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Infrared-induced ultrafast melting of nanostructured platinum films probed by an x-ray
free-electron laser
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Understanding non-equilibrium melting in metals is a topic of current interest. We investigated the solid-to-
liquid phase transition in platinum induced by femtosecond infrared radiation at different fluences. The evolution
of the atomic structure was probed on the picoseconds timescale by x rays generated by an x-ray free-electron
laser (XFEL). To analyze scattering data, we employed a model developed for liquid metals. We observed a
compression field propagating into the nanostructured thin film sample, as well as partial melting for the infrared
fluence of 200 mJ cm~2, corresponding to about 280 kJkg~! absorbed by the sample. Similar features were
observed at higher infrared laser fluences. To support the interpretation of experimental findings, we performed

two-temperature model simulations.

DOI: 10.1103/PhysRevB.110.144303

I. INTRODUCTION

The nonequilibrium dynamics of the solid-liquid phase
transition has been the subject of several investigations [1-7].
As a result, for instance, the transition from heterogeneous
to homogeneous melting was identified in gold [4], and the
role of grain boundaries elucidated [5]. In fact these, together
with other defects, can act as nucleation seeds for the liquid
phase, lowering the amount of energy required for the phase
transition.

The solid-liquid phase transition can be induced, for
example, employing infrared (IR) radiation emitted by a fem-
tosecond laser to rapidly increase the kinetic energy of free
electrons. During the IR pulse the energy of free electrons can
exceed thousands of degrees Kelvin, while the atomic lattice is
at room temperature. As a result of the strong nonequilibrium
condition the excess of energy is transferred to the atomic
lattice via electron-phonon coupling [8,9].

Instrumental to the investigation of the atomic dynamics
following the energy transfer to the sample has been the de-
velopment of tools capable of probing atomic details at the
relevant timescales, which are of the order of picoseconds.
Among these, x-ray free-electron lasers (XFELs) [10-14] are
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unique instruments to characterize structure and dynamics
of condensed matter due to their exceptional properties in
terms of brightness, temporal pulse duration and transverse
coherence [15-17].

Several of the investigations cited above focused on gold.
Differing by only one electron there is platinum, a noble metal
with numerous scientific and technological applications. It is
used, for example, for medical devices [18], in nanomedicine
[19] and has a central role in cancer chemotherapy [20,21].
It is essential for the catalysis of the hydrogen oxidation
and oxygen reduction reactions, at the core of fuel cells
and electrolysers [22-24]. Due to its excellent performance
and thermal stability, platinum is also extensively employed
within automotive catalytic converters [25,26], and to catalyse
several other industrially-relevant reactions, for example, in
the oil industry [27]. The elevated chemical inertness, oxi-
dation resistance, melting temperature, and phase stability of
platinum [28] make it perfect to produce melting equipment.
For example, it is used to manufacture glass fibers, for temper-
ature sensors or for space industry applications [29]. Because
of its properties, platinum is also used as reference for several
applications, ranging from electrodes and thermometers to
pressure calibrants [30].

In this work, we investigated the nonequilibrium melting
of platinum induced by an ultrashort IR laser. In particular,
we resolved the evolution of the atomic lattice and the ap-
pearance of the liquid phase in a time-resolved fashion by
exploiting x rays produced by an XFEL. With our experiment
and its interpretation, we aim at increasing the understanding
of platinum properties, and in particular of the nucle-
ation and propagation of the solid-liquid phase transition in
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FIG. 1. (a) Schematic of the experimental setup. The IR laser
impinges on the sample 15 degrees apart from the x-ray beam
(perpendicular to the sample) on the horizontal plane. The silicon
frame is moved in the xy plane before each shot to illuminate a
different window. The x-ray scattering signal is measured on a pix-
elized detector positioned 108 mm downstream from the interaction
region. (b) Typical x-ray single-pulse scattering pattern of a platinum
reference sample (that is, the one without IR pump laser). The scale
bar corresponds to 500 pixels in detector units. (c) Azimuthal average
of the pattern in (b) as a function of momentum transfer where Bragg
peaks from the face-centered cubic platinum {111}, {200}, {220},
and {311} family of planes can be observed. Vertical dashed lines
indicate the region that is used for further analysis of the experimen-
tal data.

nanostructured thin films. Furthermore, the presented results
are potentially of technological relevance, given the increasing
demand of ultrafast laser manufacturing [31-36].

