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Melting, Bubblelike Expansion, and Explosion of Superheated Plasmonic Nanoparticles
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We report on time-resolved coherent diffraction imaging of gas-phase silver nanoparticles, strongly
heated via their plasmon resonance. The x-ray diffraction images reveal a broad range of phenomena for
different excitation strengths, from simple melting over strong cavitation to explosive disintegration.
Molecular dynamics simulations fully reproduce this behavior and show that the heating induces rather
similar trajectories through the phase diagram in all cases, with the very different outcomes resulting solely
from whether and where the stability limit of the metastable superheated liquid is crossed.
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Condensed matter, when heated slowly, undergoes the
familiar phase transitions from solid to liquid to gas.
Extremely fast heating, on the other hand, results in
additional phenomena, such as strong overheating of solids
or liquids or even a change in the chemical bonding itself
due to strongly excited electrons [1-4]. Many aspects of
matter under such extreme conditions, like the coupling
between a very hot electron gas and the ionic system, are
not yet fully understood [5,6]. Isolated nanoscale particles
have been identified as well-controlled test objects for
the study of highly excited matter [7-9], especially in
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combination with single-shot coherent diffraction imaging
(CDI) using intense x-ray free-electron laser pulses
[10—-14], which permits one to follow the dynamics with
high spatiotemporal resolution [15]. Up to now, most time-
resolved studies concentrated on rare gas particles in free
flight, excited by strong laser fields [9,15-18], and a few
other systems like silicon dioxide particles [19]. Time-
resolved diffraction studies on metal nanoparticles were
mainly performed using particles supported on surfaces,
leading to the observation of vibrational excitation, melting,
or disintegration [20-27]. However, an unambiguous analy-
sis of the particle dynamics free from the hard to quantify
influence of the support is only possible in the gas phase.

In this Letter, we study silver nanoparticles heated in free
flight by excitation of their plasmon resonance with
moderately intense picosecond laser pulses. Such particles
have been shown to form well-defined faceted crystalline
structures at lower temperatures [28-30], distinctly differ-
ent from the round shape of a liquid droplet, which should
facilitate the observation of melting. Furthermore, they
exhibit a strong Mie plasmon resonance in the near

Published by the American Physical Society
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UV [31,32], which permits to excite them using fairly weak
laser fields [32-36]. This excitation leads to a rather
uniform heating of the particle via very fast formation of
a hot electron gas and a subsequent transfer of the energy to
the nuclear degrees of freedom on a timescale of several
picoseconds [36—-41]. Employing pump-probe CDI, we
determine the morphology of the particles as a function of
delay time. Accompanying molecular dynamics simula-
tions of the process provide comprehensive insight into the
origin of the observed phenomena. The strength of a
decompression wave following the initially isochoric heat-
ing of the particles turns out to be a decisive parameter for
the dynamics.

The experiment was performed at the free-electron laser
(FEL) FLASH [42] using the CAMP end-station [43]. Silver
nanoparticles with diameters in the range of 50-200 nm were
produced by a magnetron sputter gas aggregation source
[44-46], operated with a mixture of xenon and argon. The
beam of neutral nanoparticles traversed a differential pump-
ing stage before entering the main chamber. Here, the particles
were intercepted by 20 pJ FEL pulses with about 70 fs pulse
duration at 5.1 nm wavelength, focused to a spot size of
10 pm. Photons scattered from the particles were collected by
a pnCCD detector [47] at a distance of 70 mm from the
interaction region at a repetition rate of 10 Hz. Heating of the
particles was achieved by 400 nm laser pulses synchronized
with the FEL pulses and overlaid in a near-collinear geometry.
They were produced by a frequency doubled Ti:Sapphire
femtosecond laser system and stretched to a duration of about
1 ps by propagation through 100 mm of fused silica. We note
that due to the timescale of the electron-phonon heat transfer
of several picoseconds, shorter pulses would not increase the
temporal resolution but would just lead to unwanted strong
field effects. The 50 pJ pulses were weakly focused to a spot
size of roughly 70 pm diameter in the interaction region.
Inhomogeneities in the laser beam profile did not permit a
precise UV laser intensity determination; we estimate a
maximal value of 1 x 10'> W/cm?, but most of the particles
will have experienced lower intensities.

