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ABSTRACT: Short pulse laser irradiation of metal targets can trigger a cascade of highly
nonequilibrium processes leading to the formation of unique surface structures of interest to
various practical applications. In this paper, we report the results of a large-scale atomistic
simulation predicting the generation of a ∼200 nm long frozen nanospike on the surface of a
Ag target irradiated by a femtosecond laser pulse. The simulation provides detailed
information on the mechanisms responsible for the formation of the nanospike and the
processes that define its complex nanostructure. The competing contributions of the epitaxial
regrowth of the solid part of the target and the homogeneous nucleation of new crystallites
triggered by the strong undercooling of the liquid regions are found to produce a remarkable
variability of the structural motifs coexisting in different regions of the frozen nanospike. The
homogeneous solidification, in particular, proceeds along two distinct paths selected at the
nucleation stage and produces markedly different nanostructures in different parts of the
nanospike, namely, nanograins with mixed fcc/hcp structure and a continuous network of
pentagonal twinned structural elements arranged into a polyicosahedral structure.

1. INTRODUCTION

Short pulse laser processing of metal surfaces typically involves
fast melting of a thin surface layer of the irradiated target
followed by rapid cooling due to the heat conduction to the
bulk of the target and resolidification. The high thermal
conductivity of metals combined with the strong localization of
the laser energy deposition can result in very high cooling rates
of up to 1012 K/s1−4 and can bring the melted surface layer to a
state of strong undercooling below the equilibrium melting
temperature. The process of rapid solidification proceeding
under conditions of deep undercooling can involve a range of
competing processes, including epitaxial regrowth of the
substrate, nucleation of crystallites throughout the undercooled
melted region, and material reheating due to the release of the
latent heat of solidification. At laser fluences that are close to or
above the spallation threshold, the solidification proceeds
simultaneously with photomechanical generation of subsurface
voids that may evolve into a foamy structure of interconnected
liquid bridges connecting the spalled layer with the bulk of the
target.5 The eventual breakup and solidification of the liquid
bridges can contribute to the formation of complex multiscale
surface morphology commonly observed on metal surfaces
irradiated by short laser pulses.6−9

The experimental pump−probe studies provide valuable data
on the kinetics (characteristic time scales) of the laser-induced
melting and resolidification3,10−12 but yield almost no
information on the evolution of the microstructure in the
irradiated targets. Moreover, the time-resolved probing of the
solidification process occurring in the spallation regime is
virtually impossible as the “view” of the surface is obscured by

the spalled liquid layer/droplets that remain in a close
proximity of the target during the time of the solidification.
Because of the difficulties of the direct experimental probing

of the rapid laser-induced structural transformations, the
atomistic modeling4,13−16 is playing an increasingly important
role in providing reliable physical interpretation of the results of
ex situ characterization of the microstructural changes produced
by short-pulse laser irradiation.9,17−20 In particular, the results
of a recent large-scale atomistic simulation of femtosecond laser
irradiation of a single-crystal Ag target15 have suggested an
explanation for experimental observations of “surface swelling”
and subsurface voids generated at laser fluences just below the
spallation threshold.15,21−23 The simulation also predicts the
formation of a nanocrystalline surface layer of the target
featuring random crystallographic orientation of nanograins and
a high density of stacking faults, twins, and nanoscale twinned
structural elements with 5-fold symmetry.
In this paper we report an extension of these calculations to

the spallation regime, where the cooling, advancement of the
solidification front, and nanocrystallization of the surface region
occur concurrently with the hydrodynamic flow, coarsening,
and breakdown of the liquid bridges. The broad range of the
undercooling conditions realized in the course of the surface
solidification and the small dimensions of the nanoscale surface
features set the stage for the competition between different
solidification mechanisms leading to the remarkable variability
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of the structural elements present within the frozen surface
features.

