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ABSTRACT: Short-pulse laser irradiation of a colloidal solution
of nanoparticles is an effective method for fragmenting the
nanoparticles and producing a population of smaller nanoparticles
and atomic clusters with properties desired in various fields of
applications, including biology, medicine, and catalysis. To
investigate the mechanisms involved in the fragmentation, we
develop a computational model capable of realistic treatment of a
variety of interrelated processes occurring on different time and
length scales, from the electronic excitation by the laser pulse, to
the electron−phonon energy transfer and an explosive phase
decomposition of the superheated nanoparticle, and to the
generation and collapse of a nanobubble in a liquid environment. The application of the model to simulation of laser fragmentation
of a Au nanoparticle in water has revealed two distinct channels of the formation of the fragmentation products. The first channel
involves the direct injection of compact nanodroplets propelled by the phase explosion of the irradiated nanoparticle deep into the
water environment. The second channel of the nanoparticle formation involves a more gradual growth through agglomeration of
numerous atomic clusters embedded into a narrow region of water surrounding the laser-induced nanobubble. This channel
produces irregularly shaped nanoparticles and leads to a rapid decline of the population of atomic clusters on the timescale of
nanoseconds. All the clusters and nanoparticles experience an ultrafast quenching by the water environment and feature a high
density of twin boundaries and other crystal defects, which may enhance the density of active sites for the catalytic applications of the
nanoparticles. The computational predictions of the prompt generation of a high concentration of the fragmentation products in a
relatively narrow shell-like region on the outer side of the nanobubble, as well as the rapid solidification of atomic clusters and
nanoparticles at the early stage of the nanobubble formation, have important practical implications for the design of new methods
aimed at achieving an improved control over the size, shape, and defect structures of nanoparticles produced by laser fragmentation
in liquids.

1. INTRODUCTION
Laser interaction with absorbing nanoparticles in liquids is in
the core of several current and emerging applications, including
the selective killing of cancer cells,1−3 biological imaging,4,5

drug delivery,6,7 and laser processing of colloidal solutions of
nanoparticles.8−25 The latter includes laser fragmentation in
liquid (LFL),16−25 where larger nanoparticles are fragmented
to produce a population of smaller nanoparticles with a narrow
size distribution, and laser melting in liquid,11−15 where
melting and partial vaporization of nanoparticles is used to
change the size,11,12 shape,13,14 and composition15 of the
colloidal nanoparticles.
The relevance of the laser interaction with nanoparticles in

liquids to a broad range of practical applications has stimulated
experimental and theoretical efforts aimed at revealing the
cascade of processes triggered by the laser energy deposition
and responsible for the nanoparticle modification and energy
transfer to the liquid environment. In many experimental
studies, the mechanistic information is inferred from the results
of postprocessing analysis of the outcomes of the laser

irradiation, such as the cell lethality and cell membrane
permeability in biomedical applications1−3,6,7 or changes in
nanoparticle shapes and size distributions in laser melting and
fragmentation experiments.11−13,15,16,18−20 The time-resolved
optical14,21,26−28 and X-ray scattering14,25,29,30 measurements
have provided valuable insights into the characteristic time-
scales of the expansion and collapse of nanobubbles generated
around the irradiated nanoparticles,25,27−30 the nanoparticle
temperature evolution,14,26 and the nanoparticle fragmentation
dynamics.21,25 Moreover, recent synchrotron X-ray scattering
experiments were used to directly probe the structural changes
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in the irradiated nanoparticles (thermal expansion, melting,
and recrystallization) with sub-nanosecond time resolution.25

The advances in the experimental probing call for
concurrent progress in theoretical interpretation and modeling,
which has been hampered by the dynamic, highly non-
equilibrium nature of processes induced by the rapid laser
energy deposition. The challenges exist even in the irradiation
regime where the nanoparticles survive the irradiation and
retain their integrity. The large mismatch in thermophysical
properties of nanoparticles and the surrounding liquid can
produce large thermal resistance at the nanoparticle−liquid
interface, which may lead to a substantial temperature drop at
the interface.30−34 Moreover, the explosive boiling35 of
strongly superheated liquid surrounding a hot nanoparticle
can lead to the formation of a vapor bubble that further slows
down the nanoparticle cooling process.36−39 For small vapor
bubbles surrounding the nanoparticles, the thermal energy
transport through the bubble cannot be described by the
Fourier law, and the ballistic heat transfer mechanism should
be considered for a realistic description of the bubble
dynamics.39 For very small nanoparticles with diameters of
just a few nanometers, the bubble formation can be suppressed
by a high curvature of the nanoparticle−liquid interface,33,34

thus sustaining high interfacial heat fluxes and leading to
extreme cooling rates experienced by the nanoparticles, as
demonstrated in molecular dynamics (MD) simulations of
nanoparticles rapidly heated in a liquid environment40 or
injected into liquid in the course of laser ablation.41−43 While
the specifics of the nanoscale heat and mass transfer around a
nanoparticle excited by a laser pulse can be, to a certain extent,
incorporated into the general framework of hydrodynamic
modeling based on an equilibrium equation of state of the
liquid environment,37,38,44−47 the full account for the interplay
of various channels of the laser energy redistribution is still
challenging to achieve.
The transition to the nanoparticle fragmentation regime

brings the complexity of the theoretical treatment of the
problem to the next level and largely limits the interpretation
of experimental results to the semiquantitative evaluation of
possible processes.22,48−50 In general, the fragmentation
mechanisms discussed in the literature can be separated into
photothermal, photomechanical, and electrostatic ones,
although more exotic mechanisms, such as nonthermal ion
emission from solid nanoparticles driven by an electric field of
a high-intensity femtosecond laser pulse locally amplified
through polarization of the nanoparticle,51 have also been
suggested.
The discussion of the photothermal mechanism of nano-

particle fragmentation is usually based on estimation of the
temperature rise in response to the laser excita-
tion.16,18,20−22,48−50,52 The sequential heating, melting, and
evaporation of irradiated nanoparticles at moderate laser
fluences can reduce the size of the primary nanoparticles and
lead to the appearance of a new population of smaller ones
through the nucleation and growth from the evaporated atoms.
At higher fluences, the nanoparticles can be completely
evaporated or undergo an explosive decomposition into
vapor and liquid droplets when superheated up to the limit
of thermodynamic stability of the molten material (close to a
spinodal temperature).53−56 Indeed, the observations of
bimodal size distributions of Au nanoparticles in both
picosecond18,25 and nanosecond23,24 LFL experiments, as
well as the disappearance of the population of large

nanoparticles with increasing laser fluence18,23,24 and number
of pulses,18 are consistent with this fragmentation pathway.
The photomechanical mechanism of nanoparticle fragmenta-

tion can be activated under conditions of stress confine-
ment,57,58 when the time of the laser heating (defined by the
laser pulse duration, τp, or the time of the electron−phonon
equilibration, τe‑ph, whichever is longer) is shorter than the
time required for the mechanical relaxation (expansion) of the
nanoparticle, that is, max{τp, τe‑ph} ≤ R/Cs, where Cs is the
speed of sound and R is the radius of the nanoparticle. With
τe‑ph ≈ 10 ps59 and Cs ≈ 3240 m/s for Au, the stress
confinement condition is satisfied for nanoparticles with
diameters larger than ∼60 nm when τp ≤ 10 ps. The dynamic
relaxation of the compressive stresses generated under stress
confinement can lead to mechanical damage or disintegration
of nanoparticles.60,61 While the solid-state photomechanical
disintegration is highly unlikely for metal nanoparticles, the
photomechanical effects can make a substantial contribution to
the nanoparticle disintegration above the melting thresh-
old.50,62

Finally, the possibility of the electrostatic mechanism of
nanoparticle fragmentation22,50,63 driven by the Coulomb
instability/explosion of nanoparticles strongly ionized due to
a massive thermionic and/or photoelectric electron emission
has also been discussed for femtosecond,21 picosecond,20 and
nanosecond64 pulse LFL. We note that a simple criterion for
the onset of the Coulomb explosion formulated in terms of a
threshold electron temperature at which the number of
electrons with thermal energy exceeding the work function
reaches a critical level21,22,50,63 should be considered with
caution. The accumulation of the positive charge should
increase the effective work function and eventually prevent
further ionization.20 Moreover, the emitted electrons can be
expected to be trapped within ∼10 nm water shell around the
nanoparticle,65 thus creating a negative space charge and
further reducing the number of emitted electrons.66,67 Thus, a
reliable analysis of the electrostatic fragmentation at the limit
of stability for multiply charged particles should involve a self-
consistent evaluation of the electron emission and the electric
field,66−68 as well as the effect of the liquid environment on the
charge distribution and screening.
The irradiation regimes where the thermal, mechanical, and

electrostatic processes contribute to the nanoparticle fragmen-
tation in LFL are likely to overlap, and these contributions may
be intertwined with each other. As discussed above, the
complexity of the processes makes simple estimations based on
the energy balance unreliable and calls for a more detailed
analysis. Ideally, the theory and computational modeling
should predict time-resolved thermodynamic and structural
information that can be directly verified in advanced optical
and X-ray probing of the nanoparticle fragmentation
dynamics.14,21,25

As a step in this direction, in the present paper, we report
the development of a model suitable for detailed analysis of the
dynamics of photothermal and photomechanical nanoparticle
fragmentation on the timescales of the expansion and collapse
of a nanobubble generated around the irradiated nanoparticle.
We then put the model to test by performing a simulation of
fragmentation of a gold nanoparticle irradiated by a 10 ps laser
pulse in the regime comparable to that used in a recent
experimental study,25 which provides the most complete
information on the LFL process to date by combining ex situ
analysis of the fragmentation products with in situ X-ray
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probing of the fragmentation dynamics. The computational
predictions on the nanobubble lifetime and the final size
distribution of small nanoparticles produced by LFL are in
good quantitative agreement with experimental observations.
The simulations explain the observation of a prompt (nearly
instantaneous) formation of a large number of atomic clusters
and small nanoparticles with diameters less than 4 nm. Most of
these clusters are generated just outside the boundaries of the
nanobubble during the first nanoseconds after the laser pulse,
long before the bubble collapse at ∼11 ns. Moreover, even
though the simulation is performed for conditions when the
laser excitation supplies more than 80% of the energy required
for complete vaporization of the nanoparticle, some of the
fragments undergo crystallization as early as 0.3 ns after the
laser pulse. The intriguing computational prediction of the
rapid crystallization occurring within the nanobubble’s outer
layer, prior to the nanobubble collapse, presents a new
challenge for the time-resolved X-ray or electron diffraction
probing.

