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ABSTRACT

The mechanisms of melting and photomechanical damage/spallation occurring under extreme superheating/deformation
rate conditions realized in short pulse laser processing are investigated in a computational study performed with a
hybrid atomistic-continuum model. The model combines classical molecular dynamics method for simulation of non-
equilibrium processes of lattice superheating and fast phase transformations with a continuum description of the laser
excitation and subsequent relaxation of the conduction band electrons. The kinetics and microscopic mechanisms of
melting are investigated in simulations of laser interaction with free-standing Ni films and bulk targets. A significant
reduction of the overheating required for the initiation of homogeneous melting is observed and attributed to the
relaxation of laser-induced stresses, which leads to the uniaxial expansion and associated anisotropic lattice distortions.
The evolution of photomechanical damage is investigated in a large-scale simulation of laser spallation of a 100 nm Ni
film. The evolution of photomechanical damage is observed to take place in two stages, the initial stage of void
nucleation and growth, when both the number of voids and the range of void sizes are increasing, followed by the void
coarsening, coalescence and percolation, when large voids grow at the expense of the decreasing population of small
voids. In both regimes the size distributions of voids are found to be well described by the power law with an exponent
gradually increasing with time. A good agreement of the results obtained for the evolution of photomechanical damage
in a metal film with earlier results reported for laser spallation of molecular systems and shock-induced back spallation
in metals suggests that the observed processes of void nucleation, growth and coalescence may reflect general
characteristics of the dynamic fracture at high deformation rates.
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1. INTRODUCTION

Short (pico- and femtosecond) pulse laser irradiation has the ability to bring material into a highly non-
equilibrium state and provides unique opportunity to study the material behavior under extreme conditions that can
hardly be achieved by any other means. Analysis of the laser-induced processes leads to a range of important
fundamental questions, such as the limit of superheating and the microscopic mechanisms of homogeneous and
heterogeneous melting, the nature of the fracture/spallation at ultra-high deformation rates and elevated temperatures, as
well as the mechanisms of explosive boiling and disintegration of material in laser ablation. Recent progress in the
development of new optical and x-ray, and electron diffraction time-resolved probe techniques has provided valuable
information on the time-scales of ultrafast phase transformations, e.g. [1,2,3,4,5,6]. A reliable interpretation of
experimental observations requires a better understanding of the microscopic mechanisms and kinetic limits of the
processes responsible for the phase transformations and fracture occurring under the extreme conditions created in the
target material by short pulse laser irradiation.

In this paper we present the results of atomic-level simulations of short pulse laser melting and spallation of
metal targets. A hybrid computational model that combines classical molecular dynamics (MD) method for simulation
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of non-equilibrium processes of lattice superheating, fast phase transformations and fracture with a continuum
description of the laser excitation and subsequent relaxation of the conduction band electrons based on the two-
temperature model (TTM), is used in the simulations. First applications of the TTM-MD model have already provided
insights into the microscopic mechanisms of laser melting and disintegration of Ni and Au films [7,8,9],
photomechanical spallation of bulk Ni targets [10], as well as disintegration and ablation of Cu targets [11]. The hybrid
TTM-MD model was also used in a recent study of shock-induced heating and melting of a grain boundary region in an
Al crystal [12]. A brief description of the TTM-MD model as well as the parameters of the model used in the
simulations presented in this paper are given below, in Section 2. The results of the simulations of laser melting of Ni
targets are presented and related to the results obtained for homogeneous melting occurring under controlled
temperature/stress conditions in Section 3. Computational analysis of the void nucleation, growth and coalescence in
photomechanical spallation is presented in Section 4.

2. COMPUTATIONAL MODEL

In metals, laser light is absorbed by the conduction band electrons. The deposited energy quickly, within
femtoseconds, is equilibrated among the electrons and, more slowly, is transferred to the lattice vibrations. The later
process is controlled by the strength of the electron-phonon coupling and can take from fractions of a picosecond to
several tens of picoseconds. Finally, a thermal equilibrium is established between the electrons and phonons, and the
common thermal diffusion can be used to describe the heat flow into the bulk of the irradiated target. In this section we
first briefly present a computational model that we are developing for simulations of laser interaction with metals and
then describe the model systems used for investigation of the mechanisms of laser melting and spallation.