2. COMPUTATIONAL MODEL

The large-scale atomistic simulation of the laser-induced
melting, spallation, and resolidification of a bulk single crystal
Ag (001) target is performed with a hybrid atomistic−
continuum model24 that couples the classical atomistic
molecular dynamics (MD) method with the continuum-level
two-temperature model (TTM).25 The model accounts for the
laser excitation of conduction-band electrons, electron−phonon
coupling, and the fast electron heat conduction from the hot
surface region of the irradiated target to the bulk of the target.
At the same time, the atomistic representation of the surface
region of the target enables detailed analysis of the kinetics and
mechanisms of laser-induced structural and phase trans-
formations. A complete description of the combined atom-
istic-continuum model is provided elsewhere,5,24 and all the
parameters of the model for laser interaction with a Ag target
are given in ref 15. Thus, only a brief outline of the
computational setup used in the present work is provided
below.
The atomistic part of the TTM-MD model represents the

top 150 nm surface region of the target and consists of 84.2
million Ag atoms initially arranged into a face-centered cubic

(fcc) crystal with (001) surface orientation. The heat transfer in
the deeper part of the target is described by the equations of
conventional TTM solved down to the depth of 4 μm. This
depth is chosen to ensure negligible temperature increase at the
bottom of the computational domain during the time of the
simulation. At the bottom of the atomistic part of the model, a
special pressure-transmitting boundary condition26,27 is applied
in order to avoid an artificial reflection of the laser-induced
pressure wave. In the lateral directions, parallel to the (001)
surface of the Ag target, the uniform laser energy deposition
and periodic boundary conditions are applied, which mimics
the conditions in a small region within a laser spot that is much
larger than the lateral dimensions of the computational system,
98.7 nm × 98.7 nm.
The interatomic interactions in the atomistic part of the

model are described by the embedded atom method (EAM)
potential with the functional form and parametrization
developed in ref 28. A cutoff function29 is added to the
potential to smoothly bring the interaction energies and forces
to zero at interatomic distance of 5.5 Å. While the potential is
fitted to low-temperature values of the equilibrium lattice
constant, sublimation energy, elastic constants, and vacancy
formation energy, it also provides a good description of high-
temperature thermodynamic properties of Ag30 relevant to the
simulation of laser-induced processes. The equilibrium melting

Figure 1. Snapshots of atomic configurations predicted in a TTM-MD simulation of laser spallation of a bulk Ag target irradiated by a 100 fs laser
pulse at an absorbed fluence of 900 J/m2. The laser irradiation is directed from the top of the figure. To provide a clear view of the resolidification
process, the atomic configurations are cross-sectioned by a plane passing through the liquid bridge/frozen nanospike generated in the spallation
process. The views of the cross sections are shown along the [010] direction. The atoms are colored according to their local structural
environment,14,33 so that the fcc and hcp atoms are yellow and red, respectively, while the atoms that belong to the melted parts of the target, crystal
defects (point defects, dislocations, or grain boundaries), or free surfaces are purple. The black, blue, and red rectangles marked as A, B, and C,
outline the regions for which snapshots are shown in Figures 4, 5, and 6, respectively. The insets in the bottom row show the temperature profiles in
the corresponding parts of the system, from 10 to 240 nm above the initial surface. The solid black lines and the dashed red lines show the lattice and
electron temperatures, respectively.
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temperature predicted with this potential in liquid-crystal
coexistence simulations, Tm = 1139 K,14 is about 8% below the
experimental value of 1235 K.31

The irradiation of the target with a 100 fs laser pulse at a laser
wavelength of 800 nm is represented through a source term
added to the equation for the electron temperature.24 The
“ballistic” energy transport occurring before the thermalization
of the excited electrons is accounted for by using the effective
range of the laser energy deposition, combining the optical
absorption depth of 12 nm32 with the ballistic range of 56 nm
estimated for Ag,15 in place of the optical absorption depth
alone in the source term.

3. COMPUTATIONAL RESULTS AND DISCUSSION
3.1. Photomechanical Spallation and Generation of

Surface Nanospike. The large-scale TTM-MD simulation
discussed in this paper is performed at an absorbed laser fluence
of 0.09 J/cm2, just above the threshold for photomechanical
spallation of a liquid layer. A series of snapshots of atomic
configurations generated in the simulation are shown in Figure
1, where the atoms are colored according to their local
structural environment identified with a method suggested in
ref 33 and modified in ref 14, so that the melted regions, crystal
phases, and defects generated by the laser irradiation could be
clearly identified. The fast melting of ∼80 nm top layer of the
irradiated target takes place within the first 100 ps after the laser
pulse and is followed by a gradual resolidification of the melted
region.
The melting process proceeds simultaneously with the