II. EXPERIMENT

Platinum films of 100 nm thickness were grown on sil-
icon nitride membranes by electron beam evaporation. The
resulting lateral dimension of the grains was of the order of
10 nm and they were preferentially columnar with respect to
the film surface (see Ref. [37] for details). The experiment was
performed at the Nano-crystallography and Coherent Imaging
instrument (NCI) of the Pohang Accelerator Laboratory X-ray
Free-Electron Laser (PAL-XFEL) [12,38]. A schematic of the
experiment setup is shown in Fig. 1(a).

The x-ray beam propagating perpendicular to the sample
surface was focused using a Kirkpatrick-Baez mirror system
[39] on an area of approximately 5 wm in diameter on the
sample (a representative imprint is shown in Fig. S4c [37]).
The average x-ray photon energy during the experiment, mea-
sured by an on-line spectrometer, was 9.7 keV (see Sec. SII
[37]). The resolution of the on-line spectrometer was esti-
mated to be 0.26 eV full width at half maximum (FWHM)
[40]. It should be noted that, due to the small thickness of the
platinum samples the absorption of x rays is negligible (the
attenuation length of platinum is 3.9 um at the photon energy

TABLE I. IR fluences (®) and corresponding pulse energies (€,
measured using a laser power meter). The estimated energy densities
absorbed by the sample ¢ are also reported.

®, mJcm™2 &, e, kI/kg
100 28.4 139
200 57.0 279
300 85.0 416
400 113.0 553
500 141.0 691
1000 283.0 1386

employed during the experiment). Therefore, the scattering
probability of x-ray photons at different sample depths was
similar. Scattering data were collected on a Rayonix MX225-
HS detector (2880x2880 pixels of size 78x78 um? with a
2x2 binning mode). The detector was positioned downstream
of the interaction region at a distance of 108 mm and its
center was shifted from the x-ray axis by —37 and 1 mm
along the x and y axes, respectively [the reference frame is
shown in Fig. 1(a)]. The sample-detector distance was deter-
mined by fitting platinum Bragg peaks of the reference sample
and assuming face-centered cubic (fcc) atomic arrangement
with lattice constant ap = 3.9236 A [41]. A typical single-
pulse scattering pattern measured by the detector is shown in
Fig. 1(b). Before each shot, the sample was moved in the plane
perpendicular to the x-ray beam [the xy plane in Fig. 1(a)] so
as to illuminate a different window (the sample geometry is
detailed in Ref. [37]). Furthermore, the sample position along
the x-ray beam (z axis) was adjusted in order to optimize the
focal plane as seen by an inline microscope.

A Ti:sapphire laser of 800 nm central wavelength [42] and
generating 100 fs (FWHM) pulses focused on an area of about
110 wm (FWHM) (see Sec. SIII [37]), was used to deposit
energy into the samples. Its axis was 15° from the sample
normal on the horizontal plane [see Fig. 1(a)]. The values of
IR laser fluences, reported in Table I, were varied from 100
to 1000 mJ cm~2. The time-delay between the IR pump and
x-ray probe was varied from 1 ps to 1000 ps with logarithmic
sampling. At least 10 patterns were collected for each com-
bination of fluence and time delay. Given some uncertainty
on the focal plane position and a drift of time zero across
the experiment of about 0.5 ps, the error in time delay was
estimated to be of the order of 1 ps (a detailed discussion
on uncertainties associated to experimental results is given in
Sec. SVIII [37]).

