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Abstract

Structural transformations in a shallow surface region of a bulk Ag (001) target irradiated by a
femtosecond laser pulse are investigated in large-scale atomistic simulations and experiments.
The simulations reveal a complex interplay of fast laser melting, rapid resolidification, and the
dynamic relaxation of laser-induced stresses that leads to the formation of a sub-surface porous
region covered by a nanocrystalline surface layer. The generation of the porous region is
consistent with the experimental observation of surface “swelling” occurring at laser fluences
below the spallation/ablation threshold and may be related to the incubation effect in multi-pulse
laser ablation of metals. The nanocrystalline layer is produced by massive nucleation of
crystallites triggered by a deep undercooling of the melted surface region experiencing fast
quenching at a rate on the order of 10" K/s. The predicted surface structure features random
crystallographic orientation of nanograins and a high density of stacking faults, twins, and
nanoscale twinned structural elements with five-fold symmetry, which suggests high hardness

and possible enhancement of catalytic activity of the surface.
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I INTRODUCTION

The ability of short (pico- and femtosecond) pulse laser irradiation to produce unique
surface morphologies [1-5], metastable phases [6-8] and microstructure (arrangement of crystal
defects) [5,9-14] has been demonstrated in numerous studies and is generally attributed to the
conditions of strong electronic, thermal, phase, and mechanical non-equilibrium created in
irradiated targets by the fast laser excitation. Detailed understanding of the relations between the
basic mechanisms of laser interaction with materials, non-equilibrium processes caused by the
fast deposition of laser energy, and the resulting microstructure and properties of laser-treated
regions of the targets, however, is still lacking, thus limiting the expansion of laser technologies
into the new domain of nanoscale material processing and fabrication. Besides the practical
importance, at the fundamental level, the investigations of material response to short-pulse laser
irradiation provide unique insights into the peculiarities of material behavior far from

equilibrium, under extreme conditions of ultrahigh heating, cooling, and deformation rates.

The small size of the laser-modified zone and the ultrafast rates of processes induced by
short pulse laser irradiation present a challenge for experimental probing [15-18] and, at the
same time, make atomistic modeling a suitable tool for revealing the mechanisms and pathways
of laser-induced structural and phase transformations. The atomistic molecular dynamics (MD)
simulation technique has indeed been instrumental in providing valuable information on the
microscopic mechanisms of laser melting [19-22], photomechanical spallation and ablation
[19,23-29]. Beyond the analysis of the initial dynamic material response to the fast laser energy
deposition, however, there has been little progress in extending the simulations to the
investigation of processes responsible for the formation of complex surface morphologies and

microstructures of the laser-processed targets.

In this paper, we combine large-scale atomistic simulations with experimental
characterization of structural changes produced in a single-crystal Ag (001) target by a 100 fs
laser pulse irradiation. Based on the simulation results, a pronounced swelling of the irradiated
surface observed in experiments is explained by photomechanically-driven generation of sub-
surface voids in the transiently melted surface region of the target followed by trapping of the
voids by the rapidly advancing solidification front. The ultrafast cooling of the surface region is

also found to create the conditions for massive homogeneous nucleation of crystallites and the



formation of a nanocrystalline surface layer with a high density of unusual defect configurations
not present in conventional coarse-grained materials. The mechanistic insights into the processes
responsible for the unique ability of short laser pulses to produce nanoscale structural changes
localized in a thin surface layer of an irradiated target may facilitate the design of new

approaches for tailoring surface properties and functionality to the needs of practical applications.

II. COMPUTATIONAL MODEL

TTM-MD model: The large-scale atomistic simulations of laser interactions with a bulk
Ag (001) target is performed with a hybrid atomistic—continuum model that couples the classical
atomistic molecular dynamics (MD) method with the continuum-level two-temperature model
(TTM) [30]. In the original TTM, the time evolution of the lattice and electron temperatures in
the irradiated target is described by two coupled nonlinear differential equations that account for
the laser excitation of conduction-band electrons, energy exchange between the electrons and
atomic vibrations due to the electron-phonon coupling, and the electron heat conduction. In the
combined TTM-MD method [19,29], the MD substitutes the TTM equation for the lattice
temperature in the surface region of the target, where laser-induced structural and phase
transformations take place. The diffusion equation for the electron temperature 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 is defined for each cell from the average
kinetic energy of thermal motion of atoms. The electron temperature enters a coupling term
added to the MD equations of motion to account for the energy exchange between the electrons
and the lattice [19]. A complete description of the TTM-MD model is provided elsewhere
[19,29], and below we only outline the computational setup used in the simulations reported in

this paper.

Parameters of the computational system: 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
arranged into a face-centered cubic (fcc) crystal. 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 as

compared to the lateral dimensions of the computational system, 98.7 nm x 98.7 nm. The lateral



dimensions of the computational system are about twice the dimensions of the largest void
observed in the simulation performed in this work at a laser fluence close to the threshold for the
void nucleation. The dimensions, therefore, are sufficiently large in this case to avoid an
artificial “easy spallation” of the target due to the individual voids outgrowing the size of the
computational system. A dynamic pressure-transmitting boundary condition [31,32] is applied at
the bottom of the MD system to represent the non-reflecting propagation of the laser-induced
stress wave from the MD part of the model into the bulk of the target. Before applying laser
irradiation, the Ag crystal is equilibrated at 300 K and the dimensions of the MD computational

domain are adjusted to ensure that the initial target is free of internal stresses.