2. COMPUTATIONAL MODEL FOR LFL
The simulation of laser fragmentation of a gold nanoparticle in
a liquid environment is performed with a computational model
combining a fully atomistic description of laser interaction with
the gold nanoparticle,69,70 a coarse-grained (CG) representa-
tion of liquid (parameterized for water),41,42,71,72 and an
acoustic impedance matching boundary condition73−75 de-
signed to mimic the nonreflecting propagation of the laser-
induced spherical pressure wave through the boundary of the
computational domain. An important new feature of the model
is the implementation of an on-the-fly cluster analysis that
enables a realistic description of the size dependence of the
electron−phonon coupling coefficient and a detailed tracking
of the mechanisms of the nanoparticle generation in LFL. A
schematic representation of the computational system is shown
in Figure 1. A description of the main components of the
model and details of the computational setup are provided
below.
2.1. TTM-MD Model for Laser Fragmentation of

Nanoparticles. The laser interaction with a gold nanoparticle
is simulated with a hybrid atomistic-continuum model that
combines the atomistic MD method76,77 with a continuum
description of laser excitation of conduction-band electrons,
followed by electron−phonon equilibration based on the two-
temperature model (TTM).78 Since the combined TTM-MD
model has been described in detail in previous publica-
tions,42,69,70 here, we only describe the changes introduced into
the model to enable the simulation of laser-induced
fragmentation of nanoparticles in a liquid environment.
In the conventional formulation of the TTM-MD

model,69,70 the heat diffusion equation for the electron
temperature, Te, is solved by a finite difference method
simultaneously with MD integration of the equations of
motion of atoms. The cells in the finite difference discretization
are related to the corresponding volumes of the MD system,
and the local lattice temperature,79 Tl, is calculated for each cell
from the average kinetic energy of thermal motion of atoms.
The energy exchange between the electrons and atomic
vibrations is then defined by the instantaneous local values of
Te and Tl. The energy exchange is realized by adding special
coupling terms to the MD equations of motion and the
differential equation for Te. In the applications of the TTM-
MD model to laser interactions with bulk metal targets and

thin films, the uniaxial expansion of an irradiated target is
treated in an ad hoc manner by activating the new cells when
material moves in, accounting for atoms in deactivated cells by
including them into the nearest active cells, and moving the
electron thermal energy from cell to cell together with the
atoms. This treatment provides a realistic description of
various channels of laser energy redistribution and ensures the
total (electrons plus atoms) energy conservation during the
simulations.69,80

In the case of LFL, however, the rapid fragmentation of
irradiated nanoparticles and three-dimensional expansion of
fragmentation products (small nanoparticles, atomic clusters,
and individual atoms) makes the conventional TTM-MD
approach described above unsuitable. The fragmentation
induced by an ultrashort laser pulse can occur before the
complete electron−phonon equilibration, making it necessary
to determine Te and Tl for individual fragments. An attempt to
map the fragmentation products to a regular grid of cubic cells
produces the number of atoms per cell that is too small for a
reliable calculation of Tl, which requires discrimination
between the thermal kinetic energy and the energy of the
center-of-mass motion of the atomic clusters and small
nanoparticles. While dividing the space into spherical shells
instead of the cubic cells eliminates the statistical noise in the
collective radial velocity and temperature averaged over all
atoms located within the same shell, this approach also
introduces severe artifacts into the simulation results. In
particular, an assumption that all clusters and nanoparticles in
the same shell have a common electron temperature creates an
artificial channel for the heat transfer within the shell when
clusters and nanoparticles with Tl > Te effectively transfer
energy to the ones with Tl < Te through the electron−phonon
coupling.
Given the inability of approaches based on the partitioning

of space into cells to provide an adequate description of the
electron−phonon equilibration in a nanoparticle undergoing
laser-induced fragmentation, we designed an alternative

Figure 1. Schematic representation of the computational setup used
for simulation of laser fragmentation of a gold nanoparticle in water.
The initial colloidal nanoparticle is in the center of a spherical
computational domain and is surrounded by liquid. The laser
interaction with the initial nanoparticle leading to its fragmentation
is simulated with an atomistic TTM-MD model. On-the-fly cluster
analysis is implemented in the TTM-MD model to account for the
size dependence of the electron−phonon coupling coefficient. The
liquid surrounding the nanoparticle is represented by a coarse-grained
MD model (CG water), with the thickness of the CG water shell
chosen to ensure that all laser-induced fragmentation products remain
within the computational domain during the simulation. The
nonreflecting propagation of the laser-induced spherical pressure
wave from the computational domain to the surrounding water
environment is represented by the acoustic impedance matching
boundary condition applied to the outer shell that changes its radius
during the simulation. A zoom-in view of one of the nanoparticle
fragments is provided on the right side of the figure.
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approach based on continuous identification of the size
(characterized by the number of atoms N) of all particles in
the course of a TTM-MD simulation. The key component of
this approach is a computationally efficient cluster analysis
algorithm described in Section 2.3. The algorithm enables
rapid on-the-fly identification of atomic clusters, defined as
particles with equivalent diameter De

81 of less than 2.2 nm (N
< 333),82 and nanoparticles, defined as particles with De ≥ 2.2
nm (N ≥ 333), at any time step during the simulation.
All atoms that belong to the same particle (cluster or

nanoparticle) share the same Te and Tl. The lattice
temperature Tl is calculated from the kinetic energy of atomic
motion in the particle center-of-mass frame of reference. For
small atomic clusters consisting of fewer than 56 atoms, the
internal temperature cannot be reliably defined, but it is still
calculated from kinetic energy (without subtraction of the
center-of-mass velocity) and used to formally define the
transfer of the residual excess electron energy remaining in the
clusters generated by LFL to the energy of atomic motions
(see Section 2.2).
Similar to the conventional TTM-MD,69,70 the electron

energy is carried along by atoms that are leaving or joining a
particle. For example, when an atom evaporates from a particle,
it retains the electron energy that corresponds to Te of the
particle. When two clusters or nanoparticles merge together,
their electron energy is combined, and a new Te is calculated.
Since all of the nanoparticle fragments are much smaller than
the electron mean free path in Au,83 the establishment of the
common electron temperature is considered to be instanta-
neous, and the electron thermal conductivity term is omitted in
the TTM equation for Te. The electron heat capacity, used in
the calculation of the electron energy and in the TTM
equation for Te, is taken in the form that accounts for the
thermal excitation from the electron states below the Fermi
level.84

The small size of the nanoparticle fragments not only
eliminates the need for an explicit treatment of the electron
thermal conductivity but also makes it necessary to consider
the effect of the small size of the nanoparticles85−91 and atomic
clusters92−98 on the rate of the energy exchange between the
excited electrons and the thermal energy of atomic vibrations.
In the approach where the electron−phonon coupling is
implemented on the particle-by-particle basis, the size
dependence of the electron−phonon coupling can be readily
introduced into the model, as described in the next subsection.
2.2. Size Dependence of Electron−Phonon Coupling

in Metal Nanoparticles. The dependence of the character-
istic time of the electron−phonon equilibration on the
nanoparticle size has been consistently observed in time-
resolved pump−probe spectroscopy measurements performed
for sufficiently small Sn,85 Ga,86 Cu,89,91 Ag,87,88,91 and
Au88,91,97 nanoparticles. These observations have been
attributed to coupling of the excited electrons to surface
vibrational modes85−87,89 that can be enhanced by extra
scattering or trapping of the excited electrons by surface
imperfections89 and by the decrease of screening of the
electron−ion interaction close to the surface due to the
reduction of the density of conduction electrons (“spill-out” of
electron wave functions).88,90,91 The experimental data suggest
that a hypothetical opposing effect related to the decreasing
overlap between the electron oscillation frequencies (increas-
ing with size reduction) and the phonon frequencies99 plays a

secondary role and is overshadowed by the contribution of
surface scattering.92

For Au, a substantial increase in the electron−phonon
energy exchange rate is reported for nanoparticles smaller than
10 nm in a study probing the nanoparticles in a size range of
2.2 to 20 nm.88,91 This trend is confirmed in more recent
measurements performed for atomically precise gold nano-
particles,97 where the electron−phonon equilibration time in
the low-excitation limit is observed to decrease as the size of
the Au nanoparticles decreases from 13 to 3.5 nm and to 2.9
nm. When the results for larger 9, 22, and 48 nm nanoparticles
are compared,100 however, no significant size dependence of
the electron−phonon thermalization time is observed.
Similarly, no size dependence of the effective strength of
electron−phonon coupling was observed for Au nanoparticles
with sizes ranging from 20 to 83 nm, while an increase of the
coupling strength by up to a factor of 2 is measured for hollow
Au nanoshells with similar diameters but shell thicknesses
ranging from 5.7 to 10 nm.101 These observations, and an
apparent linear correlation of the increase of the electron−
phonon coupling strength with the surface-to-volume ratio in
the hollow nanoshells, support the role of the surface scattering
in the electron−phonon coupling enhancement and suggest
the onset of a pronounced size dependence in Au
nanostructures of dimensions that are less than 10 nm.
As the diameter of Au nanoparticles decreases below ∼2.5

nm, the electronic structure transforms from a metallic to
discrete molecular type, as manifested by the disappearance of
surface plasmon resonance in the absorption spectrum.93 A
detailed analysis of the evolution from metallic to molecular
state in thiolate-protected Au clusters/nanoparticles consisting
of 25 to 940 atoms (De from 0.9 to 3.1 nm) has identified a
transition from the metallic (plasmonic) to molecular-like
(excitonic) state in a size range from 144 to 333 atoms (1.7−
2.2 nm).97 For particles larger than 2.2 nm, the electron−
phonon coupling time determined in transient absorption
spectroscopy experiments is found to increase with the pump
laser fluence, as expected from the linear dependence of the
electron heat capacity in metallic nanoparticles.102 The fluence
dependence measured for 2.2 nm (333 atoms) nanoparticles,
however, is rather weak and is not observed for 144 atom
clusters (De = 1.7 nm). The absence of the fluence dependence
of the electron−phonon relaxation time for 1.7 nm clusters is
an evidence of the emergence of discrete electron energy states
and single-electron excitation dynamics,94 while the weakening
of the dependence for 2.2 nm nanoparticles indicates a
transitional state between the metallic and molecular
behavior.97