III. DATA ANALYSIS

The first step of the analysis of scattering data was the
removal of the pedestal (dark signal) and so-called bad pixels.
Each frame was further corrected by normalizing data by solid
angle, x-ray polarization, linear absorption of x rays by the
sample, and air scattering in the sample-detector path (see
Sec. SIV for details [37]). Some regions of the detector were
masked because the sample holder was partially blocking
scattered intensity (see, for example, Fig. 1(b) and Fig. S8
[37]). A few detector frames (less than 7% of the total) were
considered as outliers and discarded, for example, when the
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x-ray beam was too close to an edge of the silicon frame. The
average and standard deviation of the radial profile of each
image were finally computed using the wavelength deduced
from the in-line spectrometer. The momentum transfer axis
(g) was binned with a bin size of 0.005 A~!. A typical radial
profile for the reference sample, obtained by applying the
above-mentioned pipeline to the detector images in Fig. 1(b),
is shown in Fig. 1(c). High-g data were typically noisy and
therefore the momentum range for further analysis was re-
stricted to the interval from 2 to 4 A~! [see Fig. 1(c)]. In
this region, face-centered cubic (fcc) platinum has two Bragg
reflections, the ones associated to the {111} (g = 2.774 A1
and {200} (¢ = 3.203 A~") family of planes. To account for
the contribution of scattering of x rays by air in the optical
path and by the silicon nitride substrate, a membrane (no
sample) was measured and fitted with a fourth order Cheby-
shev polynomial of the first kind. The result of the fit, B,
was then used to construct a general background function
B(q) = aByexp(kq).

To fit the scattering curves we defined the following model
as the sum of three contributions: (i) the background B(g)
(two free parameters: « and «), (ii) a pseudo-Voigt function
for each Bragg peak (four free parameters: central position,
FWHM, area of the curve, and the Lorentzian fraction), and
(iii) the model proposed by Ashcroft and Lekner (AL) [43,44]
for the liquid-like signal (three free parameters). Ashcroft and
Lekner derived the liquid structure factor of a system of hard-
spheres as a function of their diameter and packing density.
As such, the model is simple and robust, and ideal for data
whose quality is not particularly high (e.g., in terms of signal-
to-noise ratio and extension of the momentum transfer range),
like those collected in our experiment. Furthermore, the model
proved to be successful in the interpretation of scattering data
from various liquid metals (see, e.g., Refs. [43,45,46]). We
additionally multiplied the structure factor described by the
model by Ashcroft and Lekner by a scaling parameter and
by the squared modulus of the platinum atomic form factor
(coefficients were obtained from Ref. [47]). Further details on
the fitting procedure are provided in Sec. SV [37].

IV. RESULTS AND DISCUSSION

The scattering curves collected during this experiment mi-
nus the background are shown in Fig. 2 for the different IR
fluences used in this experiment. By visual inspection, at the
lowest IR fluence of 100 mJcm™2 no significant differences
in the scattering data are observed at different time delays.
However, starting from the IR fluence of 200 mJ cm~2, we
observe a gradual decrease of Bragg peak intensities with the
increase of time delay. While at this IR fluence both the (111)
and (200) Bragg peaks are visible for all time delays, already
at 300 mJ cm™2 the higher-g peak (200) starts to disappear
at about 100 ps. In general, the decrease of intensities is
faster the higher the IR fluence. For example, at the fluence
of 1000 mJ cm~2 Bragg peaks are practically vanishing after
a few picoseconds from the IR pulse. At the same time, we
would like to note here that some intensity corresponding to
the (111) Bragg peak is observed for every fluence and time
delay, indicating that some residual solid fraction is always
present in the region of the sample probed by x rays. We

100 mJ-cm? (a)

Intensity (arb. units)
Intensity (arb. units)

Intensity (arb. units)
Intensity (arb. units)

Intensity (arb. units)
Intensity (arb. units)

FIG. 2. Scattering curves at different time delays of the x-ray
probe with respect to the IR pump for each IR fluence reported
in Table I. The data sets are normalized by the average maximum
intensity of the reference sample, which is collected in absence of IR
radiation.

interpret the continuous scattering curve which appears as the
intensity of Bragg peaks decreases as the fingerprint of the
platinum liquid phase. By that, we conclude that platinum
films are partially melted for fluences of 200 mJcm™2 and
higher. Below, a detailed analysis of the results obtained is
presented.