2.1. Combined atomistic - continuum model for simulation of laser interaction with metal targets

Several modifications have to be made in order to apply the classical MD method for simulation of laser
interactions with metals. Since the electronic contribution to the thermal conductivity of a metal is dominant, the
conventional MD method, where only lattice contributions are present, significantly underestimates the total thermal
conductivity. This leads to unphysical confinement of the deposited laser energy in the surface region of the irradiated
target and does not allow for the direct comparison between the calculated and experimental data. Straightforward
application of the Fourier's law or the equation of heat conduction in metals [13] implies that a complete local thermal
equilibrium is reached between the electrons and phonons. This assumption is correct as soon as the duration of the
laser pulse is much longer than the characteristic time of electron-phonon relaxation. For ps- and fs-pulses, however,
the electron-phonon equilibrium cannot be assumed a priori and the time evolution of the lattice and electron
temperatures, T; and T., is typically described within a so-called two-temperature model (TTM) [14,15], by two coupled
non-linear differential equations. Over the last decades, TTM has become the main model to describe the kinetics of the
electron and lattice temperature evolution in a target irradiated with a short laser pulse, e.g. [5,16,17,18,19,20,21].
Despite the successful applications and popularity of TTM, however, the inherent limitation of the model is its inability
to adequately describe the kinetics of phase transformations occurring under highly nonequilibrium conditions induced
in the target material by short pulse laser irradiation. Moreover, TTM does not account for thermoelastic stresses that
can be induced by fast laser energy deposition and thermoelasticity equations should be added to account for the
possibility of nonthermal damage to the target [22].

In order to overcome these limitations we are developing a hybrid computational model that combines classical
MD method for simulation of non-equilibrium processes of lattice superheating and fast phase transformations with a
continuum description of the laser excitation and subsequent relaxation of the conduction band electrons, based on
TTM. In the combined TTM-MD method, schematically illustrated in Figure 1, MD substitutes the TTM equation for
the lattice temperature. The diffusion equation for the electron temperature, T., is solved by a finite difference method
simultaneously with MD integration of the equations of motion of atoms. The electron temperature enters a coupling
term that is added to the MD equations of motion to account for the energy exchange between the electrons and the
lattice [8]. The time steps in the two parts of the combined model are chosen so that one MD time step would
correspond to an integer number of time steps of finite difference integration of the TTM equation for the electronic
temperature, Atyp = nAtgp. In each finite difference discretization cell, the energy transferred between the electrons and
the lattice due to the electron-phonon coupling is accumulated for n steps of integration and then transferred to the
corresponding part of the MD system by means of the coupling term.
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Figure 1. Schematic representation of the combined continuum-atomistic model for simulation of laser interaction
with a metal target. The evolution of electron temperature is described by a non-linear differential equation, whereas

the atomic motions are described by the MD method with an additional term, gmi{/iT, added to the ordinary MD

equations of motion to account for the electron-phonon coupling. Spatial discretization in the continuum model
(typically ~1 nm) and size of the atomistic region are not drawn to scale. The cells in the finite difference
discretization are related to the corresponding volumes of the MD system and the local lattice temperature, TS, is

defined for each cell from the average kinetic energy of thermal motion of atoms. Thermal velocity of an atom is
defined as \7iT =V, - v°, where v, is the actual velocity of an atom i, and V¢ is the velocity of the center of mass of a
cell to which atom i belongs. A Gaussian temporal profile, S(z,t), is used to describe the laser excitation of the
conduction band electrons. The expansion, density variations and, at higher fluences, disintegration of the irradiated
target predicted in the MD part of the model are accounted for in the continuum part of the model. A complete
description of the combined TTM-MD model is given in [8].