Solution of the TTM equations: The TTM equation for the electron temperature in the
atomistic part of the system is solved on a three-dimensional (3D) computational grid with a cell
size of 3 nm X 3 nm X 1 nm. The smaller dimension of 1 nm is used in the direction normal to
the surface in order to provide an adequate treatment of the strong electron temperature gradient
generated by the laser excitation. In the continuum part of the model, beyond the surface region
represented by the MD method, the conventional TTM equations for the electron and lattice
temperatures are solved on a 3D computational grid with twice larger spacing in the direction
normal to the surface. The continuum region is extended down to a depth of 4 um, so that no
significant changes in the electron and lattice temperatures are observed at the bottom of the

computational domain during the time of the simulations.

Interatomic potential: The interatomic interactions in the MD part of the model are
described by the embedded atom method (EAM) potential with the functional form and
parameterization developed in Ref [33]. A cut-off function suggested in Ref. [34] is added to the
potential to smoothly bring the interaction energies and forces to zero at interatomic distance of
5.5 A. Although 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 Ag [35] relevant to the
simulation of laser-induced processes. In particular, the equilibrium melting temperature, 7,
determined in liquid—crystal coexistence simulations, is 1139 + 2 K [8], about 8% below the
experimental values of 1235 K [36]. The threshold temperature for the onset of the explosive

phase separation into liquid and vapor, 7%, determined in simulations of slow heating of a



metastable liquid, is found to be ~3450 K at zero pressure and ~4850 K at 0.5 GPa [37]. The
onset of the phase explosion can be expected at 10% below the critical temperature [38-40] and
the values of 7* calculated for the EAM Ag material are not in conflict with the range of

experimental values of the critical temperature of Ag spanning from 4300 K to 7500 K [41].

Parameters of the TTM equation for the electron temperature: The electron temperature
dependences of the electron-phonon coupling factor and electron heat capacity are taken in the
forms that account for the thermal excitation from the electron states below the Fermi level [42].

The electron thermal conductivity is described by the Drude model relationship,

K (T.,T))=v*C,(T.)t,(T,,T,)/3, where C,(T,) is the electron heat capacity, v* is the mean

square velocity of the electrons contributing to the electron heat conductivity, approximated in

this work as the Fermi velocity squared, v¢*, and 1,(7,,T,) is the total electron scattering time

defined by the electron-electron and electron-phonon scattering rates,

/1, =1/1,,+1/1,,=AT’ + BT, . The value of the coefficient 4, 3.57x10° s'K?, is

estimated within the free electron model, following the approach suggested in [43]. The value of
the coefficient B, 1.12x10"" s'K' is obtained from the experimental value of the thermal

conductivity of solid Ag at the melting temperature, 363 Wm™ K™ [44].

Laser excitation: The irradiation of the target with a 100 fs laser pulse is represented
through a source term added to the equation for the electron temperature [19]. The source term
simulates excitation of the conduction band electrons by a laser pulse with a Gaussian temporal
profile and reproduces the exponential attenuation of laser intensity with depth under the surface
(Beer—Lambert law). In order to account for the energy transport occurring before the
thermalization of the excited electrons [8,45,46], the optical absorption depth, L, = 12 nm at laser
wavelength of 800 nm [47], is combined with the effective depth of the “ballistic” energy
transport, L, = 56 nm, roughly estimated here as a product of the Fermi velocity and the Drude
relaxation time [48]. This estimate is in a good agreement with a prediction of 5317 nm derived
from experiment [49]. The effective range of the laser energy deposition is then defined as L, +
L, = 68 nm and is used in the source term instead of L, alone. The reflectivity of the surface is
not defined in the model since the absorbed laser fluence rather then the incident fluence is used

in the discussion of the simulation results.



Structural analysis of atomic configurations: Two methods of structural analysis of
atomic configuration are used in this work. The first method is based on the calculation of the
local order parameter [19,50] for each atom in the system. The advantage of the local order
parameter is that it is computationally inexpensive and can be used for quick on-the-fly analysis
of melting and subsequent epitaxial resolidification of a single crystal target during the
simulation. The analysis based on the local order parameter fails, however, to identify the
nucleation and growth of new crystallites that have crystallographic orientation that is different
from the original substrate. This is not surprising since the local order parameter is a measure of
the degree of correlation of an atomic configuration to the original crystal structure used as the
reference state. The structure of the final surface layer generated by the short pulse laser
processing, therefore, is probed with a more complex structural analysis method suggested in
Ref. [51] and modified in Ref. [8] to improve the accuracy of identification of crystal structures
in the presence of small lattice distortions. This method allows for unambiguous identification

of different crystal structures (fcc, bee, hep) regardless of their crystallographic orientation.