relaxation of the laser-induced stresses, which results in the
massive emission of partial and split dislocations from the
melting front and triggers the spallation of a top 55 nm thick
liquid layer from the bulk of the target. The interactions
between dislocations activated in four different {111} slip
planes lead to the formation of immobile dislocation segments
(so-called stair−rod dislocations) that ensure stability of the
dislocation configurations generated during the initial spike of
temperature and thermoelastic stresses. The stacking faults left
behind by partial dislocations can be seen in Figure 1 as red
lines (double atomic layers with local hcp structure) in the parts
of the target located below the melting front.
The spallation process, discussed in detail elsewhere,5,34,35

proceeds through the nucleation, growth, and coalescence of
multiple voids in the melted subsurface region of the irradiated
target. The evolution of subsurface voids takes place
concurrently with the advancement of the solidification front
which, at laser fluences just below the spallation threshold, may
capture some of the voids and lead to the formation of a
subsurface porous region.15 At a higher fluence used in the
present simulation, however, the larger amplitude of the initial
compressive stresses generated by the laser energy deposition
results in a stronger acceleration of the top liquid layer, whereas
the deceleration of the layer due to the work spent on the
generation and expansion of the voids is reduced by the higher
temperature of the subsurface region. As a result, by the time of
∼800 ps, the growth and coalescence of subsurface voids result
in the formation of an elongated liquid bridge that connects the
substrate with the top liquid layer. Further extension of the
liquid bridge hardly decelerates the top layer that continues to
move away from the target at an almost constant velocity of
∼100 m/s. The elongation of the liquid bridge proceeds
simultaneously with solidification of a part of the bridge
adjacent to the substrate, thus limiting the elongation to the

rapidly shrinking liquid part of the bridge. Eventually, at ∼2.9
ns, the liquid part of the bridge breaks down, leading to the
formation of a thin frozen nanospike on the surface of the
target and the ejection of a 55 nm thick liquid layer. The
diameter of nanospike decreases from ∼30 nm at the base
down to ∼6 nm at the tip, as can be seen from Figure 2.

The formation of a single frozen nanospike in the simulation
indicates that the lateral size of the computational system, ∼100
nm, is comparable to (or smaller than) the characteristic
distance between the surface features that can be expected to
form in single pulse laser spallation experiments. This
observation agrees with the results of experimental imaging of
nanoscale surface roughness produced in femtosecond laser
processing of metal surfaces,6−9 although a direct quantitative
comparison with the experimental data is hindered by the
differences in irradiation conditions (number of laser pulses and
relative magnitude of the laser fluence with respect to the
spallation threshold) and properties of target materials. These
differences may affect not only the characteristic size of the
frozen surface features but also their shapes. In the simulation
discussed in this paper, the breakdown of the liquid bridge and
the separation of the liquid layer occur at a time when a major
part of the bridge is already solidified, leading to the prompt
completion of the solidification process and formation of a
sharp tip of the nanospike (Figures 1 and 2). If the separation
of the liquid layer would happen at a time when the whole
bridge still remains in the liquid state and the undercooling is
not sufficiently high to induce homogeneous solidification, the
shape of the bridge could undergo a substantial evolution
driven by the minimization of the surface energy. Indeed, the
formation of spherical “heads” and bent shapes of the
nanospikes are commonly observed in the experimental

Figure 2. A three-dimensional view of the frozen nanospike generated
by the time of 3200 ps in a TTM-MD simulation of laser spallation of
a bulk Ag target irradiated by a 100 fs laser pulse at an absorbed
fluence of 900 J/m2. The coloring scale is the same as in Figure 1, and
the surface atoms are blanked to expose the underlying structure. The
plot shows the variation of the nanospike diameter as a function of the
distance from the initial surface. The black and red rectangles marked
as A and C outline the regions for which snapshots are shown in
Figures 4 and 6, respectively.
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images.6,7,9 The random orientations of the heads of the frozen
nanospikes generated by single pulse irradiation of a Cu target,
revealed in the electron backscatter diffraction measurements,9

are consistent with the computational prediction of the
solidification of the nanospike proceeding through the
homogeneous nucleation and growth of new crystallites,
discussed in detail in the next two sections.
3.2. Rapid Cooling and Conditions for Homogeneous