The transition from the electron−phonon coupling in
metallic nanoparticles to the electron−hole recombination in
atomic clusters is usually associated with a slowdown of the
relaxation of the excited electrons. In particular, in ref 97, a
steady decrease of the electron−phonon relaxation time down
to less than 1 ps, observed as the size of Au nanoparticles is
reduced from 13 nm down to 2.6 nm (∼520 atoms), turns into
an increase to 1.6 ps for 333-atom clusters and to 3 ps for 144-
atom clusters. A similar trend is reported in ref 95, where the
excited-state decay rate increases when the size of the Au
nanoparticle is decreased from 3 to 2.2 nm but decreases when
the size is further reduced to 1.7 and 1.1 nm. The relaxation of
optically excited electronic states in atomic clusters clearly
reflects the presence of discrete electron energy states and is
characterized by multiple relaxation channels ranging from
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slow nano-/microsecond radiative and nonradiative relaxation
of lowest electronic excited states to ultrafast sub-picosecond
relaxation of higher excited states.92−98 Moreover, the excited-
state lifetimes can be substantially affected by ligands attached
to the Au clusters.94,96,103,104

Based on the brief overview of the current understanding of
the nanoparticle/cluster size dependence of the relaxation of
excited electronic states provided above, we adopted the
following simplified description of the energy exchange
between the electrons and thermal atomic motion in the
metal particles. The general description of the energy exchange
is the same for nanoparticles and clusters of all sizes and is
based on the conventional TTM-MD approach,42,69,70 where
the electron−phonon coupling terms are added to the MD
equations of motion and to the TTM equation for Te applied
at the level of individual particles, as described in Section 2.1.
The rate of the energy exchange in a given particle is defined
by the difference between Te and Tl determined for the
particle, as well as the magnitude of the electron−phonon
coupling factor Gp(Te, De) that depends on the electron
temperature Te and the size of the particle De. The electron
temperature and size dependence is approximated as Gp(Te,
De) = α(De)Gbulk(Te), where Gbulk(Te) is the electron−phonon
coupling factor of a bulk metal and α(De) is the size-dependent
scaling coefficient. The electron temperature dependence of
the electron−phonon coupling factor, Gbulk(Te), is taken in the
form84,105 that accounts for the contribution of d band
electrons that can be thermally excited in Au at Te > 3000 K,
while the scaling coefficient α(De) is shown in Figure 2 and
explained below.

For Au nanoparticles larger than 10 nm, the experimental
data do not reveal any significant size dependence of the
electron−phonon equilibration time,88,91,100,101 and the
electron−phonon coupling factor of a bulk metal is assumed,
that is, α(De) = 1 and Gp(Te, De) = Gbulk(Te) for nanoparticles
with De ≥ 10 nm (more than 31,180 atoms).
For smaller nanoparticles, in the size range 2.2 nm < De < 10

nm, the increase in the rate of the electron−phonon
equilibration with decreasing size of the nanoparticles88,91,97

is accounted for by the size-dependent scaling coefficient
α(De) fitted to the linear dependence of the experimental

electron−phonon energy transfer rate on inverse particle
diameter reported in ref 91. The fitting yields α(De) = A/De +
B, where A = 2.2564 nm and B = 0.7744. Note that the
functional form of the size dependence is consistent with that
expected from the contribution of surface scattering to the
electronic relaxation in nanoparticles.92,106

For the atomic clusters82 with De < 2.2 nm, the transition
from the metallic to molecular type of the electronic structure
leads to the emergence of multiple decay rates corresponding
to different steps of the excited-state relaxation, which are
sensitive to the electronic and nuclear relaxation dynamics,
capping by ligands, interaction with the environment, and level
of excitation.92−98 Strictly speaking, the concept of the
electron−phonon coupling is not applicable to the atomic
clusters, but it can still be used in the model to represent the
effect of radiationless relaxation of excited electronic states
through internal conversion and vibrational cooling. Based on
the evidence that the rate of the relaxation of electronic
excitation turns from increase to decrease when De is reduced
below ∼2.2 nm,95,97 we reduce α(De) linearly between 2.2 and
1.2 nm, from α(2.2 nm) to α(1.2 nm) = 1, and keep the
electron−phonon coupling factor at a constant level that
corresponds to the bulk metal for smaller clusters with De < 1.2
nm (less than 54 atoms).
We note that the rough assumptions made for atomic

clusters smaller than 2.2 nm (both the simplified size
dependence and the bulk-like electron temperature depend-
ence) are not intended to reflect the complexity of real
electronic relaxation in small atomic clusters, where the
sensitivity to the level of excitation, atomic structure, and
environment can lead to the variation of the relaxation
timescales by a few orders of magnitude.92−98 Rather, these
assumptions are made to simplify the computational treatment
of the residual excess electron energy remaining in small
clusters generated in LFL. Due to the small amount of this
residual energy, the results of the LFL simulations are not
sensitive to the choice of approximations used for the
description of the electron relaxation in the small atomic
clusters. We note, however, that the general framework of the
model developed in this work makes it possible to introduce a
more fine-grained and precise description of the relaxation of
the excited electronic states, if needed, for example, for making
connections to time-resolved optical emission measurements.
The effect of the environment of nanoparticles on the

internal electron thermalization is not yet fully established90

but appears to be moderate101,103 or absent88 for nanoparticles
with De > 2.2 nm. Therefore, in the current parametrization of
the model, we do not account for the possible effect of the
surroundings on the electron−phonon coupling. We also do
not incorporate the effect of melting of the nanoparticles on
the strength of the electron−phonon coupling. The exper-
imental data on the electron−phonon coupling in molten
metals are scarce, although the results for solid and liquid
metallic gallium nanoparticles with diameters of ∼10 to 18 nm
embedded in a SiO matrix reveal similar dynamics of the
electron energy relaxation in both phases.86 Recent theoretical
calculations for solid and liquid Al also suggest a weak effect of
the structural disorder on the strength of the electron−phonon
coupling.107 We note, however, that the effects of the
environment, the internal crystal defects,108,109 and the phase
state of the nanoparticles can be readily introduced into the
model once reliable experimental data and/or theoretical
predictions on these effects are available.

Figure 2. Scaling coefficient α(De) used for an approximate
representation of the dependence of the electron−phonon coupling
factor on the Au nanoparticle/cluster diameter De. The shaded area
marks the particle size range that corresponds to the transition
between the metallic (plasmonic) and molecular (discrete/excitonic)
type of the electronic structure.
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2.3. On-the-Fly Parallel Cluster Analysis Algorithm.
The computational model described above involves a particle-
by-particle treatment of the electron−phonon equilibration
and, therefore, requires real-time (“on-the-fly”) identification
of all atomic clusters and nanoparticles in the course of the
simulation. In this section, we describe a simple yet
computationally efficient cluster identification algorithm
incorporated into the model. The algorithm takes advantage
of the list of neighbors of each atom constructed for the
treatment of interatomic interactions using the cell-linked list
method.110 The cluster analysis is first performed at the level of
individual processors and then extended to the whole system
simulated with a parallel code.
The single-processor (serial) cluster analysis algorithm

consists of four steps illustrated in Figure 3. In the first step,

for each atom in a part of the system treated by a given
processor, a list of atoms that are within the cutoff distance
used for defining whether the two atoms belong to the same
cluster is generated. These lists are produced based on the lists
of neighbors used for the description of interatomic
interactions in the MD simulation code. The circles drawn
around atoms A, B, C, and D have the same radius equal to the
cluster cutoff distance and encircle the atoms that are assigned
as neighbors of these four atoms. In the second step, we pick
one atom (e.g., atom A) and assign all its neighbor atoms with
the same cluster ID. In the third step, we systematically go
through all the neighbors of atom A (e.g., atom B) and assign
their neighbors the same cluster ID. The process is repeated
for all the neighbors of neighbors of atom A (e.g., atom C) and
so forth, until all the chains of the ID assignment triggered by
atom A are exhausted. In the fourth step, the next atom that
has not been assigned a cluster ID yet is selected, a new cluster
ID is generated (see below) and assigned to this atom, and the
process described above for steps 2 and 3 is repeated. The
steps 4-2-3 are repeated until all the atoms in the part of the
system treated by the processor are assigned with cluster IDs.
The extension of this algorithm to analysis of a large

computational system simulated by a parallel TTM-MD code
requires additional steps. The parallel code splits the system
into regions treated by different processes, and some of the
clusters can span over two or more regions. Therefore, the
cluster identification algorithm should combine different parts
of the same cluster identified by different processors into a
single cluster. This is accomplished through a series of steps
illustrated in Figure 4. In the two-dimensional (2D) schematic
of a three-dimensional (3D) partitioning of the system
between the processors, shown in this figure, the system is
divided into nine squares, with each square treated by one
processor. As the first step of cluster identification in the
parallel algorithm, each processor performs cluster analysis on
local atoms, as described above and is illustrated in Figure 3.
The assignment of cluster IDs is based on the minimum global

atom ID out of all atoms that belong to the cluster. This
assignment of cluster IDs ensures that all cluster IDs in all
processors are unique. The atoms in Figure 4 are colored by
these unique cluster IDs after the first step.
Next, each processor sends information about atoms located

in a buffer layer at the periphery of its region to other
processors responsible for the adjacent neighboring regions.
The atoms received from adjacent processors are located
within the skin layer surrounding each single-processor region.
A skin layer is shown schematically as a gray layer in step 2 of
Figure 4. Using the list of neighbors, a check is performed on
whether any of the atoms in the skin layer should be included
into the clusters identified earlier by the local processor. When
such atoms are found, the pairs of cluster IDs to be joined are
identified. In the third step, each processor sends the pairs of
cluster IDs to the master processor. The master processor
applies the cluster analysis again, but this time to the parts of
the clusters identified by cluster IDs, and combines the cluster
parts into joint clusters. As a result, the parts of a cluster
located in regions that are distant from each other (e.g., in the
top left and bottom left regions in Figure 4) become parts of
the same cluster. In the final step, the master processor sends
both the old and new cluster IDs to the local processors. Each
processor updates the cluster ID and cluster size for every
atom, and this information is used in defining the behavior of
the atoms (strength of electron−phonon coupling, Section
2.2) and in the analysis of atomic configurations.