In Figs. 1(a)-1(e) examples of scattering images
recorded with the pump pulse present are shown, along
with real-space reconstructions obtained by iterative phase
retrieval reconstruction [48—51] of the small angle part of
the images [30]. These can be interpreted as projections of
the particle densities onto a plane perpendicular to the x-ray
beam (see Supplemental Material [52] for details). Five
different classes can be identified, based on the real-space
features of the samples. The faceted class in Fig. 1(a)
contains polyhedra with well-defined facets, which appear
not to be strongly affected by the pump laser, either because
the images were recorded at negative or small positive
delay times, or because the particles have interacted
only with a low-intensity part of the pump laser profile.
Figure 1(b) represents examples of the round class; these
are mostly spherical particles with homogeneous density,
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FIG. 1. Characteristic classes of images. Three examples are
provided for each class, with the experimental diffraction patterns
in logarithmic color scale and the corresponding reconstructions in
linear gray scale (object sizes indicated by 50 nm bars). In the right
column, respective relative abundances of each class as function of
the time-delay between pump laser and FEL pulses are given, with
the absolute number of patterns at each delay at the top.

most probably liquid droplets melted due to the heating.
Figure 1(c) shows the most spectacular class, hollow
particles with a rounded outer surface and a large, close
to spherical cavity inside. In some cases, the remaining
shell has a thickness of only about 10% of its diameter.
The fragmenting class [Fig. 1(d)] refers to particles with a
very inhomogeneous density, indicating disintegration
probably due to fairly strong excitation. The exploded
class [Fig. 1(e)] includes all patterns that correspond to
unconnected fragments of the original particle, which leads
to specklelike diffraction patterns. These obviously are
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FIG.2. MD simulations of strongly heated silver particles with 8 x 10° atoms. The snapshots show sectional views for different times,
for three different amounts of deposited energy. See Supplemental Material [52] for videos of the dynamics.

particles which completely disintegrated after the interac-
tion with the pump laser. Interestingly, rather symmetric
speckle patterns are sometimes observed (like in the third
image in this row), corresponding to a small number of
large fragments in a rather regular arrangement.

The relative abundances of these five classes as a
function of the time delay between the pump laser and
the FEL pulse are plotted in the right column of Fig. 1. The
total number of identifiable diffraction images recorded at
each time delay is given on the top, showing the overall low
hit rate in this experiment. For negative and small positive
time delays up to 30 ps (here grouped together in a single
data point) only faceted structures were observed. Other
morphologies start to appear at a delay of 125 ps. The
abundance of faceted samples drops to a level of about 40%
within the first few hundreds of picoseconds. The abun-
dance of round specimens exhibits the opposite behavior,
rising up to 40% in the first few hundreds of picoseconds.
Exploded patterns appear even later, at around 500 ps, and
tend to become more and more abundant toward longer
time delays. The other two classes appear only transiently.
The contribution of the fragmenting class is significant only
between 125 ps and 744 ps; a similar behavior is seen for
the hollow class, with the maximum abundance apparently
shifted to slightly longer delays.

In order to better understand the observed dynamics, the
temporal evolution of strongly heated silver particles was
simulated by classical molecular dynamics (MD), employ-
ing the embedded-atom-method interaction potential of
Sheng et al. [53]. Experimental diffraction data on pristine
samples reveal diverse geometries of the particles [as shown
in Fig. 1(a) and discussed in Ref. [30] ]. For simplicity, we
discuss here the case of spherical particles (R = 31 nm,
8 x 10° atoms); faceted shapes lead to qualitatively very
similar results (see Supplemental Material [52]). To mimic
the heating process by electron-phonon coupling, the
particles were thermalized for a duration of 10 ps using a
Langevin thermostat with a given temperature in a range
between 2000 K and 9000 K, using a relaxation time of 5 ps

