., Vega, C., Sanz, E., MacDowell, L. G. & Abascal, J. L. F.
The range of meta stability of ice-water melting for two simple
models of water. Mol. Phys. 103, 1–5 (2005).

20. van der Spoel, D., Maia, F. R. N. C. & Caleman, C. Structural studies
of melting on the picosecond time scale. Phys. Chem. Chem. Phys.
10, 6344–6349 (2008).

21. Malolepsza, E. & Keyes, T. Water freezing and ice melting. J. Chem.
Theory Comput. 11, 5613–5623 (2015).

22. Davies, M. B., Fitzner, M. & Michaelides, A. Accurate prediction of
ice nucleation from room temperature water. Proc. Natl. Acad. Sci.
USA 119, e2205347119 (2022).

23. Slater, B. & Michaelides, A. Surface premelting of water ice. Nat.
Rev. Chem. 3, 172–188 (2019).

24. Kim,K.H. et al. Direct observationof bond formation in solutionwith
femtosecond X-ray scattering. Nature 518, 385–389 (2015).

25. Biasin, E. et al. Femtosecond X-ray scattering study of ultrafast
photoinduced structural dynamics in solvated [Co(terpy)2]

2+. Phys.
Rev. Lett. 117, 117013002 (2016).

26. Kim, K. H. et al. Experimental observation of the liquid-liquid tran-
sition in bulk supercooled water under pressure. Science 370,
978–982 (2020).

27. Ladd-Parada, M. et al. Following the crystallization of amorphous
ice after ultrafast laser heating. J. Phys. Chem. B 126,
2299–2307 (2022).

28. Ko, I. S. et al. Construction and commissioning of PAL-XFEL facility.
Appl. Sci. 7, 479 (2017).

29. Kang, H. S. et al. Hard X-ray free-electron laser with femtosecond-
scale timing jitter. Nat. Photonics 11, 708–713 (2017).

30. Skinner, L. B., Benmore, C. J., Neuefeind, J. C. & Parise, J. B. The
structure of water around the compressibility minimum. J. Chem.
Phys. 141, 214507 (2014).

31. Fukusako, S. Thermophysical properties of ice, snow, and sea ice.
Int. J. Thermophys. 11, 353–372 (1990).

32. Guinier, A. X-ray diffraction in crystals, imperfect crystals, and
amorphous bodies (Dover, 1994).

Acknowledgements
This work was supported by the National Research Foundation of Korea
(NRF) grant funded by the Korea government (MSIT) (No.
2019R1C1C1006643 and 2020R1A5A1019141) (C.Y., K.N., S.J., S.Y., and
K.H.K.). The experiments were performed at beamline XSS of PAL-XFEL

Article https://doi.org/10.1038/s41467-023-38551-0

Nature Communications |         (2023) 14:3313 6



(proposal 2019-1st-XSS-008) funded by the Korea government (MSIT).
This work also has been supported by a European Research Council
Advanced Grant under project 667205 and the Swedish National
Research Council (M.L.P, A.S., H.P. and A.N.).

Author contributions
K.H.K. designed and supervised the study. K.A.-W. designed sample
preparation. K.A.-W. and A.S. designed sample holder. K.A.-W., M.L.-P.,
A.S., and T.E. prepared ice samples. K.H.K., K.A.-W., A.N., A.S., F.P., and
H.P. designed experimental setup, chamber, and laser geometry. K.H.K.,
K.A.-W., A.N., A.S., F.P., H.P., M.L.-P., C.Y., T.E., T.J.L., S.Y., S.J., J.H.L., I.E.,
and M.K. performed the x-ray experiments. C.Y., K.H.K., K.N., S.Y., and
S.J. analyzed the data. C.Y., K.H.K., A.N., M.L.-P., and F.P. wrote the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-38551-0.

Correspondence and requests for materials should be addressed to
Kyung Hwan Kim.

Peer review information Nature Communications thanks Koji Yoshida,
and the other, anonymous, reviewer for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-38551-0

Nature Communications |         (2023) 14:3313 7

https://doi.org/10.1038/s41467-023-38551-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Melting domain size and recrystallization dynamics of ice revealed by time-resolved x-�ray scattering
	Results and discussion
	Time-resolved x-ray scattering of ice
	Melt thickness and the estimated temperature
	Size and the number of liquid water domains
	Proposed model of the melting and recrystallization dynamics

	Methods
	Preparation of ice I sample
	Time-resolved x-ray scattering experiment
	Integrated intensities of the difference scattering pattern
	Temperature and thickness estimation of the molten domain
	Radius estimation of the molten domain
	Estimation of the heat diffusion

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