The parameters extracted from the fit of scattering curves
are reported in Fig. 3 as a function of pump-probe time delays.
Each point in this figure is the median of the correspond-
ing dataset (Fig. S11 exemplifies the scattering of individual
values around the median [37]). Even if both the (111) and
(200) Bragg peaks are present in the investigated momentum-
transfer range, we restrict our analysis to the former, since the
two are highly correlated within the resolution of our mea-
surements (the analysis of the (200) Bragg peak is reported in
Fig. S12 [37]).

The integrated intensity of the (111) Bragg peak, which is
proportional to the amount of crystalline ordered fcc platinum
in the probed region of the sample, is shown in Fig. 3(a).
As it can be observed, for each value of the incident IR
fluence this quantity is reduced with respect to the reference
value (that is, measured without illuminating the sample with
IR radiation). As discussed above, the decrease of integrated
intensity within the investigated temporal range is negligible
when the IR fluence equals to 100 mJ cm~2, and modest when

144303-3



PHYSICAL REVIEW B 110, 144303 (2024)

LUCA GELISIO et al.
B 40F--gommnramccmemmmeeanaes
= t‘*"'””""o
= NS ““‘-”00
_é <4 ) .4.?\ * %
A <« 3 Q.
3 =1 <ﬁ nn
> 10 <t -
b A
7]
qc) n
-— AA 1<
£ 102}(a) AR
e 2
o
= ®100 mJ.cm™ ™ e
S 1.5F +200mJem? & " ¢
'-% * 300 mJ.cm™ Q:
1. . [ ]
g 400chm2 t.... o.
o <500 mJ.cm” '}
H(l_) 05} . 1000mJ~cm'2§‘, 1 L _—
© o’ « * 4
Q  Qf--ft=egpfed LI R
= 5'2‘5 @:&
b «
T - b <
© -05f(b)
0.12
. 0.1 1
< 0.08 1 21
E *ﬁ ':3 “
e =
= 0.06 Y. S
y B o .
T ﬂ 669 "‘
004 p--cccmcmmcmnccnaaal 3-:-1
(c)
0.02 .

T (ps)

FIG. 3. Parameters deduced from the fitting of the (111) Bragg
peak. (a) Integrated intensity normalized to its reference value, col-
lected in absence of IR radiation, (b) lattice deformation (see text for
details), and (c) FWHM. In all panels, the dashed lines correspond
to reference values. Data is plotted as a function of the time delay
between the IR pump and x-ray probe.

it is 200 mJ cm~2 (these will be named “low fluences”). On
the contrary, for higher values (“high fluences”) the integrated
intensity drops to about 1% of the reference value, and the
decay is faster the higher the fluence. This occurs from about
one hundred picoseconds for 300 mJ cm~2 to a few picosec-
onds for 1000 mJ cm~2.

The position of a Bragg peak g, is related to the lattice
parameter a of a cubic lattice through the known relation
a = 2w~/ h* + k% + 12/qyy,. Variations of the time delay de-
pendent strain e(t) = a(t)/ap — 1, where ay and a(t) are
the lattice parameters for the reference structure and at time
delay 7, are shown in Fig. 3(b). As it can be observed, for
low fluences the lattice is expanded for each time delay longer
than approximately 10 ps. This is compatible with an increase
of the sample temperature. Assuming the expansion to be

purely thermal, the temperature can be evaluated from the
equation a = ar (T — Tp), where ar is the thermal expansion
coefficient [48] and T = 300 K. The maximum temperature
at the longest measured time delay (one nanosecond) was
estimated to be about 1300 K and 1800 K for IR fluences of
100 and 200 mJ cm 2, respectively.