III. TTM-MD SIMULATION: GENERATION OF SUB-SURFACE VOIDS AND
NANOCRYSTALLINE LAYER

The large-scale TTM-MD simulation discussed in this section is performed at an
absorbed laser fluence of 0.085 J/cm®. This fluence is chosen so that the laser pulse produces a
substantial modification of the irradiated surface yet does not cause a massive material ejection
(spallation or ablation [29]) from the target. The laser-induced processes responsible for the
structural modification of the target are illustrated in Fig. 1. The electronic excitation by the 100
fs laser pulse is followed by a rapid energy transfer from the excited electrons to the atomic
vibrations. The sharp increase of the strength of the electron-phonon coupling in Ag in the
electronically excited state [42] increases the rate of the lattice heating and contributes to the
initial confinement of the deposited laser energy in a relatively shallow region of the target. By
the time of 10 ps, the material in the top 40 nm surface region of the target is superheated in
excess of 20% above the equilibrium melting temperature predicted by the Embedded Atom
Method (EAM) description of Ag, T,, = 1139 K [8], and undergoes a rapid homogeneous melting
that proceeds in the form of a collapse of the crystal lattice on the timescale of just several

picoseconds [19,20]. The short time of the homogeneous melting under the conditions of strong



superheating is consistent with the results of earlier simulations [19-22] and time-resolved
electron diffraction experiments [15,52] reported for thin metal films irradiated by femtosecond
laser pulses. The fast homogeneous melting results in the formation of a melting front that
moves deeper into the target and reaches the maximum depth of 67 nm under the initial surface

by the time of ~70 ps.

Meanwhile, the lattice heating due to the equilibration with the excited electrons is
succeeded by a rapid cooling due to the high electron thermal conductivity of Ag and sharp
temperature gradient generated in the surface region of the target. The temperature at the solid—
liquid interface drops below the equilibrium melting temperature of Ag by the time of ~75 ps and
the melting turns into resolidification (epitaxial regrowth) of the Ag substrate, as can be seen
from the shape of the black curve in Fig. la,b that shows the position of the liquid—crystal
interface. The release of the latent heat of melting in the solidification process partially offsets
the cooling due to the electron heat conduction and results in the locally elevated lattice
temperature near the solidification front, Fig. 1a. Note that the finite time of the electron-phonon
equilibration causes a few hundred degrees split of the electron and lattice temperatures at the
rapidly advancing liquid—crystal interface, an effect that has been observed in earlier simulations
of both melting [ 53 ] and solidification [12,17] occurring under conditions of strong

superheating/undercooling.

The velocity of the resolidification front increases up to the maximum value of about 90
m/s as the temperature at the front drops down to about 0.97,, and then decreases by about a
factor of two as the front propagates further up, towards the surface. The value of the maximum
velocity of solidification front observed in the simulation is in good agreement with the values
estimated from optical pump-probe measurements performed for Ag films [17] and predicted in
MD simulations [17,54]. The substantial decrease of the solidification velocity, however, is in
conflict with predictions of the MD simulations [17,54], where the velocity of the (001) interface
in Ag is predicted to stay at an almost constant (maximum) level at temperatures below 0.857,,.
The decrease of the velocity of the solidification front, therefore, cannot be attributed to changes
in the degree of undercooling at the front and must be related to the dynamic processes occurring
in the melted part of the target. These processes, manifesting themselves in the appearance of a

low-density region at a depth of ~40 nm under the surface (Fig. 1b), are discussed next.



The fast lattice heating during the first picoseconds after the laser pulse takes place under
conditions of stress confinement [23,28,29,55,56], i.e., the heating time is shorter than the time
needed for the mechanical equilibration (expansion) of the heated region. As a result, the initial
heating takes place under almost isochoric conditions, causing a buildup of high compressive
stresses in the surface region of the irradiated target. The sharp rise of the compressive stresses
can be seen in Fig. 1c, where the evolution of pressure averaged over a region located between
10 nm and 40 nm from the initial surface is shown. The relaxation of the compressive stresses in
the presence of the free surface of the target results in the generation of an unloading wave with
tensile stresses increasing with depth under the surface. The tensile stresses, highlighted in Fig
Ic by light blue color, are sufficiently strong to induce cavitation in the melted sub-surface
region where the combination of the rapid expansion and the temperature increase creates the
conditions for the onset of massive nucleation of multiple voids [23,29,55]. The onset of the
cavitation limits the maximum level of the tensile stresses that can be supported by the melted
material and prolongs the time the tensile stresses are sustained in the region of void formation,

Fig. 1c.

The expansion, contraction, and stabilization of the size of the low-density region in the
density contour plot, Fig. 1b, are reflecting a complex evolution of the laser-induced voids. To
provide more insights into processes occurring in the cavitation region, the individual voids are
identified by superimposing atomic configurations generated in the simulation with a 3D grid of
cubic cells with a size of 4.5 A, finding the cells that do not contain any atoms, and defining the
voids as clusters of empty cells connected with each other by sharing a common side. With this
definition, the smallest void corresponds to a cluster of two neighboring empty cells and has a
volume of 2x(0.45 nm)’ = 0.2 nm’. The result of the application of this procedure is shown in
Figs. 1c,d, where the total number of voids N, and the combined volume of all voids Q, are
plotted as functions of time. The top-view projections of all voids in the computational system

are also shown as insets in Fig. 1d for four moments of time during the simulation.

The plots and the projections can be used to distinguish four stages of the void evolution,
as marked at the top of Fig. 1d. First, the rapid rise in the number of small voids is observed
between 25 and 55 ps, i.e., during the time when the maximum tensile stresses are generated in

the surface region of the target, Fig. 1c. Second, during the time between 55 and 800 ps the



number of voids decreases while the total volume of voids steadily increases. This stage is
characterised by the growth and coalescence of large voids and a steadily decreasing population
of smaller voids [29,55]. At the same time, the top surface layer of the target, accelerated during
the short time of the initial relaxation of the laser-induced compressive stresses (Fig. 1c),
gradually slows down its outward motion due to the resistance of the cavitation region to the fast
uniaxial expansion. This resistance is reflected in a persistent negative pressure [57], shown in
Fig. 1c up to 200 ps, that remains at a level of -25 — -70 MPa up to 800 ps. Only six large voids
can be identified at the end of this stage of the void evolution, 800 ps, when the total volume of
voids (Fig. 1d), the size of the low-density region affected by the void evolution (Fig. 1b), and

the vertical displacement of the surface (Fig. 1a,b) all reach their maximum values.