Crystallization. The dynamics of the spallation process
discussed above has a strong effect on the thermal transport
and the kinetics of solidification in the surface region of the
irradiated target. The temperature evolution in the surface
region of the target is shown in Figure 3a in the form of a
contour plot. To mark the part of the target where the
generation and growth of subsurface voids result in the
formation of the elongated bridge, a region where the average
density drops below 50% of the initial density of the solid Ag
target is outlined by the blue and purple dashed lines (lines 2
and 3 in Figure 3a). The generation of this low-density region
hinders the heat flow from the hot surface layer of the target
and produces very different long-term temperature profiles in
different parts of the target.
The high electronic thermal conductivity of Ag combined

with the steep temperature gradients generated by the shallow
laser energy deposition result in a very rapid surface cooling,
with the maximum cooling rates realized immediately after the
electron−phonon equilibration. Indeed, the cooling rate as high
as 2.5 × 1012 K/s at ∼100 ps after the laser pulse can be
deduced from the surface temperature profile shown by the
black curve in Figure 3b. With the appearance and expansion of
the low-density subsurface region, however, the surface cooling
rate quickly decreases as the top liquid layer becomes thermally
“insulated” from the substrate. The conductive cooling of the
spalled layer comes to the complete end when the liquid bridge
breaks down at ∼2.9 ns. In contrast to the surface of the target,
the slowdown and eventual interruption of the heat flow from
the hot surface layer increase the cooling rate in the part of the

target directly underlying the low-density region. The temper-
ature profile shown for this part of the target by the purple
curve in Figure 3b indicates that despite the gradual reduction
of the cooling rate due to the decreasing temperature gradient,
it remains as high as 5.3 × 1010 K/s at 3 ns.
The fast cooling of the deeper regions of the target brings the

temperature of the liquid−solid interface to the levels below the
equilibrium melting temperature by the time of ∼100 ps and
activates resolidification that proceeds through the epitaxial
regrowth of the substrate. The solidification front propagates
toward the surface of the target at a velocity of ∼60 m/s as can
be seen from the snapshots in Figure 1 and the shape of the
solid black line marking the position of solidification front in
Figure 3a. At ∼800 ps the solidification front reaches the base
of the elongated liquid bridge, causing the local spike in the
temperature profile shown by the purple curve of Figure 3b.
The temperature spike at the solidification front is related to
the release of the latent heat of solidification and can also be
observed in the temperature contour plot shown in Figure 3a.
By the time the solidification front reaches the low-density

region, all but one of the voids have already coalesced to
produce a single liquid bridge connecting the target with the
top liquid layer. The remaining void is located at the very base
of the liquid bridge and is stabilized by the tensile stresses
supported by the continuous elongation of the bridge. During
the time between 800 ps and 1.2 ns, the solidification front
advances in the regions immediately adjacent to the void and
fully embeds it into the crystalline surroundings, as can be seen
from the snapshots shown in Figure 1.
Further propagation of the solidification front proceeds

simultaneously with the increase in the level of undercooling of
the lower part of the liquid bridge. When the temperature of
the liquid part of the bridge drops below a certain level, found
in ref 15 to be ∼0.69 Tm for the EAM Ag, an onset of active
homogeneous nucleation of new crystallites in the deeply
undercooled liquid can be expected and, indeed, is observed
staring from the time of ∼1720 ps. The microscopic

Figure 3. Temperature evolution in the surface region of a bulk Ag target irradiated by a 100 fs laser pulse at an absorbed fluence of 900 J/m2. In (a),
the temperature is shown in the form of a contour plot. The laser pulse directed along the y-axis, from the top of the plot. The solid black line shows
the location of the melting and solidification fronts, with the latter corresponding to the epitaxial regrowth of the original single-crystal target. The
dashed black line, marked 1, follows the position of the outer surface of the target. The dashed blue and purple lines, marked 2 and 3, respectively,
outline the inner part of the target where the relative density drops below 50% of the initial density of solid Ag. The black, blue, and red rectangles,
marked as A, B, and C, outline the regions and time intervals for which snapshots are shown in Figures 4, 5, and 6, respectively. In (b), the
temperature evolution along the dashed black and purple lines 1 and 3 is presented, with several representative cooling rates shown. The temperature
is normalized by the equilibrium melting temperature Tm of the EAM Ag.
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mechanisms of the homogeneous nucleation and growth of
new crystallites are discussed in section 3.3, while here we
provide additional comments on the role of the spallation
process in creating the conditions of deep undercooling
required for the onset of homogeneous crystallization.
It turns out that the generation of voids and the formation of