The general trend for each IR fluence greater than
100 mJ cm™2 is that the lattice is progressively more com-
pressed in the first 10-20 ps, with a strain rate of the order of
10® s~! and up to approximately ¢ = —0.5% at the IR fluence
of 500 mJ cm~2. The compression value is increasing with IR
fluence, except for 1000 mJ cm~2, likely due to the extremely
small residual solid state fraction [see Fig. 3(a)]. After the
maximum value of compression is reached, the lattice rapidly
expands for every fluence (strain rate ~10° s~!) up to time de-
lays of approximately 30 ps. This is about the time necessary
for a sound wave to transverse the thickness of the platinum
sample, which is 31 ps assuming the (longitudinal) speed of
sound of 3260 m/s [49], and enough for the electron-ion tem-
perature gradient to vanish (see Fig. S15 [37]). We attribute
the negative atomic displacement to the pressure resulting
from the inhomogeneous distribution of ion temperatures in
the platinum sample. In fact, the energy deposited by the IR
source is strongly localized in a thin layer during the first
picoseconds after the IR pulse (see Sec. SVII [37]), also
owing to the abundance of grain boundaries limiting electron
motion in our samples (see Sec. SI [37]). We speculate that
the expansion of this layer compresses the rest of the sample.
This picture is consistent with the one in Ref. [6]. After the
displacement wave has traveled the film at the speed of sound,
for low fluences the strain values decrease slightly up to time
delays of about ~50-60 ps (approximately the time needed
for the sound wave to travel back to the surface), to then
increase again. For high fluences, in general, the expansion
diminishes, following the same trend already observed for the
residual fcc solid state fraction [see Fig. 3(a)].

The FWHM of the (111) Bragg reflection is shown in
Fig. 3(c). It is inversely proportional to the size of the coher-
ently scattering domains and proportional to the microstrain
and thermal vibrations in the sample [50]. For each value of
the IR fluence, the peak width is initially slightly increased
with respect to the reference value. At about 30 ps, we observe
a rapid increase of the peak width, possibly indicating inho-
mogeneous distribution of strain in the sample, followed by a
fast decay. The curve has a maximum at the time point 31.6 ps
for fluences lower than 500 mJ cm ™2, which is anticipated by
a few picoseconds for the latter. This is likely due to extremely
small residual fcc fraction at this time delay [see Fig. 3(a)],
which might also explain why the peak width for the IR
fluence of 1000 mJ cm~2 does not follow a similar trend. It
is interesting to note, that for low fluences, the FWHM at 1 ns
is practically returning to the reference value. In particular,
for the 200 mJ cm~2 case the final FWHM value in the sub-
nanosecond time delay region is even lower than the reference
one, possibly indicating an increase of the crystallite size due
to sintering of smaller grains or relaxation of residual stresses.
Contrarily, for high fluences, the values of FWHM after the
peak at 31.6 ps continue to increase.

The Kirchhoff’s law predicts, for a constant pressure pro-
cess, the change of the temperature 7' of the system as a
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function of enthalpy H to be dT =dH/c,(T). Assuming
that the energy absorbed by the system (see Table I) is
solely increasing its temperature, the above equation esti-
mates a maximum temperature of ~1300 K for IR fluence
of 100 mJcm™2. This is lower than the melting temperature
for platinum at atmospheric pressure, Ty, = 2041.3 K [51],
and therefore the sample should remain solid. It should be
noted that this is the same temperature estimated from the
position of the (111) Bragg peak, and that no evidence of
scattering from liquid phase is detected in our analysis. For
the IR fluence of 200 mJ cm~2 the melting should be par-
tial, with coexistence of the solid and liquid phases, whereas
300 mJ cm~2 should be sufficient to transform the entire solid
sample into liquid. This picture is apparently consistent with
Fig. 3(a) for long time delays although an extremely small
residual fcc solid state fraction is always present according to
our experimental findings. We speculate that this might be due
to chemical stabilization of platinum at its interface with the
SizNy film, inhibiting solid-to-liquid phase transition.