2.4. Computational Setup and Parameters. As the first
application of the new model, we perform a simulation of LFL
of a 20 nm Au nanoparticle irradiated by a laser pulse with a
Gaussian temporal profile and a full width at half maximum
duration of 10 ps. To ensure the complete energy deposition,
the time when the pulse reaches its peak power is shifted with
respect to the start of the simulation by 25 ps. The total energy
density supplied by the laser pulse is 3.6 eV/atom. This energy
density corresponds to around 94% of the cohesive energy of
Au (3.81 eV/atom)111 and around 80% of the energy required
for complete vaporization of the nanoparticle. The latter is
estimated by summing the energy density needed to heat bulk
Au from 300 K to the melting temperature of Tm = 1337 K
(29.0 kJ/mol = 0.3 eV/atom), melt it (enthalpy of melting Hm
= 12.6 kJ/mol = 0.13 eV/atom), heat molten Au from Tm to
the boiling temperature of Tb = 3130 K (55.5 kJ/mol = 0.58
eV/atom), and completely vaporize it at Tb (334.4 kJ/mol =
3.47 eV/atom), yielding a total of 4.48 eV/atom. The surface
energy of a 20 nm nanoparticle does not significantly
contribute to the overall energy balance, as can be estimated
using experimental surface energy of solid and liquid Au,112

1.41 and 1.14 J/m2, respectively, yielding the contribution of

Figure 3. Schematic of a series of steps in the serial cluster analysis
algorithm. Atoms without cluster ID are colored gray. Atoms assigned
different cluster IDs are colored by different colors.

Figure 4. Schematic of the on-the-fly parallel cluster analysis
algorithm. Each square represents a region treated by a single
processor. Atoms are colored by the cluster IDs. The gray region in
step 2 is a skin layer where the atoms sent by neighboring processors
are located. Colored areas in step 3 show different parts of clusters
joined together by the master processor. Arrows in step 3 show the
pairs of local clusters identified in step 2.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c03146
J. Phys. Chem. C 2021, 125, 13413−13432

13418

https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03146?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03146?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03146?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03146?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03146?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03146?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03146?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03146?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c03146?rel=cite-as&ref=PDF&jav=VoR


∼0.04 eV/atom to the energy of the nanoparticle. The choice
of the deposited energy density is motivated by the recent
experimental study,25 where a detailed time-resolved probing
of the LFL process is reported for a laser fluence just below the
threshold for complete nanoparticle vaporization. One notable
difference from the experimental study is that the size of the
nanoparticle in the simulation is reduced by more than a factor
of 2 with respect to the 54 nm nanoparticles used in the
experiments in order to keep the computational cost of the
simulation at a reasonable level.
The laser fluence that corresponds to the deposited energy

density assumed in the simulation is estimated using the Mie
theory calculations performed with MiePlot.113 The calcu-
lations yield the absorption efficiency (ratio of the absorption
cross section to the particle cross section) of 1.228 for a 20 nm
Au nanoparticle irradiated at a wavelength of 532 nm in water,
close to the value reported in ref 114. With this absorption
efficiency, the absorbed energy density of 3.6 eV/atom
corresponds to a fluence of 360 J/m2 for irradiation at a
wavelength of 532 nm. We note, however, that direct
conversion of the incident laser fluence to the absorbed energy
density based on the Mie theory calculations may result in a
significant (by more than a factor of ∼4)115 overestimation of
the latter in the regime of nanobubble formation, nanoparticle
melting,30 and fragmentation.25 This overestimation can only
partially be attributed to the transient plasmon band bleaching
in the electronically excited nanoparticles116 and requires
further analysis.
The initial Au nanoparticle has a diameter of around 20 nm

and consists of 240,591 atoms. As discussed in Section 2.1 and
illustrated in Figure 1, the laser interaction with the Au
nanoparticle is simulated with the TTM-MD model modified
to include a particle-by-particle treatment of the electron−
phonon equilibration. The interatomic interactions in the MD
part of the TTM-MD model are described by the embedded
atom method (EAM) potential with parametrization suggested
in ref 117. The potential predicts a melting temperature of
1330 K, which is close to the experimental value of 1337 K,

and reproduces the experimental heat of melting of 0.13 eV/
atom.
The water surrounding the Au nanoparticle is represented

by a combination of a CG MD model41,42,71,72 with an acoustic
impedance matching boundary condition73−75 parameterized
to simulate a nonreflecting propagation of a spherical pressure
wave generated by the laser-induced fragmentation of the
nanoparticle from the CG water region into the infinite water
environment. In the CG MD model, each particle represents
several water molecules, and the degrees of freedom missing in
such CG representation are accounted for through a heat bath
approach that associates an internal energy variable with each
CG particle. The energy exchange between the internal
(implicit) and dynamic (explicit) degrees of freedom is
controlled by the dynamic coupling between the translational
degrees of freedom and the radial (breathing) mode associated
with each CG particle.41,71,72 The capacity of the internal heat
bath associated with each CG particle, its mass, and the
parameters of the interparticle interaction potential are chosen
so that the experimental density and heat capacity of water are
reproduced exactly, while other properties relevant to the
simulation of laser ablation in water, such as the speed of
sound, bulk modulus, viscosity, surface energy, melting
temperature, critical temperature, and critical density, do not
deviate from the experimental values for water by more than
25%.41,71 The cross-interaction between Au atoms and the CG
water particles is described by Lennard-Jones (LJ) potential
with the length and energy parameters, σ = 2.63 Å and ε =
0.052 eV, fitted to the value of Au−water interfacial energy
predicted in atomistic simulations,118 0.394 J/m2.
The thickness of the CG water shell is 50 nm, which

corresponds to around 11 million CG particles. This thickness
is chosen to ensure that the products of the laser-induced
fragmentation remain within the spherical computational
domain with an initial radius of 60 nm simulated with the
combination of atomistic and CG MD. The MD domain is
enclosed by the acoustic impedance matching boundary
condition based on an imaginary plane approach75 adapted
in this work for the spherical geometry of the problem. The

Figure 5. Redistribution of the deposited laser energy in a simulation of LFL of a 20 nm Au nanoparticle irradiated by a 10 ps laser pulse that
deposits the total energy density of 3.6 eV/atom. The energy of the excited electrons (red dash-dotted line), metal atoms (solid green line), and
water (solid blue line), along with the energy removed from the computational domain by the outgoing spherical pressure wave (black dashed line)
and the total energy deposited by the laser pulse (solid black line), are shown in (a). The nonthermal part of the metal atoms’ energy (mostly the
energy of new surfaces produced by the fragmentation of the initial nanoparticle) is also shown in (b) by the dashed black line connecting the data
points. All energy contributions are shown relative to the initial values in the 20 nm Au nanoparticle−water system equilibrated at 300 K and are
normalized by the total energy absorbed by the nanoparticle. The arrows in (a) schematically show the dominant channel of the energy
redistribution from the excited electrons to the energy of Au atoms and to the thermal energy of the water environment.
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boundary condition takes the form of an imaginary infinitely
thin spherical shell interacting with CG water particles through
the Morse potential defined as a function of the distance
between the surface of a CG particle and the shell. The
imaginary shell moves (changes its radius) in response to
forces acting on it from the CG water particles and an
additional radial force F⃗e that mimics the elastic response of
water located outside the spherical MD domain to forces
acting from inside the MD domain. This additional force is
proportional to the instantaneous radial velocity vr⃗ of the
imaginary shell and acts in the opposite direction, F⃗e = −Szvr⃗,
where S is the total surface area of the boundary shell and z is
the far-field approximation of the acoustic impedance of water
defined as z = Bρ, where B and ρ are the bulk modulus and
density of the CG water.41 The mass assigned to the imaginary
plane is equal to the total mass of a monolayer of CG water
particles, and the equation of motion is solved for the radius of
the boundary shell together with the integration of the
equations of motion for all the atoms and CG water particles.

3. RESULTS AND DISCUSSION
The new model described in the previous section is applied
here for investigation of the mechanisms of LFL of a 20 nm Au
nanoparticle irradiated by a 10 ps laser pulse at a laser fluence
that supplies energy density that is ∼20% short of the energy
needed for complete vaporization of the nanoparticle. The
channels of the conversion and redistribution of energy
deposited by the laser pulse are considered first in Section
3.1. The dynamics and mechanisms of LFL are discussed next,
in Section 3.2, based on the visual picture of the fragmentation
process and the evolution of temperature, pressure, and density
in the irradiated system. The size distribution of the atomic
clusters and nanoparticles is analyzed and connected to the
fragmentation mechanisms and the nanobubble dynamics in
Section 3.3. Finally, a detailed analysis of atomic trajectories
leading to the formation of the atomic clusters and
nanoparticles in LFL is provided and related to the crystallinity
and shapes of the fragmentation products in Section 3.4.
3.1. Channels of the Energy Conversion. The analysis

of the kinetics and channels of the conversion and
redistribution of the deposited laser energy serves as the
basic test of the newly developed model, provides a general
picture of the interplay of different processes involved in LFL,
and sets the stage for a more detailed discussion of the
fragmentation mechanisms in the following sections. All energy
components plotted in Figure 5 are normalized by the total
energy deposited by the laser pulse and are calculated with
respect to the reference levels in the initial 20 nm Au
nanoparticle−water system equilibrated at 300 K. Thus, the
normalized total energy of the system is zero before the laser
irradiation, increases up to unity during the laser pulse, and is
conserved for the rest of the simulation. The total energy
conservation is an indicator of adequate technical performance
of the combined TTM-MD model.119