the liquid bridge play the key roles in achieving the sufficiently
high levels of undercooling. In particular, the process of the
bridge elongation takes more than 2 ns and proceeds with an
elongation velocity, ∼100 m/s, which is higher than the velocity
of the solidification front propagation, ∼60 m/s. While the heat
flow from the hot surface layer continues to keep the upper part
of the bridge at a temperature slightly above 0.8Tm, the
temperature right above the solidification front decreases and
drops below 0.7Tm by 1.6 ns, as can be seen from the
corresponding temperature profiles shown in Figure 1. The
breakdown of the bridge at ∼2.9 ns interrupts the connection
to the top layer that has been serving as a “heat reservoir”
supporting the quasi-steady-state heat flow in the bridge. As a
result, the rapid electron heat conduction to the bulk of the
target leads to an almost immediate flattening of the electron
temperature profile, as can be seen from the plots shown next
to the last snapshot in Figure 1. The cooling of the tip of the
bridge in this case is very rapid and is only limited by the
strength of the electron−phonon coupling. In fact, the idea of
achieving fast cooling by linking a hot thin bridge with a cold

substrate has recently been exploited for achieving an extreme
cooling rate of 1014 K/s leading to the formation of a
monatomic metallic glass.36

Note that in the absence of the void nucleation and
spallation, the complete resolidification of the target would take
∼1.4 ns and the maximum undercooling realized by the time
the solidification front reaches the surface does not exceed 25%,
as estimated in a TTM calculation accounting for the
temperature dependence of the solidification front velocity.3

On the other hand, if we assume that the spallation happens
instantaneously, without the formation of an intermediate low
density region and liquid bridges, the complete epitaxial
regrowth of the remaining part of the target would only take
930 ps and the maximum undercooling of the melted surface
would be ∼22%. We can conclude, therefore, that the
generation of subsurface voids and liquid bridges in the course
of the spallation process is essential for creating the conditions
of undercooling that is sufficiently strong for the activation of
rapid homogeneous crystallization. This conclusion is sup-
ported by the results of a simulation performed at a lower laser
fluence, below the spallation threshold,15 where the slowdown
of the motion of epitaxial solidification front in a region affected
by the evolution of subsurface voids is found to extend the time
of the solidification and create the conditions for nano-
crystallization of a surface layer.

Figure 4. Temperature profiles and snapshots illustrating the conditions and mechanisms of homogeneous nucleation and growth of crystallites in a
region marked by rectangle A in Figures 1, 2, and 3. In (a), the temperature evolution is shown for a region where homogeneous nucleation of new
crystallites is observed, between 41 and 49 nm above the initial surface of the target. This region is marked by the light blue stripe in (b) and (c). In
(b), the temperature and material flow velocity profiles are shown for a time of 1720 ps, when the homogeneous nucleation is first observed. In (c),
the snapshots illustrating the homogeneous nucleation and growth are provided for a region marked by gray color in (b). The atoms are colored by
their local structural environments as in Figure 1, with green color used for bcc atoms. The purple atoms (liquid phase, surfaces, and defects) are
blanked in the first four snapshots to provide clear views of the nucleation and growth of new grains, while a cross section similar to the ones in
Figure 1 is shown in the last snapshot.
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3.3. Microscopic Mechanisms of Homogeneous
Nucleation and Growth. As discussed in the previous
section, the propagation of the solidification front takes place
under conditions of increasing undercooling of the remaining
liquid metal. By the time of 1720 ps, the temperature of the
liquid in the immediate vicinity of the solidification front drops
down to ∼0.67 Tm (Figures 4a and 4b) and triggers rapid
homogeneous nucleation of new crystallites (Figure 4c). Three
crystal nuclei with random crystallographic orientations appear
almost simultaneously at 1720 ps in the deeply undercooled
liquid region, grow, and merge with the front of the epitaxial
solidification by ∼1840 ps. The onset of the homogeneous
crystallization locks the interface between the single crystal part
of the target solidified through the epitaxial regrowth of the
substrate and the nanocrystalline region generated by the
homogeneous nucleation and growth of new crystallites at the
position of ∼37.5 nm above the initial surface target, as
reflected by flattening of the solid black line in Figure 3a after
1840 ps.
Similar to the epitaxial regrowth, the rapid release of the

latent heat of solidification due to the homogeneous nucleation
and growth of new crystallites leads to a pronounced increase in
the local temperature, as can be seen in Figure 4a. The
nucleation and growth of multiple crystallites can be clearly
identified by the scattered temperature spikes in the contour
plot shown in Figure 3a and is reflected in broadening of the
temperature peaks in the profiles shown for 2.4 and 2.8 ns in
Figure 1. Note that despite the high lattice temperature
gradients produced in the immediate vicinity of regions
undergoing either heterogeneous or homogeneous solid-
ification, the heating of the surrounding areas is limited due
to the essentially flat electron temperature profiles, as can be
seen in Figure 1. The cooling of the regions heated by the
release of the latent heat of solidification is largely defined by
the local electron−phonon equilibration rather than the
vibrational/phononic heat transport. Similar splitting of the
electron and lattice temperatures has been reported in earlier