The MD method is used only in the very surface region of the target, where active processes of laser melting
and ablation are taking place, whereas the diffusion equation for the electron temperature is solved in a much wider
region affected by the thermal conduction. A special pressure-transmitting boundary condition [23,24] is used to
imitate the propagation of the laser-induced pressure wave from the MD region of the computational cell to the
continuum part of the model. The energy carried away by the wave is monitored, allowing for control over the energy
conservation in the combined model. Periodic boundary conditions are imposed in the directions parallel to the surface.
These conditions simulate the situation in which the laser spot diameter is large compared to the depth of the laser
energy deposition, so that the effects of the edges of the laser beam can be neglected. In the part of the computational
cell beyond the MD region (left part in Figure 1), the energy exchange between the electrons and the lattice is described
by a conventional TTM, in which the phonon contribution to the heat conduction is neglected. The temperature
dependence of the lattice heat capacity, C,(T,), obtained for the model material is approximated by a polynomial

function and used in the TTM equation for the lattice temperature.

The hybrid atomistic-continuum model, briefly described above, combines the advantages of TTM and MD
methods. TTM provides an adequate description of the laser energy deposition into the electronic system, energy
exchange between the electrons and phonons, and fast electron heat conduction in metals, whereas the MD method is
appropriate for simulation of rapid non-equilibrium phase transformations, damage and ablation. In this paper we apply
the model for investigation of the mechanisms of laser melting and spallation of Ni targets. Computational setup and
parameters of the model systems used in the simulations are described below.
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2.2. Computational setup and parameters of the model

Simulations reported in this paper are done for nickel, a transition metal with strong electron-phonon coupling
and a relatively small, as compared to other metals, thermal diffusivity. The strong electron-phonon coupling in Ni
leads to a rapid transfer of the absorbed energy to the lattice and confines the initial laser energy deposition in a shallow
surface region of the irradiated target. The energy confinement allows for a realistic simulation of laser interaction with
a bulk target with a MD computational cell of only 100 nm in depth, as demonstrated in Section 3.1. Inter-atomic
interaction in the MD part of the model is described by the embedded-atom method (EAM) [25], which provides a
computationally efficient but rather realistic description of bonding in metals and allows for simulation of sufficiently
large systems. A functional form and parameterization of the EAM potential suggested in Ref. [26] is used in this work.

The choice of the inter-atomic potential defines all the thermal and elastic properties of the lattice, such as the
lattice heat capacity, elastic moduli, the coefficient of thermal expansion, melting temperature, volume and entropy of
melting and vaporization, as well as the dependence of these characteristics on temperature and pressure. In order to
provide an adequate interpretation of the simulation results the parameters of the model material should be first
determined. A series of liquid-crystal coexistence simulations are performed to find the pressure dependence of the
equilibrium melting temperature. Constant-temperature-constant-pressure simulations were used to determine the
temperature and pressure dependence of volume, internal energy, heat capacity, and coefficient of thermal expansion for
both liquid and solid phases of the EAM Ni material. Some of the properties relevant to the melting process are listed in
Table 1, along with experimental data for Ni. While there are some quantitative discrepancies between the properties of
the model EAM Ni and experimental data, the overall agreement is reasonable and we can expect that the model will
adequately reproduce the material response to fast laser heating. Moreover, the knowledge of thermodynamic
parameters of the model material will allow us to perform a quantitative analysis and physical interpretation of the
simulation results.

Pronertics | T AV, AS,. AH,, | (dT/dP),, | (dT/dP)s, C,, a,
P K | em®mol” | JK mol" | kimol' | KGPa' | KGPa' | JK'mol® 106K

EAMNi | 1439 0.46 10.06 14.47 45.79 304 | 25.04-36.13 | 14.4-22.6

Experiment | 1726 0.45 9.94 17.47 4527 248 | 2585-46.50 | 12.8-17.5

Table 1. Some of the material parameters determined for the EAM Ni material. Values of the equilibrium melting
temperature, T,,, volume change, AV,,, enthalpy, AH,,, and entropy, AS,,, of melting are given for zero pressure. The
dependence of the equilibrium melting temperature on pressure, (dT/dP),, is determined from the liquid-crystal
coexistence simulations performed at different pressures and confirmed by the calculations based on the Clapeyron
equation, (dT/dP),=AV,/AS,. We find that both AV, and AS,, decrease with increasing pressure, leading to a weak
pressure dependence of (dT/dP),,, it changes from 42.4 K/GPa to 46.8 K/GPa within the pressure range from -5 GPa to
12 GPa. The value given in the table is calculated for zero pressure. The temperature variation with pressure for an
isentropic expansion/compression, (dT/dP)s, is calculated as discussed in Refs. [7,8] and is given for the crystal phase at
T and zero pressure. Variations of the coefficient of linear expansion, o, and heat capacity at zero pressure, C,, are
given for a temperature range from 293 K to 1000 K. Experimental values for Ni are calculated based on data given in
Refs. [27,28].