The third stage of the void evolution is signified by void contraction driven by
minimization of the surface energy of the voids. While the number of voids remains the same at
this stage, the total volume of the voids decreases by ~23% during the time between 800 and
1400 ps, Fig. 1d. As discussed above, the evolution of voids proceeds simultaneously with rapid
advancement of a resolidification front that reaches the bottom of the cavitation region by the
time of 500 ps, when the cavitation region is still expanding and the voids are growing. The
detailed picture of the resolidification process is provided by snapshots of atomic configurations
shown in Fig. 2, where the atoms are colored by their potential energy. By the time of 800 ps,
when the voids start to shrink, the bottom part of the cavitation region is already solidified, and
the contraction of the voids is affecting the continuously diminishing top part of the cavitation
region. The resolidification front reaches the top boundary of the cavitation region by the time
of ~1400 ps, signifying transition to the fourth stage of the void evolution, when the voids are

fully embedded into the crystalline material and remain stable upon further cooling of the target.

The voids impede the solidification front propagation, as the solidification of the
cavitation region involves a relatively slow lateral crystal growth behind the voids. This effect is
apparent in a snapshot shown for 1200 ps in Fig. 2, where several regions adjacent to voids are
left behind in the melted state while the solidification front advances between the voids. The
slowdown of the epitaxial solidification front extends the time the top surface layer of the target
remains in the melted state, which results in an increasingly deep undercooling of the melted
surface region. At about 1300 ps, when the surface temperature drops down to ~0.697,, a

massive nucleation of small crystallites is observed throughout the deeply undercooled liquid



region. The fast growth and coalescence of the crystallites leads the formation of a roughly 30
nm thick nanocrystalline surface layer within the following 400 ps, as seen in the snapshots
shown in Figs. 2 and 3. The release of the latent heat of melting in the course of the rapid
nucleation and growth of the crystallites is also reflected in the transient temperature increase in
the surface region of the target outlined by the dashed rectangle in the temperature contour plot
shown in Fig. 1a. Note that the position of the liquid—crystal interface shown by black lines in
Fig. 1a,b is determined with a method of structural analysis based on the calculation of local
order parameter. As discussed in Section II, this method only tracks the advancement of the
epitaxial regrowth of the original single crystal target and is “blind” to the appearance of a

nanocrystalline surface layer.

IV. EXPERIMENTAL OBSERVATION OF SURFACE SWELLING

The computational prediction of the generation of sub-surface voids frozen in the rapid
solidification process, are consistent with our experimental study of the same system: a single-
crystal Ag (001) target irradiated by a 100 fs laser pulse. The experiments are undertaken in an
ultrahigh vacuum (UHV, ~10° Torr) chamber. Prior to the laser irradiation, the Ag (001)
surfaces are cleaned by a sputter gun with 1 keV Ar" ions (~3x107 Torr) for about an hour, and
subsequently annealed at ~940 K for another hour to eliminate possible defects introduced
during the sputtering process. To ensure a smooth surface, the sputtering/annealing cycles are
repeated 3-5 times. To facilitate comparison with the simulation results, the absorbed rather than
incident laser fluence is used in the discussion of the experimental data. The incident fluence is
translated to the absorbed one by assuming a reflectivity of 0.969 at the laser wavelength of 800
nm used in the experiments [59]. The laser beam has an elliptical Gaussian spatial profile and
the fluence referred here is the peak fluence at the center of the laser spot. The laser spot size is
determined in situ by using an approach originally proposed in Ref. [60]. The dimensions of the
laser-damaged spots are obtained from a series of scanning electron microscope (SEM) images
taken for different laser pulse energies. Since the damage spots are slightly elliptical, the major
and minor axes are determined independently from the data fitted to two beam waists and a
common threshold energy using an approach described in Ref. [61]. The data provide minor and
major spot sizes (i.e., radii at 1/e intensity) of 20 = 2 and 29 + 2 um, while the damage threshold

fluence is 2.5 + 0.2 J/em® corresponding to an absorbed fluence of 0.078 + 0.006 J/cm®.
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Following the sample preparation, the Ag (001) surface is exposed to a single laser pulse,
and the irradiated spots are imaged with atomic force microscopy (AFM). An example AFM
scan of a spot irradiated at an absorbed laser fluence of 0.15 J/cm® and several line scans of spots
irradiated at absorbed fluences ranging from 0.098 J/cm” to 0.893 J/cm” are shown in Fig. 4. A
characteristic feature of the scans taken at laser fluences close to the ablation threshold is the
formation of pronounced bumps extending above the level of the original surface. The height of

the bumps ranges from several hundreds to more than a thousand of nanometers.