(see Supplemental Material [52] for details and for a
discussion on the influence of the energy deposition
method). The total amount of energy deposited into the
particles in this way ranges from 0.5 to 2.0 eV/atom.
Results of the MD simulations for three cases are shown
in Fig. 2. Snapshots of the nanoparticles are depicted at
different times after the start of the heating process. In the
Supplemental Material [52], videos of the dynamics are
provided. In general, the simulation results are in line with
those of earlier studies [26,54,75-79]. In the case of a
deposited energy of 1.0 eV/atom (first row), small voids
start to form in the inner part of the sphere briefly before
20 ps. These voids grow and coalesce into a single large
cavity in the center of the particle within 200 ps. This central
cavity then contracts again, leading to a round liquid droplet
at a delay time of 400 ps. For an energy of 1.4 eV/atom
(second row), the initial behavior is similar, but the void
formation now happens even closer to the particle surface.
As before, the voids merge to form a single central cavity
within 200 ps but with a substantially thinner outer shell. In
this case, the surface tension is not strong enough to reverse
the expansion of the bubble; it further expands and bursts in
less than a nanosecond, forming rather large, initially tubular
and eventually round fragments. The last case represents
the dynamics of the system for a deposited energy of
2.0 eV /atom. Here, the formation of voids happens in the
whole volume, even at the surface of the sample. This leads
to a direct and violent disintegration of the sample within
the first 100 ps, with fragments spreading at significant
velocities.

These results are in good agreement with the exper-
imentally observed time evolution (Fig. 1). As mentioned,
the faceted particles surviving up to long time delays
[Fig. 1(a)] most probably have only weakly interacted
with the pump laser. The appearance of round droplets
around 500 ps is compatible with still rather weakly excited
particles, which just melt, or with slightly more strongly
excited ones, where a central cavity appears and vanishes
again, as in the simulation for a deposited energy of
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1.0 eV/atom (Fig. 2). The observation of large bubbles
only between 125 ps and 744 ps is congruent with the
simulations with both 1.0 eV/atom and 1.4 eV/atom,
where the bubble vanishes again at larger times, either
by contraction or by fragmentation. The rapid increase of
fragmenting samples already at 125 ps can be assigned to
early, fairly violent void formation, somewhere between the
behavior simulated for 1.0 eV /atom and 1.4 eV /atom. The
still significant presence of these samples up to around 1 ns
hints at processes more in line with the 1.4 eV/atom
simulation, indicating bursting bubbles. Finally, the
exploded samples can stem as well either from early violent
fragmentation or a late bursting of a bubble; especially the
third example in Fig. 1(e) hints at such a case, because of
the small number of larger fragments detected. The square
arrangement of the fragments furthermore indicates a
fourfold symmetry axis of the initial shape of this particle,
as present, e.g., in truncated octahedra [52]. When compar-
ing measured and simulated time dependencies, one should
keep in mind that the size of the particles in the simulation
is on the lower end of the size distribution of particles
observed in the experiment; for the larger particles the
dynamics can be expected to be slower than in the
simulation.

The question arises why the single large cavity is always
formed at the center of the particle. This can be understood
with the help of the simulation results, as shown in Fig. 3.
Rapid uniform heating of a particle leads to the buildup of a
high pressure, which will eventually lead to an overall
expansion of the particle. This expansion, however, does
not occur via a simple breathing mode motion, but instead
in form of a decompression wave: as an acceleration of the
material requires a pressure gradient, the motion starts at
the particle surface, with the boundary between moving
material and material at rest propagating into the particle
with the velocity of sound [26,75,80,81]. Figure 3(a) shows
the pressure within the particle during the heating phase
and the following 10 ps as a function of radial position for
the case of an energy deposition of 1.2 eV /atom. One can
see that a pressure of more than 20 GPa is reached in the
particle center after 6 ps of heating. The motion of the
material sets in immediately when the heating is started,
with the boundary between moving and nonmoving layers
propagating toward the particle center. The position of this
boundary is indicated by the black line in Fig. 3(a) (see
Supplemental Material for radial profiles of the velocity
distributions [52]). It reaches the particle center at about
7 ps, which gives a velocity of sound of about 4400 m/s
under these conditions, slightly higher than the room
temperature value of 3650 m/s [82]. When this happens,
all of the atoms are moving outward, which leads to a
strong pressure drop within the particle. This pressure drop
is slightly less abrupt than might be expected due to the
heating continuing until 10 ps; nevertheless, 14 ps after the
start of the heating, a negative pressure of about —2.5 GPa
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FIG. 3. Evaluation of molecular dynamics simulations. (a) Ra-
dial pressure distribution at different times, for an energy
deposition of 1.2 eV/atom. The solid line indicates the propa-
gating boundary between material at rest and in motion. (b) Evo-
lution of the system within the phase diagram of silver; the circles
indicate the end of the heating process at 10 ps. A detailed view of
the metastable region is given in the inset plot below.