The parameters used in the continuum part of the model (TTM equation for the electron temperature) are listed
in Table 2. A simple linear dependence of the electron thermal conductivity on the electron temperature, K, = KoT,/T,
is used in the calculations. For a range of laser fluences used in this work, justification of this approximation, which
neglects the effect of the electron-electron scattering, is given in Ref. [8]. The mean free path of electrons in Ni is of the
same order as the optical penetration depth and ballistic energy transport is not taken into account in the simulations.

Table 2. Parameters used in the TTM equation for the electron
temperature. The parameters used in the expressions for the electronic
heat capacity, C. = AT,, and thermal conductivity, K. = K(T./T}, as
1065 91 36x10"7 | 135 well as the electron-phonon coupling constant, G, and the optical
absorption depth, L, are from Ref. [5].

A, Ko, G, L,,
Tm?K? | Wm!'K!' | Wm?K!' | nm
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Simulations of laser melting reported in this paper are performed for a free-standing 50 nm Ni film and for a
bulk Ni target. The initial MD computational cell used in representation of the 50 nm film is an FCC crystal with lateral
dimensions of 3.53 x3.53 nm. The number of atoms in the computational cell is 56800 atoms. Simulations of laser
interaction with bulk targets are performed for two sizes of the MD part of the combined TTM-MD model,
1.77 x1.77 x 99.94 nm (28300 atoms) and 7.06 x 3.53 x 99.94 nm (226400 atoms). The continuum part of the combined
TTM-MD model extends by 500 nm beyond the back end of the MD computational cell, Figure 1, providing an
adequate representation of the electronic heat conduction into the bulk of the target. Periodic boundary conditions are
applied in the lateral directions, parallel to (100) free surface(s). Before applying laser irradiation, all systems are
equilibrated at 300 K. The absorbed laser fluence, rather then the incident fluence, is used in the discussion of the
simulation results.

By comparing the results of the simulations of laser spallation obtained for systems with different sizes in the
lateral (parallel to the surface) directions we find that while the general mechanisms of film damage and disintegration
are not affected by the lateral sizes of the MD cell, the threshold fluences for disintegration/spallation are lower for
smaller computational cells due to the effect of the periodic boundary conditions. Moreover, a reliable quantitative
analysis of the microscopic mechanisms of the photomechanical damage and spallation (e.g. evolution of the void size
distribution) can be only performed for sufficiently large systems, where the largest void is still significantly smaller
than the size of the computational cell. Therefore, in order perform a quantitative analysis of spallation mechanisms we
performed an additional larger scale simulation for a 100 nm Ni film with lateral dimensions of the computational cell
of 17.6 x17.6 nm (2,800,000 atoms). A three-dimensional solution of the TTM equation for the electron temperature is
used in this simulation to account for possible generation of the electron temperature gradients in the lateral directions
during the spallation process.

3. LASER MELTING

Experimental investigations of the ultrafast phase transformations in short pulse laser irradiation
metals and semiconductors [1,2,3,4,5,6] performed by various time-resolved
pump-probe techniques suggest that, depending on the irradiation conditions \ \ \ \ \ \ \
and properties of the material, the melting of the surface layer can take from
several picoseconds to nanoseconds. The melting time of several hundreds of Liquid

picoseconds and longer [4,6] is consistent with a conventional picture of
heterogeneous nucleation of the liquid phase at the irradiated surface and m
propagation of the melting front deeper into the bulk of the crystal [29]. A °
typical thickness of the layer affected by the ultrashort laser heating is on the
order of 100 nm for metals or semiconductors, whereas the velocity of the
melting front propagation has a strong dependence on the degree of
superheating, but is ultimately limited by the speed of sound [30]. The melting
time of several picoseconds [1,2,3] is too short to be explained by the
heterogeneous melting mechanism, and the melting can be attributed to
homogeneous nucleation of the liquid phase inside the superheated surface
region. Therefore, depending on the irradiation condition, optical and thermal
properties of the material, and the time of the electron-phonon equilibration in
the system, the dynamics of laser melting is defined by either or both
propagation of the melting front from the surface and homogeneous nucleation
of the liquid phase in the bulk of the superheated crystal, as schematically
shown in Figure 2.