The appearance of the bumps can be related to the computational prediction of the
generation of sub-surface voids that produce an effective volume increase, or “swelling,” of the
target. The magnitude of the swelling observed in the simulation, ~17 nm at an absorbed fluence
of 0.085 J/cm?, is much smaller than the ones measured in experiments. This discrepancy can be
explained by the difference in the conditions of the material ejection in the simulation and
experiments. In the simulations, a small increase of laser fluence from 0.085 J/cm® to 0.090
J/em? results in the transition from swelling to the spallation regime, where a 55 nm thick liquid
layer is separated from the rest of the target and ejected with a velocity of about 100 m/s. The
spallation in this case is facilitated by the use of periodic boundary conditions that allow for the
percolation of the growing voids in the lateral direction. In the experiment, the top liquid layer
can retain its integrity over large area(s) within the laser spot and the outward motion of the layer
in central part of the spot can be restrained by its connection to the colder periphery of the spot,
where the conditions for spallation are not achieved. Consequently, the range of laser fluences
for which the effect of swelling is observed and the swelling magnitude can both be substantially
higher due to the finite laser spot effects. Given the difference in the “boundary conditions” in
the simulations and experiments, the computational prediction of the 17-nm swelling at 0.085
J/em?” and the spallation onset at 0.090 J/cm? is consistent with the experimental observation of
the surface swelling by several hundred nanometers at the peak fluence of 0.098 J/cm® at the

center of the laser spot.

At higher laser fluences, the sub-surface voids in the central part of the spot can be
expected to grow, coalesce, and lead to the formation of an increasingly coarse foamy structure
underneath the expanding top liquid layer. The subsequent solidification of the transiently
melted surface region proceeding simultaneously with the partial recession of the foamy

structure is likely to be responsible for the formation of corrugated bumps observed in Fig. 4.
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Indeed, given the computational prediction of a shallow (less than 100 nm, see Figs. 1 and 2 for
Ag and Ref. [29] for Al) depth of the initial target affected by the void nucleation in the
spallation regime and the micron-scale height of the bump, the assumption of the foamy structure
of the bump with a density as low as 10% of the one of the solid target appears to be a reasonable
conjecture. Due to the coarse-grained nature of the structural features of the surface morphology
and the collective nature of processes involved in the generation of the foamy sub-surface
structure, the atomistic simulations cannot capture the large-scale swelling at higher fluences,
even if a “mosaic approach” [29] combining the results of simulations performed for different

local fluences within the laser spot is applied.

All bump profiles shown in Fig. 4b exhibit a characteristic shape of a “volcano” with an
increasingly large depression (“crater”) in the central part of the spot. While the formation of
craters at higher fluences can be associated with the onset of collective material ejection due to
spallation or explosive boiling (the simulations predict a transition from spallation to phase
explosion at about 2.0 J/cm?), at lower fluences it may also reflect a partial collapse of the voids.
Indeed, the magnitude of swelling in the simulation is defined by the competition between the
contraction of the voids (stage 3 of the void evolution discussed above) and their capture by the
resolidification front. The central part of the spot receives the highest local fluence and is the

last one to solidify, giving more time for the void contraction.

The effect of swelling is not unique to Ag and has also been observed for femtosecond
laser irradiation of Al targets [3,62,63], where the presence of sub-surface voids was directly
confirmed in transmission electron microscopy (TEM) and scanning electron microscopy (SEM)
imaging of cross-sections of the swollen areas of the target [3,63]. The smaller thermal
conductivity and larger melting depth at fluences close to the spallation threshold in Al, as
compared to Ag, reduce the extent of swelling to about a hundred of nanometers and lead to a
partial collapse of the voids prior to solidification, as reflected in the flattening of the void shapes

parallel to the surface of the target observed in the TEM and SEM images.

V. SPALLATION BY 2" PULSE: CONNECTION TO INCUBATION EFFECT

The generation of sub-surface voids is likely to alter the target response to irradiation by
subsequent laser pulses and may reduce the threshold fluence for the collective material ejection

3]. To verify this hypothesis, an additional simulation of the 2™ pulse laser irradiation is
y yp p
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performed for the resolidified target obtained by the end of the simulation discussed above.
Since a complete cooling of the target down to the ambient temperature can be expected for laser
repetition rates of less than MHz, the atomic configuration obtained by the end of the first
simulation (at 2 ns after the 1* pulse) is cooled to 300 K with the cooling rate of 2 K/ps before
applying the second pulse. All the parameters of the second simulation are identical to the ones
used in the first simulation, except for the range of the ballistic energy transport that is reduced
from 56 nm in the first simulation (see Section II) to 18 nm. We assume that the presence of the
voids and enhancement of the electron scattering by the high density of grain boundaries and
crystal defects [64,65] reduces the effective range of the laser energy deposition (the optical
absorption depth combined with the ballistic range) down to 30 nm, i.e., the thickness of the

nanocrystalline surface layer.