Initially, during the 10 ps laser pulse, all the laser energy is
deposited into the thermal energy of the electrons shown by
the red dash-dotted line in Figure 5a. Since the laser pulse
duration is comparable to the time of electron−phonon
equilibration, the energy transfer from the excited electrons to
the energy of atomic motions in the Au nanoparticle occurs
simultaneously with the laser energy deposition. As a result, the
maximum energy of the electrons reached at 30 ps (the time of
the peak intensity of the Gaussian laser pulse) corresponds to

only ∼40% of the total deposited energy. The energy transfer
from the electrons to atomic motions continues after the laser
pulse and completes by ∼200 ps. The consideration of the size
dependence of electron−phonon coupling in metal nano-
particles and clusters described in Section 2.2 has a relatively
small effect on the overall electron energy evolution predicted
by the model.
The energy transfer from the excited electrons leads to the

rapid heating of the Au nanoparticle, which in turn transfers
the energy to the surrounding water. The energy transfer to the
water environment proceeds through both the heat transfer
and work done by the expanding nanoparticle. Both of these
channels of the energy transfer are greatly enhanced by the
explosive decomposition of the Au nanoparticle into vapor,
atomic clusters, and small molten nanoparticles. As discussed
below, in Section 3.2, the phase explosion of the nanoparticle
generates a strong compressive wave in the water environment
and leads to the rapid mixing and thermal equilibration of the
products of the nanoparticle fragmentation with water. The
energy carried away by the expanding spherical pressure wave
from the computational system through the nonreflecting
boundary is monitored and is shown in Figure 5a by the black
dashed line. By the time of 1 ns, 78% of the energy deposited
by the laser pulse is already converted into the (mostly
thermal) energy of water, while an additional 12% of the
energy is emitted in the form of the pressure wave.
The remaining 10% of the deposited energy at 1 ns is still

associated with Au atoms. It is instructive to separate this
energy into the thermal part related to the heating of Au above
the initial temperature of 300 K and the nonthermal part
associated with the energy of new surfaces produced by the
fragmentation of the initial nanoparticle, as well as the energy
of any internal structural defects present in the fragmentation
products. An approximate separation of the Au energy into the
two parts can be based on the virial theorem of the classical
mechanics,120 that is, assuming that the thermal energy of
atomic motions includes equal contributions from the kinetic
and potential energies. By subtracting the double kinetic
energy from the total energy associated with Au atoms, the
nonthermal potential energy is calculated and is shown by the
dashed black line connecting the data points in Figure 5b. By
the time of 1 ns, the nonthermal energy almost coincides with
the total energy of the Au atoms, reflecting the fact that the
products of the nanoparticle fragmentation are already
thermally equilibrated with water at a temperature of ∼370
K by this time.
Interestingly, the nonthermal energy of Au decreases

continuously starting from the maximum value of 28% at 80
ps. This decrease continues past the first nanosecond and
brings the nonthermal energy of Au down to 6.7% by the time
of 14.4 ns, close to the end of the simulation. This decrease is
associated with the growth, agglomeration, and coalescence of
Au clusters and nanoparticles, leading to the reduction of the
total surface energy. The energy released in these processes
goes mostly into the thermal energy of water, which increases
up to 79.7%. The energy that goes into the pressure wave
emission also increases to 13.6% by 14.4 ns, mostly due to the
contribution from a wave associated with the collapse of a
nanobubble generated in the course of the nanoparticle
fragmentation (see next section). Overall, the “energy
efficiency” of the laser-induced fragmentation, that is, the
part of the energy that goes directly into the conversion of the
initial nanoparticle into the fragmentation products, appears to
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be below 10% in the irradiation regime considered in the
present study, with most of the energy going into the heating
of water and generation of pressure waves.
3.2. Mechanisms of LFL and Nanobubble Dynamics.

The visual picture of the LFL process is provided in Figure 6,
where a series of snapshots from the simulation of LFL is
presented. Two representations of the same snapshots are
shown in the top and bottom rows, where the Au atoms are
colored by the temperature and size of the clusters/
nanoparticles they belong to, respectively. The latter
representation is enabled by the on-the-fly cluster analysis
algorithm described in Section 2.3.
The first set of snapshots is shown for the initial system and

is followed by the ones for a time of 80 ps after the start of the
simulation (i.e., 55 ps after the 10 ps laser pulse reaches its
peak intensity). By this time, most of the energy deposited by
the laser pulse to the electronic subsystem is already
transferred to the energy of atomic motions, bringing the
atomic temperature to the levels that exceed the threshold for
the phase explosion,53−56 that is, an explosive decomposition
of the superheated material into vapor, atomic clusters, and

small liquid droplets. The products of the phase explosion push
against the surrounding water, creating an expanding nano-
bubble that is initially almost completely free of water
molecules. This emerging nanobubble is outlined by the
dashed black and red circles in the top and bottom row
snapshots shown for 80 ps, respectively.
Note that the large, branched cluster shown by red color in

the lower row of snapshots at 80 ps does not correspond to any
stable entity but is simply the result of the application of the
cluster identification algorithm to an instantaneous atomic
configuration of a dense hot mixture of vapor and atomic
clusters undergoing rapid expansion. By the time of 240 ps, the
expanding products of the phase explosion are already well
separated into individual atoms, atomic clusters, and nano-
particles. It is interesting to note that, already at this early stage
of the fragmentation process, a substantial fraction of the
atoms (31%) already belongs to the nanoparticles with De ≥
2.2 nm (more than 332 atoms). The major fraction of the
fragmentation products emerging from the phase explosion of
the nanoparticle is represented by atomic clusters with De < 2.2

Figure 6. Snapshots from a simulation of LFL of a 20 nm Au nanoparticle irradiated by a 10 ps laser pulse at a laser fluence that results in the
deposition of the total energy density of 3.6 eV/atom. The Au atoms are shown by dots colored according to the temperature (top rows) and the
size of the clusters/nanoparticles they belong to (bottom rows). In the snapshots, all Au atoms are shown, except for the last panel, where only the
Au atoms within a 20 nm-thick slice cut from the center of the system are shown for 14,400 ps. The CG water particles located within a 2 nm-thick
slice cut from the central part of the system are shown by gray dots. The position of the boundary of the computational system is marked by a light-
blue circle. The boundary of the nanobubble, defined as a location where the water density drops by 50% with respect to its initial value, is outlined
by red or black dashed circles. An animated sequence of snapshots from this simulation with a time resolution of 80 ps is provided in the
Supporting Information for this article.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c03146
J. Phys. Chem. C 2021, 125, 13413−13432

13421

https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03146?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03146?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03146?fig=fig6&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c03146/suppl_file/jp1c03146_si_001.zip
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03146?fig=fig6&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c03146?rel=cite-as&ref=PDF&jav=VoR


nm (see Section 3.3 for detailed analysis of the cluster/
nanoparticle generation mechanisms and size distribution).
The rapid transformation of the products of the explosive

decomposition of the initial nanoparticle into atomic clusters
and small nanoparticles proceeds simultaneously with cooling
of the fragmentation products, as can be seen from the
snapshots colored by the nanoparticle temperature. Only five
particles have temperature exceeding 1800 K at 240 ps and are
colored by red color in the corresponding snapshot in Figure 6.
These are the two largest nanoparticles consisting of 1562 and
1941 atoms (red particles in the 240 ps snapshot colored by
the nanoparticle size), as well as three smaller particles, one of
which is located within the nanobubble and two others just
transitioned from the nanobubble into the water environment.
The rapid cooling of the metal clusters and nanoparticles can
be attributed to the heat transfer to the surrounding water, as
most of the fragmentation products are promptly injected
beyond the edge of the expanding nanobubble, where the
density of water is high (see the discussion of Figures 7c,d and
9 below).
By the time of 720 ps, even the largest nanoparticles almost

completely equilibrate with the surrounding water, as
evidenced by the uniform blue color of nanoparticles in the
snapshot colored by temperature. The sizes of the nano-
particles, however, continue to evolve at a longer timescale, as
can be seen from the increasing number of light green (De >
3.1 nm), yellow (De > 3.3 nm), orange (De > 3.5 nm), and red
(De > 3.6 nm) nanoparticles in the snapshots colored by size in
Figure 6. As discussed in more detail below, in Section 3.3, the

coarsening of the nanoparticles mainly proceeds through
agglomeration and coalescence, which are facilitated by the
increase in the concentration of the colloidal solution of the
fragmentation products due to the collapse of the nanobubble
by 11.6 ns.
The generation and collapse of the nanobubble can be

clearly seen from the contour plots of pressure and distribution
of the fragmentation products (Au atoms, clusters, and
nanoparticles) shown in Figure 7. The evolution of pressure
at the initial stage of the nanobubble formation is shown in
Figure 7a, where the color scale is chosen to highlight the large
pressure, exceeding 500 MPa, generated by the explosive phase
decomposition of the initial Au nanoparticle. This large
pressure is responsible for the generation of a strong spherical
pressure wave propagating toward the boundary of the system,
where the nonreflecting boundary condition allows the wave to
leave the computational domain with minimum reflection. The
pressure generated by the phase explosion also drives the
generation and rapid expansion of the nanobubble, as marked
by the white dashed line in Figure 7a. Note that the region of
elevated pressure transiently formed above the edge of the
nanobubble is due to the implantation of the high-temperature
products of the phase explosion into the water environment
outside the expanding nanobubble.
The longer-term evolution of pressure is shown in Figure 7b

in a color scale chosen to highlight the contribution of the
surface tension at the boundary of the nanobubble, which
shows up as a narrow strip of negative (blue) pressure. The
initial rapid growth of the nanobubble during ∼150 ps after the