OOO

superheated crystal

Figure 2. Schematic sketch of the
short pulse laser melting process:
competition between the melting
front propagation from the surface
and homogeneous nucleation of the
liquid phase.

At the extremely high levels of overheating and short times of phase transformations, direct applicability of
macroscopic kinetic approaches based on classical nucleation theory to short pulse laser melting [29,30,31,32] is
questionable and should be verified by a detailed atomic-level analysis of the involved processes. In this section we
report the results of computational investigation of the mechanisms and kinetics of laser melting of a thin Ni film and a
bulk Ni target and relate our observations to the results of the simulations of homogeneous melting performed under
well-controlled pressure and temperature conditions.
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3.1 Laser melting: interplay of homogeneous and heterogeneous melting mechanisms

The mechanisms of laser melting are discussed in this section based on the results of two MD simulations of
laser irradiation of 50 nm free-standing Ni film and a bulk Ni target. The same absorbed laser fluence of 430 J/m® is
used in both simulations. The lattice temperature contour plots are shown in Figures 3a and 3c. Laser energy is
deposited during the laser pulse to the conduction band electrons and the energy transfer from hot electrons to the lattice
leads to the initial temperature increase during the first 10-15 ps. Strong electron-phonon coupling in Ni results in the
development of lattice temperature gradient in both the 50 nm film and the bulk target. By the time of ~10 ps the
temperature in the surface layers of the irradiated targets increases up to ~1650 K, significantly above the equilibrium

50 nm Ni film
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Figure 3. Temperature (a, c) and pressure (b, d) contour plots for simulations of laser melting of a 50 nm Ni film
irradiated with a 200 fs laser pulse (a, b) and a bulk Ni target irradiated with a 1 ps laser pulse (c, d). The same
absorbed fluence of 430 J/m” is used in both simulations. Laser pulse is directed along the Y-axes, from the top of
the contour plots. Black lines separate the melted regions from the crystalline parts of the targets. Red lines in (c)
and (d) separate the MD and continuum parts of the combined TTM-MD model (see Figure 1). Pressure is not
calculated in the continuum part of the current version of the model, but the energy of the pressure wave in the
continuum part of the model is accounted for. Blue dashed line in (a) marks the region of the contour plot where
homogeneous melting takes place in the 50 nm film. The temperature/pressure conditions in this region are shown

in Figure 5 by color circles.
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14 ps

Figure 4. Homogeneous melting process as
seen in snapshots from simulation of a 50 nm Ni
film irradiated with a 200 fs laser pulse at an
absorbed fluence of 430 J/m”. Snapshots are
taken at times and locations when/where
homogeneous melting is observed in the
simulation (area marked by a blue dashed line in
Figure 3a). Only atoms that belong to the liquid
phase are shown in the snapshots. The crystal
and liquid phases are distinguished based on the
local order parameter defined in [8].

|
15 20 25
Distance from the initial surface, nm

melting temperature of 1439 K, determined for the EAM Ni from a liquid-crystal coexistence simulation at zero
pressure. During the following 10-15 ps we observe an ultrafast melting of a large fraction (~35 nm) of the 50 nm film
and ~15 nm layer of the bulk target. The melted parts of the targets are separated from the crystalline parts by black
lines in Figure 3.

Although, at first sight, the melting seems to proceed by propagation of the melting front from the irradiated
surface, a closer look at a series of snapshots of the atomic-level structure of a region undergoing ultrafast melting,
Figure 4 and [33], reveals a more complex picture characteristic of homogeneous melting. Small liquid regions appear
and grow ahead of the “melting front” leading to a very high apparent “melting front” propagation velocity significantly
exceeding the speed of sound. Even faster thermal melting of the overheated material was observed at higher fluences,
when a collapse of the crystal structure overheated above the limit of crystal stability takes place simultaneously in a
large region within several picoseconds [8]. This time, comparable to several periods of atomic vibrations, can be
considered to be the minimum time required for the thermal melting. It is in a good agreement with the results of recent
ultrafast time-resolved electron diffraction experiments [1], where a solid-liquid phase transition in a 20 nm aluminum
film was observed to be completed within 3.5 ps following irradiation by a 120 fs 700 J/m? laser pulse.