The scattering curve attributed to liquid, which is clearly
distinguishable from the Bragg peaks, was fitted using the AL
model. It should be noted that, especially for low fluences
and short pump-probe delays, this model is likely to fit the
diffuse scattering due to various defects including thermal vi-
brations, and might therefore not provide correct information
on the liquid phase. The area under the AL curve, which is
proportional to the amount of liquid phase, was estimated
by integrating the corresponding analytical model from the
origin of momentum-transfer space to infinity. To compen-
sate for fluctuations of the incoming x-ray intensities, we
divided the integral by the total intensity in the background
for each diffraction pattern. The result is shown in Fig. 4(a).
Here, no data are shown for the IR fluence of 100 mJ cm—2
and early time delays for 200 and 300 mJ cm~2 as no liquid
is detected in our analysis for these fluences. The general
trend is that the integral of the liquid curve increases as a
function of the time delay, indicating development of the
liquid fraction. It also increases in magnitude as a function
of the IR fluence, although there is no significant difference
between 400 and 500 mJ cm~2. Moreover, at time delays of
hundreds of picoseconds the values of integrated intensities
for the IR fluence of 1000 mJ cm~2 are similar to the ones for
200 mJ cm~2. This is compatible with the trend of integrated
intensities of the (111) Bragg reflection discussed in relation
to Fig. 3(a). To explain this we evaluated the conditions for ab-
lation using the approach described in Ref. [52] (see Sec. SVI
[37]). According to this, the estimated crater depth is about
1 and 10 nm for the IR fluences of 500 and 1000 mJ cm~2,
respectively (see Sec. SVI for the details of ablation estimate
[37]), which justifies the deviation of integrated intensities
trends for the highest fluence.

In the AL model [43,44], the profile of the scattering
curve of a liquid of hard spheres is defined by their diameter
d and packing density n. The two parameters are in turn
related to the liquid density of platinum p by the relation
p = 6mnAp, /d>, where Ap; = 195.08 g/mol is the atomic
weight of platinum. The density of the liquid phase, shown in
Fig. 4(b), does not show a clear trend for time delays shorter
than about 10 ps. However, if we exclude the data for 200
and 300 mJ cm~2, both associated with a small liquid fraction
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FIG. 4. Quantities extracted from the liquid phase model (see
text for details). (a) Integrated intensity normalized to the back-
ground intensity, (b) liquid density, and (c) temperature. In (b), the
dashed and solid lines indicate the nominal values for the liquid and
solid density, respectively, and in (c), dashed and dotted lines indicate
the melting and boiling temperatures, respectively. Data are plotted
as a function of the time delay between the IR pump and x-ray probe.
We excluded the lowest fluence of 100 mJ cm~2 at which no liquid
phase was detected.

[see Fig. 4(a)], then the higher the fluence the denser is the
liquid. We speculate that this might be due to the residual solid
fraction [see Fig. 3(a)], mechanically constraining the liquid
phase. On the contrary, for time delays larger than approxi-
mately 30 ps, the liquid density is lower than the reference
value at the melting point [53], 19.77 gcm 3. It is also lower
the higher is the IR fluence, which is compatible with an
increase of the liquid temperature. The transition between the
two density states is roughly larger in magnitude and faster in
time the higher is the IR fluence. Interestingly, the temporal
region between approximately 10 and 30 ps corresponds to
both a transition between two different states of density, and of
strain in the lattice [see Fig. 3(b)], suggesting that the solid and
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liquid phase might experience the same mechanical pressure.
When the compressive strain is relieved, the density of the
liquid decreases (its volume increases).