Figure 7. Spatial and temporal evolution of pressure (a, b) and probability density function characterizing the distribution of Au atoms (c, d)
predicted in the simulation for which snapshots are shown in Figure 6. The contour plots are shown for the initial stage of the fragmentation
process (300 ps for pressure and 1 ns for PDF) in the left panels (a,c) and for 14 ns in the right panels (b,d). The white dashed lines mark the
boundary of the nanobubble, defined as a location where the water density drops by 50% with respect to its initial value. The evolution of average
pressure in regions A and B marked in (b) is shown in Figure 8a.
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laser-induced phase explosion of the nanoparticle is followed
by a much slower growth or stagnation during the following
nanosecond. After reaching its maximum radius of ∼44 nm at
∼1 ns, the nanobubble starts to shrink with a rate increasing
with time and finally collapses at 11.6 ns.
The conditions leading to the nanobubble collapse are

illustrated in Figure 8a, where the average pressure inside and
outside the nanobubble (regions A and B marked in Figure 7b)
are plotted along with the Laplace pressure produced by the
surface tension, PL = 2γ/R, where γ is the surface energy of
water and R is the radius of the bubble. Since the surface
tension has been shown to exhibit a weak dependence on R for
nanobubbles with radii down to a few nanometers,121 the
surface of the bubble consists almost exclusively of water (e.g.,
see snapshots in Figure 8b), and the temperature of water near
the bubble at the time of the bubble collapse is close to the
room temperature, the value of γ = 0.073 J/m2 evaluated for
the CG water at 300 K41 (close to the experimental value for
water, 0.072 J/m2) is used in the analysis. As can be seen in
Figure 8a, the disbalance between the Laplace pressure PL and
the pressure difference between the inside and outside of the
nanobubble, PA−PB, increases with time and drives the rapidly
accelerating nanobubble collapse. Interestingly, the internal
pressure PA remains almost constant for the most part of the
nanobubble collapse. This can be explained by the relatively
long timescale (∼10 ns) of the collapse, which allows the vapor
density and pressure inside the nanobubble to stay close to the
equilibrium values. The sharp increase in the vapor density and
pressure is only observed during the last nanosecond of the
nanobubble collapse.
The timescales of the expansion and collapse of the

nanobubble predicted in the simulation can be related to the
results of time-resolved optical and X-ray probing experiments.
In the irradiation regime when nanoparticles melt but survive
the irradiation, the relatively short nanobubble lifetimes of
∼400 ps for 9 nm nanoparticles29 and 1.7 ns for 36 nm
nanoparticles30 irradiated by femtosecond pulses were
evaluated based on pulsed X-ray scattering measurements.
For larger 60 nm Au nanoparticles irradiated by 15 ps pulses,
the nanobubble lifetime of around 10 ns was inferred from the
results of optical pump−probe experiments.28 A similar
timescale of the nanobubble expansion and collapse was
obtained in X-ray scattering measurements for 54 nm Au

nanoparticles irradiated by ∼1 ps laser pulses in the laser
fragmentation regime.25 This timescale is in a good
quantitative agreement with the 11.6 ns lifetime of the
nanobubble predicted in the simulation. We note, however,
that while the possibility of nanobubble rebound was suggested
in ref 25, we do not observe any signs of the rebound following
the nanobubble collapse in the simulation.
One striking observation apparent from the slices of the

system shown in Figure 8b is the small number of Au clusters
and nanoparticles inside the nanobubble at 1 ns and the nearly
complete absence of Au inside the nanobubble at 3 ns and
later. Indeed, only three clusters consisting of 32, 30, and 22
Au atoms are found inside the nanobubble after 3.3 ns, and
only one 30-atom cluster is present after 4.3 ns (the other two
clusters are absorbed by the bubble surface by this time). No
Au atoms are present inside the bubble after 7.25 ns. The
explosive phase decomposition of the irradiated nanoparticle is
sufficiently vigorous to drive the prompt implantation/
injection of the nanoparticle decomposition products into
the dense liquid environment beyond the boundary of the
rapidly expanding nanobubble. The rapid redistribution of gold
from the 20 nm nanoparticle located in the center of the
computational system to the region outside the boundary of
the nanobubble is apparent from the contour plots, Figure
7c,d, showing the probability density function (PDF)
characterizing the distribution of Au atoms. The PDF is
defined so that the integral over distance from the center of the
system calculated for any moment of time accounts for 100%
of Au. An alternative representation of the redistribution of Au
atoms in the course of the phase explosion is provided by the
density profiles plotted in Figure 9.
It can be seen from Figures 7c and 9 that almost all of the

Au clusters and nanoparticles that can be seen in the snapshots
for 240 ps in Figure 6 are embedded into water and are located
above the boundary of the nanobubble. During the nano-
bubble collapse, the Au clusters and nanoparticles are moving
inward along with the water and are spreading out over a wider
shell-shaped region extending from ∼10 to ∼50 nm from the
center of the system, Figures 7d and 9. The volumetric mass
density of Au, however, does not undergo a significant decrease
during the nanobubble collapse, as can be seen from the
density profiles shown for 3200, 9920, and 14,400 ps in Figure
9. The retention of the high concentration of Au clusters and

Figure 8. (a) Evolution of the radius of the nanobubble R, the corresponding Laplace pressure 2γ/R, the pressure inside the nanobubble PA
(averaged over region A in Figure 7b), and pressure PB outside the nanobubble (averaged over region B in Figure 7b). (b) Snapshots of 4 nm-thick
slices cut from the middle of the simulation system and shown for 1, 3, 7, and 11 ns. The Au atoms and CG water particles in the snapshots are
colored red and blue, respectively.
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nanoparticles after the nanobubble collapse creates the
conditions amenable to the long-term nanoparticle growth
and agglomeration beyond the timescale considered in the
simulation. Interestingly, the central region of the system with
a radius of ∼15 nm remains virtually free of nanoparticle
fragmentation products, as can also be seen from the last panel
of Figure 6, where a 20 nm-thick slice cut from the center of
the system is shown for 14.4 ns.
3.3. Generation of Atomic Clusters and Nano-

particles. The computational predictions on the rapid
implantation of the nanoparticle fragmentation products into
the dense liquid environment and the high concentration of Au
clusters and nanoparticles in a relatively narrow shell-like
region surrounding the nanobubble, discussed in the previous
section, have direct implications on the mechanisms and
kinetics of the nanoparticle formation. At the initial stage of the
LFL process, the irradiated nanoparticle undergoes an
explosive decomposition into vapor, atomic clusters, and
small liquid droplets. The products of the phase explosion push
against the water environment and drive the formation and
rapid expansion of a nanobubble, as can be seen from the
density profiles for 80 ps in Figure 9. In contrast to earlier
simulations of laser ablation in liquids,41−43 where the
interaction of the ablation plume with liquid environment
leads to the formation of a transient hot metal layer at the
plume−liquid interface, the relatively small amount of Au
contained in the exploding nanoparticle and the rapid

expansion of the surface area of the nanobubble leads to an
effective mixing of the nanoparticle disintegration products
with water. By the time of 160 ps, most of the Au particles are
already “swallowed” by water and are located on the outer side
of the emerging surface of the nanobubble; see Figure 7c and
the density profiles for 160 ps in Figure 9.
When the Au atoms, clusters, and nanodroplets are

incorporated into the dense water environment, they cool
rapidly and form a highly supersaturated solution where the
barrierless nucleation and growth of clusters and nanoparticles
is only limited by the kinetics of diffusion in the water
environment. The evolution of the mass-weighted distribution
of effective diameters De of clusters and nanoparticles during
the simulation is shown in Figure 10 in the form of PDF

normalized so that, for any time, the integral over De would
recover 100% of the mass of all the particles. The analysis of
the distribution reveals two distinct pathways of the nano-
particle formation: (1) the direct/prompt formation of
relatively large nanoparticles with diameters ranging from
∼2.5 to 3.96 nm (∼500−1941 atoms) and (2) nucleation and
growth from atoms and atomic clusters gradually growing into
nanoparticles with De ≥ 2.2 nm.82 These two pathways of the
nanoparticle formation are schematically marked by dashed
arrows in Figure 10. The first arrow shows a steady and slowly
growing population of large nanoparticles generated during the
first nanosecond after the laser pulse, while the second arrow
follows the much more rapid growth of atomic clusters.
The coexistence of two distinct pathways of the nanoparticle

formation is responsible for the early appearance of the
bimodal mass-weighted particle size distribution that can be
seen in Figure 11b. The distributions in Figure 11b correspond
to five vertical cross sections of the contour plot shown in
Figure 10. The distribution shown for 1 ns exhibits an apparent
bimodal character, with most of the Au atoms contributing to
the first broad peak that corresponds to atomic clusters with De
< 2.2 nm (less than 333 atoms). As time progresses, however,
this peak steadily shifts to larger sizes and eventually merges

Figure 9.Water and Au density profiles plotted for different moments
of time during the simulation illustrated by snapshots shown in Figure
6. The profiles are shown by blue lines for water and by red lines
outlining gray areas for Au. The two arrows show the dominant
processes driving the generation of the nanobubble (expansion of the
products of the explosive decomposition of the nanoparticle, red
arrow) and the collapse of the nanobubble (Laplace pressure
produced by the surface tension, blue arrow). An animation showing
the evolution of the density profiles is provided in the Supporting
Information for this article.