3.2. Laser melting: the effect of pressure relaxation and uniaxial expansion

While the initial ultrafast homogeneous melting of overheated surface regions takes place in both the 50 nm
film and the bulk target, further evolution of temperature and pressure, as well as the evolution of the melted regions is
very different. In the 50 nm film the deposited laser energy is trapped in the film and the lattice temperature gradually
evolves towards the even distribution throughout the film. The temperature evolution is strongly affected by the
relaxation of the laser-induced pressure. The initial high compressive stresses created in the irradiated free-standing
film under conditions of stress confinement [8,10] lead to the expansion of the film with tensile stresses concentrating in
the central part of the film. The following gradually dissipating oscillations of the film continue beyond the time of the
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simulation, Figure 3b. A direct correlation between the pressure and temperature variations in the film is apparent from
comparison of Figures 3a and 3b. Compression leads to the temperature increase whereas expansion corresponds to
cooling. Quantitative thermodynamic analysis performed in Refs. [7,8] confirms that the temperature variation with
pressure can be attributed to the adiabatic/isentropic expansion of the film. It has been also shown in [8,9] that the non-
thermal energy of elastic oscillations of the film can account for a significant (up to ~15%) of the total energy deposited
by the laser pulse. A gradual dissipation of the oscillations, occurring on the timescale of picoseconds, leads to the
energy transfer from the energy of the elastic vibrations to the energy of the thermal motion of the atoms. In the
simulations performed at laser fluences close to the melting threshold this energy transfer resulted in a gradual
advancement of the melting fronts in long-term heterogeneous melting of the film [9]. In the simulation illustrated in
Figures 3a and 3b, a complete melting of the film is observed, with the crystalline region near the back surface of the
film vanishing by the time of ~115 ps after the laser pulse.

In the case of laser melting of a bulk target, Figures 3¢ and 3d, there is no reflection of the compressive and
tensile components of the laser-induced pressure wave, which propagates through the non-reflecting boundary at the
bottom of the MD part of the combined atomistic-continuum model. The evolution of the temperature in the bulk target
is mainly defined by the fast electronic heat conduction to the bulk of the target, which leads to the fast cooling and
recrystallization of the melted region. The recrystallization process is completed by the time of 250 ps.

An abrupt change in the pressure values upon crossing the crystal-liquid interface in Figure 3d is related to the
confinement of the heated crystalline material in the lateral directions [10]. For a typical laser spot diameter of ~100
um, the fast relaxation of the laser-induced pressure can only proceed in the direction normal to the surface. These
conditions of lateral confinement are correctly reproduced by the periodic boundary conditions used in the directions
parallel to the surface. In the melted part of the target the stresses remain isotropic during the uniaxial expansion of the
surface region and the pressure is defined only by the volume and temperature. The uniaxial expansion of the
crystalline part of the target, however, results in anisotropic lattice deformations and corresponding anisotropic stresses.
The anisotropic stresses in a crystal cannot relax by uniaxial expansion and the residual compressive stresses remain in
the crystalline part of the target long after the relaxation of the transient thermoelastic stresses in the melted part.

The dynamics of the relaxation of the laser-induced stresses not only affects the temperature evolution, but also
have a direct impact on the conditions leading to the homogeneous laser melting discussed above, in Section 3.1 and
illustrated in Figure 4. The temperature and pressure conditions leading to the onset of the homogeneous laser melting
are shown in Figure 5 by color circles. At all pressures, the homogeneous melting starts under conditions of
overheating above the liquid-crystal coexistence line. The overheating required for initiation of the homogeneous
melting, however, is found to range from less than 1.05 Ty, to 1.18 T,,. These values are significantly lower then the
temperatures at which homogeneous melting is observed in constant hydrostatic pressure simulations performed with
three-dimensional periodic boundary conditions, 1.21 - 1.25 T,,, shown by red squares connected by the black dashed
line in Figure 5.