The results of the simulation are illustrated in Figs. 5-8, where the evolution of the
thermodynamic parameters is shown along with several snapshots of atomic configurations. The
presence of a porous region of sub-surface voids is significantly affecting the laser-induced
processes in the surface region of the irradiated target. First, the reduced conductivity of the
porous sub-surface region results in the confinement of the deposited laser energy in the top
layer of the target, Fig. 5a. The fast heating leads to the generation of high compressive pressure
right above the porous region, Fig. Sb. The compressive pressure drives the rapid collapse of the
voids during the first 30 ps after the laser pulse, as can be seen from the disappearance of the
low-density region initially located between 40 and 70 nm under the surface in the density
contour plot, Fig. 5c, as well as from the snapshots shown for 10, 20, and 30 ps in Fig. 6. The
void collapse can involve generation of liquid jets and local hot spots in the material, as
illustrated in an enlarged view of one of the voids provided in Fig. 7. Indeed, in this case the
liquid jet ejected from the top part of the void is accelerated up to a velocity of ~2000 m/s by the
time it collides with the solid bottom side of the void, leading to the heating and melting of the
underlying crystal. The process of the void collapse is associated with the emission of unloading
waves, followed by compression generated at the end of the collapse. The unloading wave
propagating toward the surface acts in accord with the unloading wave propagating from the
surface of the target and contributes to the rapid expansion of the surface region. The expansion
leads to the fast cooling (Fig. 5a), disintegration and ejection of the top region of the target, Figs.
6 and 8.
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The maximum temperature in the simulation is about 21% below the threshold
temperature for the onset of the phase explosion, 3450 K at zero pressure (see Section II). The
material disintegration and ejection, therefore, is driven by the relaxation of the laser induced
stresses and has the characteristic features of the conventional spallation process, such as the
ejection of a thin liquid followed by small liquid droplets and the absence of any significant
amount of the vapor phase in the ablation plume [28,29,55]. A notable observation from this
simulation, however, is that the presence of sub-surface voids generated by the first laser pulse
brings the absorbed fluence required for the material ejection below the single-pulse spallation
threshold. This observation may be related to the incubation effect reported for multi-pulse
irradiation of metal targets, when the laser fluence threshold for ablation/damage decreases with
increasing number of laser pulses applied to the same area, e.g., [61,65-69]. While the
generation and accumulation of defects has been discussed in general terms as one of the
mechanisms [12,65-67,70] (along with the absorption enhancement due to roughening of the
surface [61,68] and heat accumulation in high repetition rate irradiation [70]) responsible for the
incubation effect, the current simulation results provide first direct insights into the laser-induced
structural-modification processes that will also contribute to the reduction of the spallation

threshold in the multi-pulse laser irradiation regime.

VI. STRUCTURE OF THE NANOCRYSTALLINE SURFACE LAYER

Turning to the analysis of the surface microstructure generated by rapid solidification
under highly non-equilibrium conditions of deep undercooling in the simulation of the first pulse
irradiation, a clear visual picture of nanocrystalline surface structure is provided in Fig. 9a,
where individual nanograins are colored by their crystallographic orientation. Most nanograins
have sizes on the order of several nanometers, with several grains extending to tens of
nanometers, as shown in the grain size distribution in Fig 9b, where the grain sizes are defined as
diameters of spheres with equivalent volumes. The crystallographic orientation of the
nanograins appears to be random and unaffected by the presence of the (001) substrate, with no
noticeable texture present in the <I11> pole figure obtained by collecting stereographic

projections of four <111> directions of all fcc atoms in the nano-crystalline layer, Fig. 9b.

To provide further insights into the structure of the nanograins, a method that enables

identification of the local structure in the vicinity of each atom in the system (see Section II) is
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applied to the final atomic configuration obtained in the simulation of the single-pulse laser
irradiation of the target. In Figs. 9c-f the atoms are colored according to their local structural
environment, with fcc and hcp atoms colored light blue and green, respectively. A striking
observation from Figs. 9c-f is a prominent presence of nanograins with coexisting fcc and hcp
regions. The fcc and hep regions have <111>¢//<0001>y, orientation relationship and form a
characteristic striped close-packed structure composed of alternating fcc and hcp platelets
extending throughout the nanograins, e.g., a nanograin shown in the lower right part of Fig. 9f.
These nanograins can also be considered as having fcc structure with a high density of aligned
stacking faults, with stacking faults present on every other plane within the hcp regions. Some of
the nanograins exhibit an apparently random mixture of fcc- and hcp-like stacking of close-
packed planes that has been observed experimentally in hard-sphere colloidal crystals [70-72]
and atomistic simulations [73-75]. The coexistence of fcc and hcp grains has been observed in
pulsed laser deposited nanocrystalline Ni films [77], where the formation of stacking faults on
in-plain {111} fcc faces in the process of film deposition is considered to be the mechanism
leading to the formation of hcp grains. A similar process of cross-nucleation of the hcp phase on
{111} faces of an fcc nucleus growing in an undercooled liquid has been predicted in atomistic
simulations [74]. The highly non-equilibrium nature of the rapid solidification process, along
with the low stacking-fault energy of Ag [78] are the factors facilitating the generation of a high

density of the stacking faults and the mixed fcc-hcp structures.

Another type of structural elements revealed by the analysis of the atomic structure are
polydecahedral structures exhibiting multiple axes of non-crystallographic five-fold symmetry,
e.g., Figs. 9d-f. [Each fivefold axis is formed by a local decahedral arrangement of five fcc
domains aligned along a common <110> axis and joined together along {111} planes. The
boundaries between the neighboring domains are coherent twin boundaries with local atomic
structure of hep planes. As a result, the pentagonal structural elements show up in Figs. 9d-f as
five atomic planes with local hcp structure (colored green) radiating from a common axis. The
angle between two close-packed {111} planes in the FCC lattice is 70.53° and packing of perfect
fcc domains into the pentagonal structure leaves 360° — 70.53°x5 = 7.35° solid angle deficiency.
Closing the gap in the packing of the fcc domains introduces inhomogeneous strain into the
system and is equivalent to the introduction of a positive wedge disclination with a power of