TTM and TTM-MD simulations of rapid nonequilibrium
melting37 and solidification.3,13

The highly nonequilibrium nature of the rapid solidification
process, when the nucleation and growth of new crystallites
take place under conditions of deep undercooling, along with
the low stacking-fault energy of Ag,38 result in the formation of
a high density of the stacking faults, twins, and the mixed fcc−
hcp structures. With this coloring scheme used in the snapshots
shown in the figures, single and double red atomic planes on
yellow background correspond to twin boundaries and stacking
faults in the fcc structure, respectively, while thicker red
platelets are the regions with hcp structure. The fcc and hcp
regions in the nanograins have ⟨111⟩fcc//⟨0001⟩hcp orientation
relationship and form through cross-nucleation of the
metastable hcp phase on structurally compatible {111} faces
of growing fcc crystallites, as exemplified by the growth of a
grain marked by the black arrow in a snapshot shown for 2540
ps in Figure 5.
A similar process of cross-nucleation of the hcp phase on

{111} faces of fcc nuclei has been observed in atomistic
simulations of liquid Cu undercooled to 0.69Tm

39 as well as in
undercooled Lennard-Jones liquids.40,41 The high probability of
nucleation of an atomic layer with hcp stacking sequence on a
{111} facet of the growing fcc crystal is related to the relatively
low energies of coherent twin boundaries and stacking faults as
compared to the strong driving force for the solidification. The
generation of a sequence of close-packed planes that
corresponds to a stacking fault can serve as a nucleus for the
subsequent growth of the metastable hcp structure. The
coexistence of fcc and hcp grains has also been observed in
pulsed laser deposited nanocrystalline Ni films,42 where the
formation of stacking faults on in-plane {111} faces of growing
fcc grains is considered to be the mechanism leading to the
cross-nucleation of hcp grains.
Even though the growing crystallites have predominantly

fcc/hcp structure, the structural analysis also reveals the
presence of small bcc crystallites that transiently appear around
the growing close-packed crystallites grains (green clusters in

Figure 5. Snapshots providing an enlarged view of the region marked by rectangle B in Figures 1 and 3. Similar to Figure 1, the cross sections of the
nanospike are shown in the snapshots. The atoms are colored by their local structural environment, as explained in captions for Figures 1 and 4. The
snapshots illustrate the nucleation and growth of crystallites with mixed fcc/hcp structure, coarsening of the grains (disappearance of a small grain
outlined by ovals in three snapshots), and cross-nucleation of hcp platelets on {111} faces of growing fcc crystallites (an example is marked by the
black arrow in a snapshot shown for 2540 ps).
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Figures 4c, 5, and 6). This observation can be related to the
results of atomistic simulations of crystal nucleation in
Lennard-Jones systems undercooled down to 0.75−
0.8Tm,

40,43,44 where transient appearance of small bcc clusters
“wetting” the surface of the growing fcc crystallites is observed.
After the growing grains join together and form nanocrystal-

line structure of the nanospike, some additional structural
rearrangements driven by the minimization of energy of the
internal structure of the grains, as well as their interfacial and
surface energy, take place. The internal structure is changing
largely through the glide of partial dislocations across close-
packed atomic planes, which alters the stacking sequence of
planes between the fcc and hcp types. The grain coarsening also
takes place, as illustrated by the disappearance of a small grain
outlined by ovals in Figure 5. The coarsening results in the
formation of two elongated grains extending through the whole
thickness of the nanospike and occupying the lower part of the
region shown in Figure 5. In each grain, one of the ⟨110⟩
crystallographic directions is roughly aligned with the axis of the
nanospike, which allows for the local surface energy
minimization in the corresponding parts of the nanospike.45