is reached [Fig. 3(a)]. As further discussed below, at such a
negative pressure cavitation sets in immediately, leading to
the many voids as seen in Fig. 2 at 20 ps for 1.0 eV/atom
and 1.4 eV/atom. The voids grow and merge into a larger
cavity, surrounded by material which continues to move
outward as it keeps the momentum gained in the first phase
of the expansion. We want to stress that it is not the vapor
pressure which drives the growing of this bubble, but rather
the outward movement of its shell. Therefore, if this motion
is not too fast, it can be reversed by surface tension, as in
the 1.0 eV /atom case where the large central void starts to
shrink again at about 200 ps and has completely vanished at
400 ps. For higher energy depositions, the initial shell
velocity is so high that the surface tension could reverse
the motion only at much later stages of the expansion.
Before that happens, however, any small hole formed in
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the thinning liquid layer leads to the rupture of the
bubble [83,84].

At even higher heat bath temperature the particle rips
apart immediately. Nevertheless, the underlying mecha-
nism is quite similar to the case of the cavitation process
discussed before, as can be best seen by comparing the
system trajectories through the phase diagram of silver as
shown in Fig. 3(b). In Fig. 3(b) the state of silver is shown
as a function of pressure and temperature, with the region
most relevant for the experiment magnified. This phase
diagram has been obtained from bulk silver MD simula-
tions using the same interaction potential as for the silver
particle simulations (see Supplemental Material [52]). In it,
the liquid and gaseous region are separated by the so-called
binodal, which toward higher temperatures ends in the
critical point. Below the binodal, matter should always be
in the gaseous state. Nevertheless, the phase transition here
is kinetically hindered by seed bubble formation; there is a
critical bubble size, which has to be overcome, and which
increases the closer the system is to the binodal. Only at a
second boundary, the so-called spinodal, the liquid
becomes unstable and homogeneous evaporation sets
in [26,80,85]. Thus, in the region between the binodal
and the spinodal, the liquid can be overheated, staying in a
metastable liquid state, while this is not possible anymore
beyond the spinodal.

The temporal evolution of the volume-averaged temper-
ature and pressure within the particles is indicated for eight
different values of deposited energy (see Supplemental
Material [52] for similar phase diagram trajectories calcu-
lated for specific radial regions of the particle). Upon
heating, one can observe a strong initial increase of
temperature and pressure. This in fact moves the system
away from the liquid-gas boundary, therefore somewhat
stabilizing the liquid. Due to the particle expansion, the
pressure drops again despite ongoing heating. Since the
energy deposition ends abruptly at 10 ps, which is indicated
by the circles, the phase trajectories show an unphysical
sharp kink—a more realistic simulation would show a
smooth bend instead. Here the temperature starts to drop as
well and the systems dive through the binodal. Cavitation,
however, sets in only when the systems cross the spinodal,
which for the lower temperatures happens at significantly
negative pressures. This process is very similar for all
heating temperatures; what makes a difference for the
highest energy depositions is that here the spinodal is
crossed at only slightly negative pressures. Therefore, even
after expansion, the system stays close to the spinodal and
rupturing continues until total disintegration is reached.
One can also observe that for the lowest deposited energy
(0.5 eV/atom) the system does not reach the spinodal; in
this case no void formation sets in. Instead, the still partly
crystalline droplet exhibits a significant breathing mode
vibration, a motion strongly damped by the void formation
for the next three higher energy deposition cases which end

up in compact liquid droplets. Here, however, some breath-
ing mode vibration is excited by the collapse of the cavity,
most notably in the 1.2 eV /atom case.

In conclusion, we have demonstrated that the dynamics
of strongly heated silver nanoparticles is dominated by a
decompression wave caused by the near-isochoric heating,
leading to distinct temperature- and time-dependent effects.
These sensitively depend on the strength of the electron-
phonon coupling and the resulting heating rate of the ions,
which opens a new approach to measure the coupling
strength up to very high temperatures. From future pre-
cision measurements of the onset of cavitation and the time
dependence of the expansion and collapse of the bubble,
material parameters like the velocity of sound, surface
tension, and viscosity under these extreme conditions will
also be obtained. Time-resolved x-ray diffraction experi-
ments on nanoparticles in the gas phase are therefore
ideally suited to study superheated matter with high spatial
and temporal resolution.
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