The temperature of the liquid phase can be estimated from
Ref. [54] as T = (V/Vp — 0.89125)/8.3955 x 107>, where
the volume V is calculated from the density as obtained from
the AL model, and Vy = 4.673 x 107> m3kg~"'. It should be
noted that this equation is valid in the interval of temperatures
from 2042 to 5650 K, and it assumes a constant pressure
process. Values of temperature of the liquid phase, shown in
Fig. 4(c), outside this range are in general the ones corre-
sponding to time delays shorter than 10 ps, or to the highest
IR fluence of 1000 mJ cm~2. The values within the range of
validity of the equation, in Fig. 4(c), confirm that the tem-
perature of the liquid phase increases with the IR fluence. In
particular, the temperature approximately equals the melting
one, at which solid and liquid coexist, for the IR fluence of
200 mJ cm—2, and it reaches almost 4000 K for 500 mJ cm—2.

To support the interpretation of experimental results, we
performed simulations exploiting the two-temperature model
(TTM) [55] (see for details Sec. SVII [37]). The TTM is a
phenomenological description of the spatiotemporal evolution
of the temperature in a metal following its ultrafast excitation.
In this picture, the laser pulse is absorbed by free electrons
near the surface and increases their energy. This is then par-
tially transferred to the lattice via electron-phonon coupling
at longer timescales. The TTM assumes a continuous media
and does not include any defects, like the grain boundaries,
present in the investigated samples which diminish the amount
of energy required for the solid-liquid phase transition (het-
erogeneous melting) [5].

In Fig. 5, we compare the fraction of fcc solid estimated
from the experimental data and the one obtained from the
TTM model. The values of experimental data are calculated
assuming that the integral of the (111) Bragg peak is pro-
portional to the amount of solid phase, and that there is no
liquid platinum at the time delay of 1 ps. The value of the
peak integral at this time delay is, therefore, used to normalize
all the other values. For the case of the TTM simulations,
the fraction of solid is simply the thickness of the solid
phase at a given time from the IR pulse divided by the total
thickness of the simulation domain, which is 100 nm in our
case (details on the assessment of the liquid fraction are pro-
vided in Sec. SVII [37]). All simulation parameters, including
the electron-phonon coupling parameter G.p,, which rules the
energy exchange between the electronic and ionic subsys-
tems, were taken from the known references (see Sec. SVII
for details [37]). As it can be observed from Fig. 5, the
model qualitatively captures the trends observed experimen-
tally. For the IR fluence of 100 mJ cm~2 it does not predict
any formation of the liquid phase, which is compatible to our
experimental findings. From the fluence of 200 mJ cm™2, the
liquid phase is formed starting from about a few picoseconds.
The time delay for the nucleation of the liquid phase is be-
coming shorter with increasing the IR fluence [which seems to
be consistent with Fig. 4(a)], ranging between approximately
2 and 4 ps for the highest and lowest IR fluence, respec-
tively. It should be noted that for all fluences experimental
results seem to indicate a faster nucleation of the liquid phase
with respect to simulations. This could be explained both by
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FIG. 5. Solid state fraction. Dots are the median values for a
given time delay and pink crosses are the values calculated from the
experimental data. The solid black line is calculated from the TTM
simulations.