7.35°[79,80]. The strong quadratic dependence of the elastic strain energy of a disclination on
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the size of the crystal precludes the five-fold twinned structures from appearing in bulk crystals
and largely limits their habitat to nanoparticles and nanowires with sizes up to several tens of
nanometers [79,80-83]. The pentagonal twinned structures have also been reported for
nanocrystalline metals synthesized by severe plastic deformation techniques [84-86], where the
formation of the fivefold deformation twins is attributed to a sequential twinning occurring under
conditions of changing orientation of external stresses [87,88]. Alternatively, the generation of
high internal local stresses during annealing of nanocrystalline Cu has been predicted to lead to
the formation of fivefold twins in MD simulations [89]. In contrast to these earlier reports, the
pentagonal structural elements observed in the nanocrystalline layer generated in the short-pulse
laser processing are not produced through the deformation twinning but are formed in the
process of rapid solidification of strongly undercooled liquid. The appearance of these twinned
structures can be explained by the favorable kinetic pathways for the nucleation of pentagonal
structures revealed in MD simulations of nanoparticles [75,76,90], as well as an effective
screening of the elastic energy of the disclinations due to the small size of the nanograins and the

presence of other crystal defects.

The computational prediction of the formation of a thin nanocrystalline layer with high
density of stacking faults, twins, and pentagonal twinned structures suggests the short pulse laser
processing as a viable alternative to the severe plastic deformation [91,92] or pulsed
electrodeposition [93] techniques that are currently yielding the maximum structural refinement
and high strength of metal samples. Moreover, the localization of the nanocrystalline layer
within a thin surface layer of the target and the prominent presence of twin boundaries and
pentagonal structural elements are two factors that may also increase the ductility of the laser-
modified layer, a property that is generally incompatible with high strength. Indeed, a
simultaneous enhancement of strength and ductility has been demonstrated for nanotwinned
metals [93-95] as well as for materials with gradient microstructure varying from nanograined
surface to coarse-grained interior [97,98]. Beyond the mechanical properties, the high sensitivity
of catalytic activity of metal surfaces and nanoparticles to their atomic structure [99,100]
suggests that the presence of a broad spectrum of atomic configurations on nanostructured
surfaces produced by femtosecond laser processing may lead to an enhanced catalytic activity of

the surface. The presence of twins, in particular, have been found to result in a substantial
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enhancement of hydrogen absorption [ 101 ] and electrocatalitic activity of icosahedral

nanoparticles [102,103].

VII. SUMMARY

In summary, a joint computational — experimental study of structural modification of the
(001) surface of a single-crystal Ag target irradiated by a femtosecond laser pulse reveals the
microscopic mechanisms responsible for the generation of complex surface nano-structure at
laser fluences below the spallation threshold. A pronounced swelling of the irradiated surface
observed in experiments is explained by results of a large-scale atomistic simulation, where a
concurrent occurrence of fast laser melting, generation and dynamic relaxation of laser-induced
stresses, and rapid cooling and resolidification of the transiently melted surface region of the
target is found to produce a sub-surface porous region covered by a nanocrystalline layer. The
presence of sub-surface voids generated by single-pulse laser irradiation reduces the threshold
fluence for the spallation onset for subsequent pulses, suggesting the generation of voids as a
plausible mechanism responsible for the incubation effect observed in multi-pulse laser ablation
of metals. The top nanocrystalline layer, produced by massive nucleation of new crystallites
under conditions of deep undercooling, contains a high density of stacking faults, twins, and
pentagonal twinned structural elements, suggesting a high hardness and possible enhancement of
catalytic activity of the surface. The unique ability of short laser pulses to produce nanoscale
structural changes localized in a thin surface layer of an irradiated target is providing new
opportunities for tailoring surface properties and functionality to the needs of practical

applications.
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Figure 1: The evolution of thermodynamic parameters and voids in the surface region of a Ag
(001) target irradiated by a 100 fs laser pulse at an absorbed fluences of 0.085 J/cm?. The lattice
temperature and density contour plots are shown in (a) and (b) for the top part of the irradiated
target, down to the depth of 100 nm below the initial surface. The density in (b) is normalized to
the density po of Ag at 300 K. The black lines separate the melted (and nanocrystalline) regions
from the crystalline bulk of the target. The dashed blue rectangle in (a) marks the time and
location of the transient temperature increase due to the rapid nucleation and growth of new
crystallites. The cooling rate of the surface region and characteristic velocities of the
resolidification front propagation are shown by arrows in (a) and (b), respectively. The evolution
of pressure P and total number of voids N, during the time of the initial target response to the
laser irradiation is shown in (c). The pressure is averaged over the region between 10 nm and 40
nm under the initial surface. The negative (tensile) pressure is highlighted by light blue color.
The longer-term evolution of the total number of voids &, and the total volume of voids 2, is
shown in (d), with the insets showing top-view projections of all voids in the system. Four
stages of void evolution can be distinguished, as indicated in (d): stage 1 of void nucleation,
stage 2 of void growth/coalescence, stage 3 of void contraction, and stage 4 of stable voids
captured by the resolidification front.
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Figure 2: Snapshots of atomic configurations generated in a TTM-MD simulation of Ag (001)
target irradiated by a 100 fs laser pulse at an absorbed fluence of 0.085 J/cm®. Only the top parts
of the simulated system, down to a depth of 80 nm below the initial surface are shown in the
snapshots. To reduce thermal noise in atomic positions and energies, the atomic configurations
are quenched for 0.2 ps using the velocity-dampening technique. The atoms are then colored by
their potential energies, with the scale from -2.84 eV (blue) to -2.65 eV (red). This scale ensures
that most atoms in the crystalline part of the target are blue, the atoms in the melted part are
green, and the atoms on free surfaces are red. The resolidification front crosses the region where
the voids are evolving between 500 and 1400 ps. Massive nucleation of small crystallites takes
place in the strongly undercooled surface region between 1300 and 1700 ps, leading to the
formation of nanocrystalline structure of the top surface layer. The grain boundaries separating
nanograins can be identified as regions (lines) of elevated potential energy in the last snapshot.
An animated sequence of snapshots from this simulation with a time resolution of 100 ps can be