3.4. Generation of a Region with Icosahedral
Structure. As the solidification process moves up along the
nanospike, we observe the formation of an extended region of
the nanospike that features a markedly distinct nanostructure.
In contrast with the single orientation of twin boundaries,
stacking faults, and hcp platelets in the grains discussed in

section 3.3 and illustrated in Figure 5, the solidification of a
region located between 130 and 150 nm above the initial
surface of the target and outlined by rectangle C in Figures 1, 2,
and 3a produces a continuous network of pentagonal twinned
structural elements (Figure 6b). Similarly to the lower parts of
the nanospike, the solidification of this region proceeds through
the homogeneous nucleation and growth of the solid structures,
as can be seen from Figure 6a. Moreover, the conditions of the
homogeneous nucleation are also very similar to the ones
discussed above and illustrated in Figure 4. The maximum level
of undercooling reached in the nucleation region, between 128
and 138 nm, by the time of the appearance of a stable solid
nucleus, 2480 ps, is about 30%, which is similar to the 33%
undercooling at the time of the nucleation of new grains in the
lower part of the nanospike (Figure 4a). Thus, the formation of
the distinct pentagonal twinned structure of the upper region of
the nanospike cannot be attributed to the difference in the
levels of undercooling at the time of the nucleation and growth
but is likely to be selected in the course of the nucleation and
then replicated during the growth process. This hypothesis can
be supported by detailed analysis of snapshots taken every 10
ps during the nucleation process and shown in Figure 6a.
The first stable crystallite can be identified in this region of

the nanospike at 2480 ps. The crystallite has largely fcc
structure, but a small island of a close-packed plane with local
hcp stacking sequence can be identified on one of the four
{111} faces of the growing fcc crystallite as earlier as 2490 ps.

Figure 6. Snapshots illustrating the nucleation of the first pentagonal twinned structure (a) and the subsequent growth of a nanostructure featuring
multiple axis of 5-fold symmetry (b) in the region marked by rectangle C in Figures 1, 2, and 3. The atoms are colored by their local structural
environment, as explained in captions for Figures 1 and 4. In (a), the atoms that belong to the liquid phase, crystal defects, and the free surface of the
target are blanked to provide an unobstructed view of the nucleation process. In (b), the cross sections of the nanospike are shown.
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Further growth of the crystallite turns the hcp layer into a twin
boundary that separates two fcc crystallites misoriented with
respect to each other so that the only common {111} plane
they share is the plane of the twin boundary. A similar process
leads to the formation of another hcp plane/twin boundary on
a different face of the original crystallite. The two twin
boundaries intersect each other along a common ⟨110⟩
direction in the fcc crystallites, and the intersection serves as
a catalyst for the formation of decahedral local atomic structure
and nucleation of three additional twin boundaries upon further
growth of the solid region.41 This growth scenario results in the
formation of a decahedral twined structure composed of five
tetrahedral fcc domains separated from each other by twin
boundaries and joined together along a common axis of 5-fold
symmetry, as can be seen in the last snapshot in Figure 6a.
Further growth of the twinned structure proceeds through

similar fcc−twin−fcc cycle repeated for different {111} faces of
the growing tetrahedral fcc domains. Indeed, the appearance of
a close-packed plane with hcp stacking on any of the ten {111}
faces of the decahedral structure generates two more twin
boundary intersections, which result in the formation of two
new pentagonal axis of symmetry in the growing nano-
structured region. This process of repetitive growth twinning
and generation of new tetrahedral fcc domains arranged around
5-fold axes results in the formation of a complex continuous
network composed of pentagonal twinned structural elements
in a more than 20 nm long region of the nanospike (Figure 6b).
A detailed structural analysis reveals that the structure of this
region of the nanospike can be represented by an assembly of
tetrahedral fcc domains arranged into six interpenetrating
icosahedra truncated by the free surface of the nanospike, as
illustrated in Figure 7.
The formation of the nanostructure featuring multiple axis of