The discrepancy between the maximum overheating under constant pressure conditions and the one required
for the initiation of homogeneous melting under the short pulse laser irradiation conditions can be explained by the
dynamics of the relaxation of the laser-induced pressure. As briefly discussed above, the relaxation of the laser-induced
pressure can only proceed in the direction normal to the surface. This uniaxial expansion and associated anisotropic
lattice distortions can additionally reduce the lattice stability against the initiation of melting. In order to test this
hypothesis, we performed a series of constant-pressure simulations under conditions of uniaxial expansion, when the
sizes of the computational cell in the lateral directions were fixed at values that correspond to zero pressure at a
temperature of 300 K and relaxation is only allowed in one direction. These simulations predict the temperature and
pressure conditions for the onset of homogeneous melting (green diamonds in Figure 5) that fit well with the conditions
realized in the simulation of laser melting (color circles in Figure 5). Note, that under conditions of uniaxial expansion
the value of pressure, defined as negative one third of the first invariant of the stress tensor, P = -(cx + G4y + 6,,)/3,
contains different contributions from different diagonal components of the stress tensor. For example, for melting
conditions at zero pressure the lattice parameter in lateral (x and y) directions is fixed at ay = 0.353 nm, lattice parameter
in z direction is a; = 0.394 nm, and stresses are Gy = Gy, = -0.66 GPa, and 6,, = 1.32 GPa.

The melting process under conditions of short pulse laser irradiation proceeds simultaneously with the uniaxial
expansion of the film, Figure 3b, leading to the decrease of pressure and the corresponding decrease of the overheating
needed for the initiation of the homogeneous melting. This is apparent from Figure 5, where the points corresponding
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Figure 5. Pressure/temperature conditions for equilibrium and non-equilibrium melting observed in simulations
performed for EAM Ni material. Blue triangles correspond to the conditions of equilibrium melting obtained in liquid-
crystal coexistence simulations. Red squares connected by the black dashed line correspond to the maximum
overheating of a crystal observed in simulations performed with 3D periodic boundary conditions and constant
hydrostatic pressure. Green diamonds show the conditions for homogeneous melting in simulations of uniaxial
expansion. Color circles show to the conditions leading to the onset of homogeneous melting in the simulation of laser
melting illustrated in Figures 3a,b and 4. The time and location of the homogeneous melting are marked in Figure 3a
by a blue dashed line. The circles are connected by lines and colored from red to blue in the order of increasing depth
under the surface.

to the onset of the homogeneous melting are approaching the coexistence line as depth (and time) increases. As a result,
our simulations suggest that homogeneous melting can be induced at significantly lower values of overheating and
larger range of irradiation parameters as compared to the predictions based on the classical nucleation theory [31].

4. LASER SPALLATION

The relaxation of laser-induced stresses not only affects the kinetics and mechanisms of laser melting (see
Section 3.2) but, at higher laser fluences, can lead to cavitation and disruption of a liquid/melted surface region of the
irradiated target or mechanical fracture/spallation of a solid target. The maximum values of the laser-induced stresses
and the contribution of photomechanical effects to the onset of laser damage and spallation are related to the condition
of the stress confinement [10,34,35]. In systems with relatively slow heat conduction and fast thermalization of the
deposited laser energy, the condition for stress confinement is mainly defined by the laser penetration depth, L, and the
laser pulse duration, t,. It can be written as 1, < 15 ~ L,/C;, where C; is the speed of sound in the target material. In
metals, the strength of the electron-phonon coupling and much faster electron heat conduction are additional factors that
affect the maximum thermoelastic pressure that can be created in the target. The characteristic time of the energy
transfer from the excited hot electrons to the lattice, t.,n, and the diffusive/ballistic penetration depth of the excited
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Figure 6. Schematic representation of the processes involved in laser-induced front and back surface spallation: (a)
generation of high compressive stresses in the surface region of the irradiated target; (b) propagation of the pressure
wave deeper into the target, development of the tensile component of the pressure wave, separation and ejection of a
front layer of the target (front-surface laser spallation) at a depth(s) where the tensile component of the wave exceeds
the dynamics strength of the (typically melted) material; (c) interaction of the pressure wave with the back surface of
the target leading to back spallation, disintegration of the layer ejected from the front surface into clusters/droplets.

electrons before the electron-phonon equilibration, L, define the condition for the stress confinement, max{t,, Tepn} <
T, ~ LJ/C, [10].