found at Ref. [58].
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Figure 3: Top view of atomic configurations generated in a TTM-MD simulation of Ag (001)
target irradiated by a 100 fs laser pulse at an absorbed fluence of 0.085 J/cm®. The snapshots are
shown for the time period when the nucleation of new crystallites in a strongly undercooled
surface region leads to the rapid solidification of the surface region. The atoms are then colored
by their potential energies, with the same scale used as in Fig. 2. A thin top surface layer is

blanked to expose the underlying structure.
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Figure 4: An example of AFM surface scan of a spot on Ag (001) surface irradiated by a 100 fs
laser pulse at an absorbed laser fluence of 0.15 J/cm? (incident fluence of 4.87+0.08 J/cm?) with
the white scale bar corresponding to 10 pum (a) and AFM line scans of several spots generated
by irradiation at absorbed fluences ranging from 0.098 J/cm? (incident fluence of 3.17 J/em?) to
0.893 J/em? (incident fluence of 28.8 J/cm?) (b). The black horizontal lines in (a) mark the area
from which the average line out is computed and shown for 0.15 J/em? in (b). For clarity, the
curves in (b) are offset vertically. Note that the indicated absorbed fluences have been converted

from experimentally measured incoming fluences using a reflectivity of 0.969.
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Figure 5: The evolution of thermodynamic parameters in a simulation of a 2™ 100 fs pulse
irradiation of a target modified by the first pulse as shown in Figs. 1 - 3. Both pulses deliver the
same absorbed laser fluence of 0.085 J/cm” and the target is slowly cooled down to 300 K
between the pulses. The contour plots show the lattice temperature (a), pressure (b), and density
(c) in the top surface region (down to 115 nm below the initial surface) during the first 100 ps
after the 2™ pulse irradiation. The density is normalized to the density po of Ag at 300 K. The
black lines separate the melted region from the crystalline bulk of the target. The surface of the

target obtained after 1% laser pulse irradiation is shifted to zero before applying the 2" Jaser pulse.
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Figure 6: Snapshots of atomic configurations obtained in a simulation of the 2" 100 fs pulse
irradiation of a target modified by the first pulse as shown in Figs. 1 - 3. The snapshots are
shown for the initial stage of the spallation process, up to 80 ps after the laser pulse. To reduce
thermal noise in atomic positions and energies, the atomic configurations are quenched for 0.2 ps
using the velocity dampening technique. The atoms are then colored by their potential energies,
with the scale chosen from -2.80 eV (blue) to -2.35 eV (red) to ensure a clear representation of
the melting, void collapse, and spallation processes. The white box in the first snapshots outlines
the area for which an enlarged view of the collapse of the sub-surface void is shown in Fig. 7.
An animated sequence of snapshots from this simulation with a time resolution of 5 ps can be

found at Ref. [58].
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Figure 7: An enlarged view of the collapse of one of the sub-surface voids present in the target
prior to the irradiation with the 2™ laser pulse. The region shown in this figure is outlined by a
white box in the first snapshot shown in Fig. 6. An animated sequence of snapshots showing the

evolution of this area of the system can be found at Ref. [58].



1.20 ns

Figure 8: Same as Fig. 6, but for a longer time period from 200 ps to 1200 ps. The scale of
potential energies used for coloring of the atoms, from -2.84 eV (blue) to -2.65 eV (red) is
different from Fig. 6 and is chosen to ensure a clear representation of the spallation and
resolidification processes. An animated sequence of snapshots from this simulation with time

resolution of 50 ps can be found at Ref. [5§].
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Figure 9: Snapshots and the results of structural analysis of the final atomic configuration

generated by 2 ns after the laser pulse in the simulation illustrated in Figs. 1 - 3. In (a), the atoms
are colored by the smallest angle between the [001] direction of the original fcc lattice and a
<111> direction in the corresponding grain. The blue bottom part of the snapshot is the region
that experienced epitaxial resolidification and the red atoms belong to the grain boundaries. In
(b), the nanograin size distribution and <111> pole figure indicating the random orientations of
the nanograins are shown. The grain sizes are expressed in units of diameters of spherical grains
with equivalent volumes. In (c-f), the atoms are colored by their local structural environment, so
that the fcc, hep, and bee atoms are colored light blue, green, and blue, respectively, and the
yellow atoms belong to grain boundaries and other crystal defects. With this coloring scheme, a
single and a double green layers on a light blue background correspond to a twin boundary and a
stacking fault in the fcc structure. The surface atoms in (c¢) are blanked to expose the underlying
defect structure. The images in (d-f) show enlarged views of three representative elements of
nanostructure obtained by making an in-plane (parallel to the surface) cross-section of the top

part of the target.
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