Figure 10. Evolution of the mass-weighted cluster/nanoparticle size
distribution in a simulation of LFL illustrated in Figure 6. The
distribution is shown in the form of the PDF calculated by dividing
the total mass of clusters/nanoparticles that fall within size bins with a
width of 0.25 nm by the bin width and by the total mass of Au in the
system, and then multiplying by 100 to express PDF in units of % per
nm. The two gray dashed arrows show two distinct channels of the
nanoparticle formation. The vertical dashed line marks the time of the
nanobubble collapse, 11.6 ns.
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with the second peak that corresponds to the nanoparticles.
The total mass of the largest nanoparticles with De > 2.75 nm
increases slowly over the first 10 ns but increases faster upon
the nanobubble collapse, suggesting that the collapse stirs the
colloidal solution and facilitates the agglomeration of nano-
particles.
The same process of the evolution of atomic clusters into

nanoparticles on the nanosecond timescale can be seen from
the number-weighted nanoparticle size distributions shown in
Figure 11a. The number of atomic clusters with De < 2 nm
steadily decreases with time, while the number of nanoparticles
increases. Interestingly, the number of the largest nanoparticles
with De > 3.5 stays at 2 until the end of the simulation (the
third nanoparticle appearing in this range at 10 ns is the result
of two nanoparticles composed of 801 and 796 atoms pathing
within the interaction range from each other at 10 ns but not
forming a stable joint nanoparticle). This observation high-
lights the distinction between the prompt generation of large
nanoparticles (arrow ① in Figure 10) and the gradual growth
of the nanoparticles by agglomeration of atomic clusters
(arrow ② in Figure 10), as the second mechanism cannot
increase the number of the largest nanoparticles on the
timescale of the simulation.
The size distributions predicted in the simulation can be

related to those obtained in the experimental study of LFL of
54 nm Au nanoparticles.25 The mass-weighted size distribu-
tions obtained from analysis of the results of time-resolved low-
angle X-ray scattering measurements are characterized by the
dominant contribution from nanoparticles in the size range of
2−3 nm, with a noticeable presence of larger nanoparticles.
This size range of fragmentation products, observed at the
earliest delay of 30 ns, is in good agreement with the
distribution predicted in the simulation for 14.5 ns, shortly
after the nanobubble collapse, Figure 11b. Moreover, while the
evolution of the nanoparticles on the microsecond timescale

cannot be directly studied in the simulations, the gradual
increase of the mean size of the nanoparticles from ∼2 nm at
30 ns to 3−4 nm at 10 μs is in agreement with the general
trend observed in the simulation for the first 14.5 ns after the
fragmentation. The experimental observation of the minor but
noticeable presence of larger fragmentation products, in the
range from around 7−25 nm, may be related to the distinct
channel of the generation of large nanoparticles identified in
the simulation and marked by the arrow ① in Figure 10. Given
the much longer experimental timescales, however, the
contribution of the nanoparticle agglomeration and coales-
cence to the population of the largest nanoparticles can also be
significant.
The computational prediction of the massive generation of

atomic clusters at the initial stage (first nanosecond) of LFL,
followed by the rapid disappearance of the clusters due to the
agglomeration and coalescence on the timescale of the
nanobubble collapse (∼10 ns), has important practical
implications. The atomic clusters exhibit highly attractive
catalytic97,122 and optical properties93,95 that diminish as the
size increases into the nanoparticle size domain. In particular,
the Au clusters with De = 1.7 nm (144 atoms) have been found
to display superior CO and ethanol oxidation activity with
respect to smaller (nonmetallic) atomic clusters and larger
(metallic) nanoparticles.97 Similarly, small atomic Au islands
on an inert substrate are found to serve as efficient catalysts for
selective oxidation of styrene by dioxygen, while larger islands
with diameters above ∼2 nm remain inactive.122 The
abundance of the atomic clusters in the transitional range of
1.2−2.2 nm at the initial stage of LFL (see the distribution for
1 ns in Figure 11b) and the observation that the clusters are
already fully dissolved in the liquid environment outside the
nanobubble at this early time, suggests an opportunity for
preserving the population of the atomic clusters through the
addition of surface-active solutes capable of suppressing the

Figure 11. Evolution of the cluster/nanoparticle size distribution during the simulation of LFL illustrated in Figure 6, shown in the form of the
number of clusters (a) and the PDF of the cluster mass distribution (b). Clusters are separated by diameter into bins with widths of 0.5 nm in (a)
and 0.25 nm in (b). In (a), the numbers for clusters with diameters ranging from 3 to 3.5 nm and from 3.5 to 4 nm are listed in the panel. In (b),
the values of the PDF for a given size bin is calculated by dividing the total mass of clusters that fall into the bin by the total mass of Au in the
system and by the bin width, and then multiplying by 100 to express PDF in units of % per nm. No clusters larger than 4 nm are observed in the
simulation. Individual atoms (monomers) are included in the counts for the first bins of the distributions.
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coalescence of the Au clusters in the solution.123−127 Given the
short time window existing for the size quenching of the
atomic clusters (as can be seen from Figure 11b, most of the
atomic clusters had already merged into nanoparticles by 14.5
ns), the selection of the surface-active agents and their
concentration should be made through consideration of both
the degree of cluster protection against the coalescence and the
kinetics of the cluster stabilization. In particular, the results of
an in situ probing of Au nanoparticle fragmentation kinetics in
water and in an aqueous solution of NaCl and NaOH at 0.3
mM of each component suggests that the initial size evolution

of the fragmentation products is largely unaffected by the
presence of the electrolyte, although the electrolyte does limit
the growth of the nanoparticles at a timescale of micro-
seconds.25

3.4. Atomistic View of Nanoparticle Formation in LFL.
To provide mechanistic insights into the two channels of the
nanoparticle formation marked as arrows ① and ② in Figure
10, in this section, we report the results of a detailed analysis of
atomic trajectories contributing to the formation of four
representative nanoparticles. The locations of these nano-
particles at the end of the simulation and enlarged views of the

Figure 12. Atomistic view of the formation of nanoparticles and atomic clusters. (a) Whole configuration of the nanoparticle fragmentation
products at 14.4 ns (central image) and enlarged views of four representative particles and their cross sections. In the central image, the clusters and
nanoparticles are colored by their size, with the same color scale as in Figure 6. In the particle cross sections, the atoms are colored by the local
structural environment so that the atoms with local fcc and hcp environment are colored green and red, respectively, while the surface atoms, grain
boundaries, and other unidentified local atomic structures are colored blue. The four particles are labeled by the number of atoms they include. (b)
Atomic trajectories of all atoms that end up in the four representative nanoparticles show in (a). The trajectories are colored by time and start at
the location of the atoms in the initial 20 nm nanoparticle marked by a small circle. The segments of the larger circle show the outer boundary of
the computational domain. For the nanoparticle consisting of 1244 atoms, two additional views of the trajectories starting from 400 ps are shown to
further illustrate the nanoparticle formation mechanism. The view direction is the same as in the complete view in the first additional panel and is
changed in the second one. (c,d) The temporal evolution of the average temperature and “crystallinity” of all products of the laser-induced
fragmentation are shown for the first nanosecond in (c) and for the whole duration of the simulation in (d). The “crystallinity” is defined as a
fraction of atoms with local fcc and hcp environment with respect to the total number of Au atoms. The equilibrium melting temperature of gold is
marked by the horizontal dashed line in (c).
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nanoparticles are shown in Figure 12a. The nanoparticles are
labeled by the number of atoms they consist of at the end of
the simulation. The nanoparticles with 618 and 1244 atoms
end up in the central part of the cloud of the fragmentation
products and feature irregular nonspherical shapes. In contrast,
the cluster of 218 atoms and nanoparticle consisting of 1941
atoms are located at the periphery of the final distribution of
the fragmentation products and have close-to-spherical shapes.
The shapes of the fragments can be correlated not just with

their final location in the cloud of the fragmentation products
but, more generally, with the particle formation mechanism
illustrated in Figure 12b. This figure shows the atomic
trajectories of all atoms that end up in the four representative
particles by the end of the simulation. The trajectories are
colored by time and originate from the location of the atoms
within the initial nanoparticle before the irradiation outlined by
a small circle. The atoms contributing to the two nanoparticles
characterized by irregular shapes (618-atom and 1244-atom
ones) tend to originate from the interior of the initial
nanoparticle and are widely scattered at the initial stage of
the fragmentation process. Within several hundreds of
picoseconds, the atoms condense into many small clusters
that are reflected from the expanding front of the emerging
nanobubble and agglomerate into the final nanoparticles on
the timescale of nanoseconds. This nanoparticle formation
mechanism can be associated with the kinetic pathway of the
nanoparticle formation marked by arrow ② in Figure 10.
The formation of the other two particles illustrated in Figure

12b, the 218-atom cluster and the largest nanoparticle
consisting of 1941 atoms (De = 3.96 nm), has a different
character. Most of the atoms contributing to these particles
originate from the surface region of the initial nanoparticle.
These atoms are vigorously propelled by the explosive phase
decomposition of the interior part of the nanoparticle and
penetrate deep into the water environment. Most of the atoms
contributing to these particles stay together from the start of
the fragmentation process and, by the time of 160 ps (light-
blue points in the trajectories shown in Figure 12b), most of
the atoms present in the final 218-atom cluster and all of the
atoms present in the 1941-atom nanoparticle are already
arranged into corresponding single particles. The prompt
generation of the largest 1941-atom nanoparticle within just
130 ps after the laser pulse (counting from the peak power of
the pulse at 30 ps to the time of 160 ps, for which the third set
of points is plotted along the atomic trajectories) is particularly
notable and provides a clear example of the nanoparticle
formation pathway shown by arrow ① in Figure 10.
The apparent difference between shapes of the nanoparticles

formed through the two different mechanisms discussed above
is largely defined by the rapid quenching and crystallization of
Au clusters and droplets injected into the water environment
by the explosive phase decomposition of the irradiated
nanoparticle. As can be seen in Figure 12c, the temperature
averaged over all the nanoparticle fragmentation products
drops below the equilibrium melting temperature of Au at
∼200 ps and continues to decrease down to ∼330 K at the end
of the simulation. The cooling rate has some dependence on
the Au particle size but is still extremely high for all
nanoparticle fragments. For example, the temperature drops
below the melting temperature by ∼160 ps for 218-atom
cluster illustrated in Figure 12a,b and by ∼310 ps for the
largest 1941-atom nanoparticle. The very efficient heat transfer
from hot Au clusters and nanoparticles to the surrounding

water can be attributed to the high curvature of the particle−
liquid interface,33,34 which prevents the formation of an
insulating vapor layer and sustains the high interfacial heat flux
even when the temperature of the Au particle exceeds the
critical temperature of the surrounding liquid.
The rapid cooling of the fragmentation products triggers

crystallization, which starts from the smaller clusters and
nanoparticles at ∼200 ps and ends with complete solidification
of the largest nanoparticles by ∼800 ps. The kinetics of
crystallization is quantified in Figure 12c by “crystallinity”
defined as a fraction of atoms with local face-centered cubic
(fcc) and hexagonal close-packed (hcp) environments. We
note, however, that “crystallinity” only accounts for the
crystalline atoms in the interior of the nanoparticles and
atomic clusters and excludes the surface atoms even for
nanoparticles with a perfect crystalline structure. The long-
term increase of the “crystallinity” after 700 ps is mainly related
to the agglomeration of the crystalline nanoparticles, leading to
the decrease in the number of surface atoms.
Since the particles generated along the pathway shown by