5-fold symmetry is possible due to the fact that the angle
between two close-packed {111} planes in the fcc lattice is
70.53°, and 70.53° × 5 = 352.65° is only 7.35° short of 360°. As
a result, the arrangement of five perfect tetrahedral fcc domains

into a compact decahedral structure leaves a 7.35° solid angle
gap. Closing this gap by rotational deformation of the
decahedral structure is equivalent to the introduction of a
positive wedge disclination46,47 with strength (Frank vector)
equal to 7.35° along the pentagonal axis of the decahedron.
Similarly, an icosahedral arrangement of 20 tetrahedral domains
corresponds to the introduction of six disclinations passing
through all the pentagonal axes of the icosahedron. While the
interfacial/surface energy of the decahedral and icosahedral
structures is minimized by the presence of {111} crystallo-
graphic facets only, the strong quadratic dependence of the
elastic strain energy of a disclination on the size of the crystal
precludes the formation of large-scale twinned decahedral and
icosahedral structures. In the case of the nanospike, however,
the elastic strain energy of the disclinations is reduced by the
small size of the pentagonal structural elements and the
presence of the free surface of the nanospike. The size effect has
also been observed in simulations of freezing of Au nano-
clusters,48 where the probability of the formation of icosahedral
structure of a frozen cluster was observed to increase when the
nanocluster diameter decreases from 5 to 2 nm. At the
qualitative level, the generation of the polyicosahedral structure
in the thinnest part of the nanospike with diameter of ∼6 nm
and the formation of mixed fcc/hcp structure in the thicker
lower parts with diameter of ∼12 nm (Figure 2) are consistent
with this general trend.
To summarize, the formation of an extended region of

polyicosahedral structure can be attributed to the smaller
diameter of the nanospike and the stochastic selection made at
the initial stage of the homogeneous solidification process. The
formation and intersection of two close-packed atomic layers
with hcp stacking on {111} planes of a tetrahedral fcc crystallite
trigger a self-replicating process of generation of multiple axes
of pentagonal symmetry arranged into a continuous network
outlining the fcc tetrahedral structural units of the polyicosahe-
dral structure. The stochastic selection between the layered fcc/
hcp crystallites and twinned tetrahedral structures featuring 5-

Figure 7. Result of the structural analysis of a part of the frozen nanospike located between 125 and 155 nm above the initial surface of the irradiated
target. The structure of this region can be represented by six interpenetrating icosahedra truncated by the free surface of the nanospike. The atoms
are colored by their local structural environment, as explained in captions for Figures 1 and 4. All atoms are shown in (a), surface atoms are blanked
in (b), both surface and fcc atoms are blanked in (c), surface, fcc, and hcp atoms are blanked in (d), and all atoms are blanked in (e), where only the
six interpenetrating icosahedra are shown.
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fold axes of symmetry have been observed in simulations of
vapor-phase growth49 and freezing50,51 of nanoparticles as well
as in solidification of strongly undercooled bulk (periodic
boundary conditions) liquids.39,41 In the present simulation, we
observe a direct competition of the two solidification scenarios
that are realized simultaneously in different parts of the strongly
undercooled liquid bridge and produce solid regions with two
distinct nanocrystalline structures shown in Figures 5 and 6.

4. SUMMARY
The results of a large-scale atomistic simulation of laser
interaction with a Ag target irradiated by a femtosecond laser
pulse provide detailed information on the mechanisms
responsible for the formation of a frozen nanospike on the
irradiated surface as well as on the processes that define the
complex nanostructure of the nanospike. The simulation is
performed in the spallation irradiation regime, when the
relaxation of laser-induced stresses induces nucleation, growth,
and coalescence of multiple voids in the melted subsurface
region of the irradiated target. The evolution of the subsurface
voids results in the formation and eventual breakdown of an
elongated liquid bridge that solidifies and produces a ∼200 nm
long frozen nanospike.
The spallation process is also responsible for creating

conditions of a deep undercooling (down to 0.7Tm and
more) in the upper part of the liquid bridge, which sets the
stage for the competition between the epitaxial regrowth of the
solid part of the target and the homogeneous nucleation of new
crystallites. The homogeneous solidification proceeds along two
distinct paths selected at the crystal nucleation stage and
produces markedly different nanostructures in different parts of
the nanospike. The growth proceeding through the cross-
nucleation of hcp and fcc regions on close-packed faces of the
growing crystallites produces grains with mixed fcc/hcp
structure and one dominant orientation of twin boundaries,
stacking faults, and hcp/fcc interfaces. The nucleation process
that involves the formation of a pair of close-packed atomic
layers with hcp stacking on adjacent {111} faces of a small fcc
crystallite, on the other hand, steers the subsequent growth in
the direction of self-replicating generation of multiple axes of
pentagonal symmetry arranged into a polyicosahedral structure.
Overall, the competing contributions of several solidification
mechanisms activated under highly nonequilibrium solid-
ification conditions result in a remarkable variability of the
structural motifs in the frozen surface nanospike generated by
laser spallation of a Ag target.
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