inaccurate simulation parameters, or the heterogeneous nature
of melting. In fact, our samples contain a considerable amount
of defects, and especially of grain boundaries (see Fig. S2
[37]). These can act as nucleation seeds for the solid-liquid
phase transition, which therefore requires less energy with
respect to a defect-free sample. It is worth pointing out that
our TTM simulation does not include any structural defects,
and therefore models homogeneous melting. When simulation
parameters are concerned, the electron-phonon coupling and
the electron ballistic range play a particularly critical role in
defining the temporal evolution of the atomic lattice, and in
particular in defining the equilibration time. For example, our
simulations show that increasing/reducing the magnitude of
the electron-phonon coupling parameter by a factor of two is
reducing/increasing the equilibration time of temperatures of
electrons and ions by about 10 ps (see Fig. S16 [37]). For
IR fluences from 300 mJ cm~2 to 500 mJ cm~2 we observe a
second drop of the solid fraction derived from experimental
data at about 20-30 ps, which is not explained by the TTM
simulations. For these fluences, this is about the time delay
corresponding to a considerable decrease of integrated intensi-
ties [Fig. 3(a)], dissipation of the compression field [Fig. 3(b)],
and maximization of the crystal disorder [Fig. 3(c)]. Fur-
thermore, in the same temporal region the density of the
liquid (and in turn, its temperature) changes considerably in
magnitude [Fig. 4(b)]. We speculate that the dissipation of
the compression field destabilizes the lattice promoting the
creation of additional liquid phase. This should be supported
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FIG. 6. Schematic of experimental facts as a function of distance
from the surface of the sample and time delay 7, for the IR fluence
of 400 mJ cm~2. The temperature of ions as predicted by our TTM
simulations is shown together with the different sample phases (solid
and liquid), separated by a black curve. The solid state fraction is
compared to experimental data in Fig. 5. The blue dashed line marks
the time needed for a sound wave originated at the surface of the
sample and traveling at the speed of sound to reach the bottom
of the sample, 100 nm from the surface. We speculate that this is
a compression wave whose fingerprint in term of lattice displace-
ment can be observed in Figs. 3(b) and 3(c). After this point in
time, the lattice deformation is positive. The compression field is
attributed to the strong temperature gradient established in the first
picoseconds and nanometers. We speculate that the same gradient is
responsible for the drop of scattered intensities [see Fig. 3(a)], the
atomic displacement observed in the sample [see Fig. 3(b)], and its
inhomogeneous distribution, which in turn can explain the trend of
the width of the (111) Bragg peaks [see Fig. 3(c)].

by the integrated intensity of the liquid phase, shown in
Fig. 4(a). However, while for the IR fluence of 400 mJ cm ™2
a considerable increase of this quantity can be observed from
approximately 20 ps, this is not the case for other fluences,
which might be due to the measurement uncertainty. Finally,
it is worth mention the excellent agreement between the solid
fraction calculated from experimental data and TTM simula-
tions for the highest IR fluence of 1000 mJ cm~2, although,
we recall, the sample is partially ablated in this case.

We summarized the main findings presented in this
manuscript in Fig. 6.

V. SUMMARY AND OUTLOOK

In summary, here we described the evolution of platinum
nanostructured films illuminated by ultrashort IR radiation at
several fluences and time delays. We observed a thermal strain
wave traveling perpendicular to the film at the speed of sound.
The sample remained completely solid when the fluence was
100 mJ cm~2, and it was partially liquid for higher fluences,
with the liquid phase developing at time delays of a few
picoseconds. We observed that lattice deformations before the
sound wave traveled through the entire sample were mostly

compressive, and expansive after that. Furthermore, analy-
sis of our experimental results employing the AL’s model
suggested that the density of the liquid phase was changing
considerably after the sound wave propagated through the
sample.

To support experimental findings, we performed TTM sim-
ulations, which predicted the sample to be solid at the IR
fluence of 100 mJ cm~2, and partially liquid for higher flu-
ences, with the solid fraction decreasing the more the higher
the fluence. We furthermore observed an additional drop of
the solid fraction which is not described by TTM simulations
at fluences from 300 to 500 mJ cm~2, and time delays longer
than 30 ps. We speculated that this might be due to the release
of the compressive field, which destabilizes the lattice and
promotes the nucleation of the liquid phase.

Overall, our TTM simulations, based on a model of a
uniform sample, does not seem to be sufficient to capture
the complexity of the solid-liquid phase transition in poly-
crystalline films illuminated by femtosecond IR light. In
particular, the ablation process or the presence of defects such
as grain boundaries are not taken into account in the TTM
simulations.

Finally, we believe that a deeper understanding of the re-
sults presented here requires more extensive experimental and
theoretical exploration in the future, for example, exploiting
TTM simulations coupled to molecular dynamics [56,57]. We
also think that research performed at XFEL facilities will be
instrumental in answering the questions outlined in this work.
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