arrow ① in Figure 10 are injected into the water environment
as compact liquid droplets, the crystallization of these particles
produces shapes close to spherical ones, for example, 218-atom
and 1941-atom particles in Figure 12a. In contrast, the pathway
shown by arrow ② in Figure 10 corresponds to the particles
formed more gradually, on the nanosecond timescale, through
agglomeration of atomic clusters and small nanoparticles that
are already solidified at a time when they join together. Such
process yields nanoparticles featuring irregular shapes and
internal grain boundaries, as exemplified by 618-atom and
1244-atom particles in Figure 12a.
To further illustrate the process of nanoparticle agglomer-

ation, two additional views of the atomic trajectories are shown
in Figure 12b for the 1244-atom particle, where the initial 400
ps part of the trajectories is blanked. One can see that the final
nanoparticle is formed through a gradual agglomeration of
around a dozen smaller nanoparticles and clusters existing at
400 ps. By the time of 10 ns, there are two irregularly shaped
solid nanoparticles separated from each other. The two
nanoparticles join together at the final stage of the nanobubble
collapse and form an elongated spiral structure that can be seen
in Figure 12a. The observation that the final step of the
nanoparticle growth coincides with the nanobubble collapse
supports the notion of the contribution of the nanobubble
collapse to the nanoparticle agglomeration discussed above, in
Section 3.3, based on the increase in the mass fraction of the
largest nanoparticles at the time of the nanobubble collapse
observed in Figure 11b.
The rapid crystallization of the fragmentation products

occurring within the outer layer of the nanobubble, prior to the
nanobubble collapse, is an intriguing computational prediction
that still awaits experimental confirmation. Indeed, the
reappearance of powder diffraction peaks related to the
presence of crystalline particles has only been observed at
the end of the nanobubble collapse at around 10 ns in a recent
time-resolved X-ray probing of the dynamics of picosecond
LFL of Au nanoparticles.25 We note that the characteristic size
of the crystalline domains estimated from the peak broadening
using the Scherrer equation is around 2 nm in the experimental
study. This characteristic size is still larger than the size of the
crystalline domains present in the largest fully crystallized
nanoparticles, even if the size of the nanoparticle itself is larger
than 2 nm. For example, the cross section of the largest
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nanoparticle with a diameter of 3.96 nm shown in Figure 12a
reveals the presence of twin boundaries (red planes in the cross
section colored by local crystal structure) splitting the
nanoparticle into nanometer-size fcc domains that could be
too small to be resolved in the experimental probing. The
highly defected nanotwinned structure of the nanoparticles can
be attributed to the ultrafast quenching rate experienced by the
fragmentation products and similar to that observed in earlier
simulations of nanoparticle generation by laser ablation in
liquid environment.41−43 In addition to the high density of
internal crystal defects, the presence of the nanobubble itself
can further complicate the interpretation of the results of X-ray
diffraction probing of the nanoparticle crystallinity at the early
stage of the fragmentation process.
The excess energy associated with the high density of crystal

defects in the nanoparticles may drive the internal structural
relaxation and growth of defect-free crystalline domains within
the nanoparticles. Moreover, the continuation of growth of the
nanoparticles through agglomeration and coalescence illus-
trated by Figures 11b and 12d beyond the timescale of the
simulation, as well as the slow shape relaxation driven by
surface energy minimization,128 may all contribute to the
experimentally observed gradual recovery of the crystalline
diffraction peaks on the timescale of hundreds of nano-
seconds.25

Note that under typical LFL conditions, the products of
nanoparticle fragmentation are often exposed to repetitive
irradiation by additional laser pulses, which may strongly affect
the final size and shape distributions of the nanoparticles
generated by LFL. In particular, the scarcity of observations of
irregularly shaped elongated nanoparticles,129,130 such as the
ones shown on the left side of Figure 12a, may be related to
the enhanced broadband plasmon absorption by such
nanoparticles,130−132 leading to their preferential remelting
and resolidification into spherical shapes. Moreover, the
processes of nanoparticle agglomeration and coalescence are
sensitive to the properties of the liquid medium, cautioning
against overgeneralization of the long-term evolution of the
nanoparticles observed in the simulations.

4. SUMMARY

A computational model suitable for investigation of laser-
induced fragmentation of metal nanoparticles in a liquid
environment is developed and parametrized for Au nano-
particles in water. The model combines a fully atomistic TTM-
MD description of laser interaction with a metal nanoparticle, a
CG representation of liquid environment, and an acoustic
impedance matching boundary condition allowing the non-
reflecting transmission of laser-induced spherical pressure wave
through the boundary of the computational domain. A key
feature of the model is the on-the-fly identification of all atomic
clusters and nanoparticles in the course of the simulation,
which enables a realistic description of the size dependence of
the electron−phonon coupling strength and a precise analysis
of the mechanisms and channels of the generation of
nanoparticles and atomic clusters in LFLs. While the current
version of the model does not account for the electrostatic
fragmentation channel, the ability of the model to predict the
electron temperature evolution makes it possible to include a
description of the electron emission as well as electrostatic
contribution to the nanoparticle fragmentation and stabiliza-
tion of the fragmentation products in the future.

As the first application of the newly developed model, we
investigate the dynamics and atomic-scale mechanisms of laser
fragmentation of a 20 nm Au nanoparticle irradiated in water
by a 10 ps laser pulse that supplies energy density comparable
to that needed for complete vaporization of the nanoparticle.
The irradiated nanoparticle is observed to undergo an
explosive decomposition into vapor, atomic clusters, and
small liquid droplets. The products of the phase explosion push
against the surrounding water, creating a rapidly expanding
nanobubble with the radius exceeding 40 nm by 200 ps after
the laser pulse. The fragmentation products are promptly
injected into the water beyond the edge of the expanding
nanobubble and cool down due to the interaction with the cold
water environment. The rapid growth of the nanobubble is
followed by a much slower deflation driven by the Laplace
pressure produced by the surface tension, leading to the
collapse of the nanobubble at 11.6 ns. The lifetime of the
nanobubble observed in the simulation is consistent with the
results of time-resolved optical and X-ray probing of
nanobubbles generated around the irradiated nanoparticles in
the laser fragmentation regime.
The analysis of redistribution of energy deposited by the

laser pulse has revealed the dominant channels of the energy
conversion. While all the laser energy is initially deposited into
the electronic excitation, the electron−phonon coupling leads
to a rapid (on the timescale of tens of picoseconds) energy
transfer from the electrons to the atomic motions in the Au
nanoparticle. The rapid heating of the Au nanoparticle leads to
the explosive decomposition of the nanoparticle into vapor,
atomic clusters, and small molten nanodroplets, which in turn
greatly accelerates the energy transfer to the surrounding
water. For the most part, the energy transformation to the
thermal energy of water and the energy of an outgoing
spherical pressure wave generated in the water environment
occurs within the first ∼200 ps after the laser pulse. Overall,
the “energy efficiency” of the laser fragmentation, defined as
the fraction of the deposited laser energy that goes into the
formation of new surfaces upon the nanoparticle fragmenta-
tion, is found to be below 10%, with most of the deposited
energy going into the heating of water (∼80%) and the
emission of the pressure waves (more than 10%).
The detailed analysis of the nanoparticle fragmentation

mechanisms reveals two distinct pathways of the formation of
the fragmentation products: (1) the direct and prompt (within
∼100−200 ps) generation of relatively large nanoparticles with
diameters ranging from ∼2.5 to 4 nm and (2) the much more
gradual growth of smaller nanoparticles proceeding through
agglomeration and coalescence of atomic clusters on the
timescale of tens of nanoseconds. The coexistence of the two
pathways of the nanoparticle formation is responsible for the
early appearance of a bimodal mass-weighted particle size
distribution featuring a broad peak that corresponds to atomic
clusters with De < 2.2 nm (less than 333 atoms) and a
narrower peak corresponding to larger nanoparticles with
diameters up to 4 nm. As time progresses, the agglomeration
and coalescence of atomic clusters shift the peak that
corresponds to the clusters to larger sizes, leading to the
formation of an almost unimodal nanoparticle size distribution
by the time of the nanobubble collapse at 11.6 ns. The
relatively narrow mass-weighted size distribution featuring a
peak in the range of 2−3 nm, emerging by the end of the
simulation at 14.5 ns, shortly after the nanobubble collapse, is
in a good agreement with experimental distributions derived
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from time-resolved X-ray scattering measurements and ex situ
characterization of fragments generated by LFL of Au
nanoparticles under comparable irradiation conditions.
The rapid injection of all the products of the nanoparticle

fragmentation into the dense liquid environment at the early
stage of the nanoparticle fragmentation has a strong impact not
only on the long-term evolution of the size distribution of the
atomic clusters and nanoparticles but also on their shapes and
crystallinity. All of the clusters and nanoparticles are rapidly
quenched by the surrounding water and crystallize during a
short time span between 200 and 800 ps after the laser pulse.
The crystallization of the nanoparticles produced through the
direct injection of droplets deep into the water environment
yields nanoparticles with close-to-spherical shapes, while the
nanoparticles formed through a gradual agglomeration of
already solidified atomic clusters and small nanoparticles have
irregular elongated shapes. All nanoparticles feature a high
density of twin boundaries and other crystal defects generated
by the ultrafast quenching of the particles by the water
environment and through the growth by agglomeration of
smaller particles.
The computational predictions of the prompt generation of

a high concentration of Au clusters and nanoparticles in a
relatively narrow shell-like region on the outer side of the
nanobubble and the rapid solidification of the fragmentation
products at the early stage of the nanobubble formation have
important practical implications for the design of new methods
aimed at achieving an improved control over the size, shape,
and composition of nanoparticles produced by LFL. The fast
rate and the small scale of the laser-induced structural and
phase transformations predicted in the first atomistic
simulation of LFL also present a new challenge for the time-
resolved X-ray or electron diffraction probing of the active
processes occurring just outside the laser-generated nano-
bubble.
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