The processes of photomechanical front- and back-surface spallation are schematically illustrated in Figure 6.
Short pulse laser irradiation occurring under conditions of stress confinement results in the generation of high
compressive stresses in the surface region of the target (Figure 6a). The interaction of the initial compressive stresses
with the free surface of the target results in the development of a tensile component of the pressure wave that propagates
deeper into the bulk of the target. The tensile stresses are increasing with depth and can overcome the dynamic strength
of the target material, leading to the mechanical separation and ejection of a front layer of the target (Figure 6b). At
later times the layer ejected from the front surface can disintegrate into clusters/droplets, whereas the pressure wave can
reach the back surface of the target and cause back-surface spallation (Figure 6c).

The microscopic mechanisms of front-surface spallation has been investigated in a number of recent MD
simulations performed for molecular systems [10,35,36,36,37,38] and metal targets [8,10]. Nucleation, growth and
coalescence of voids have been identified as the main processes responsible for laser spallation in both systems. In
particular, two stages have been identified in the evolution of voids in laser spallation of molecular targets, the initial
void nucleation and growth, when the number of voids of all sizes is increasing with time and (2) void coarsening and
coalescence, when the number of large voids increases at the expense of quickly decreasing population of small voids
[10]. Below we perform an analysis of the evolution of photomechanical damage in a large-scale MD simulation of
laser spallation of a 100 nm Ni film irradiated by a picosecond laser pulse. Simulation results are related to earlier
observations obtained for laser spallation of molecular and metal targets.

4.1. Laser spallation of 100 nm Ni film: two stages of void evolution

The temperature and pressure contour plots for a simulation performed for 100 nm film at a laser fluence of
1623 J/m® are shown in Figure 7. Laser excitation of free electrons and fast energy transfer to the lattice vibrations
leads to the initial temperature increase in the area adjacent to the irradiated surface of the film, Figure 7a. The
temperature increase, occurring under conditions of stress confinement [10] leads to the compressive pressure buildup
which, in turn, relaxes by driving a compressive pressure wave toward the back surface of the film (solid white arrow in
Figure 7b). The relaxation of the initial compressive pressure near the free surface leads to the development of an
unloading tensile component of the pressure wave that follows the compressive component (dashed white arrow in
Figure 7b). The compressive pressure wave transforms into a tensile one upon reflection from the back surface of the
film (another dashed arrow in Figure 7b). The two tensile waves superimpose with each other, generating the maximum
tensile stresses in a region located at a depth of around -25 nm at a time of ~35 ps.
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Further evolution of the pressure waves in the film is strongly affected by the onset of photomechanical
damage that is clearly visible in the density contour plot shown in Figure 7¢ and in the snapshots from the simulation
shown in Figures 8 and 9. An active growth of voids starts at depths from 10 nm to 40 nm at ~32 ps (Figures 7c and 9).
This time of the onset of void nucleation coincides with the passage of the tensile pressure wave, Figure 7b. The area
affected by photomechanical damage quickly expands and voids can be seen at the depths from -30 nm to 50 nm by the
time of 40 ps (Figures 7c, 8 and 9). Note that the region of the active void evolution is shifted toward the irradiated
front surface of the film with respect to the depth where the maximum tensile stresses are created. The voids appear and
grow at depths defined by the competition between the tensile stresses that are increasing with depth and the decreasing
thermal softening of the target material [10,35,36].

Similarly to the laser spallation of molecular targets reported earlier [10,37], two stages of the evolution of
photomechanical damage can be identified. The initial stage of void nucleation and growth is characterized by the
increase of both the number of voids and the range of void sizes, as can be seen from Figure 10a, where the void volume
distributions are shown for 30 ps and 34 ps after the laser pulse. After ~34 ps, the second stage of void coarsening and
coalescence can be identified, when the number of small voids is decreasing and large voids appear as a result of
coalescence of smaller voids, Figure 10b. The second stage of the void evolution leads to the eventual percolation of
the empty volume and disintegration of the film.
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Figure 7. Temperature (a), pressure (b) and
density (c) contour plots for simulation of laser
melting and spallation of a 100 nm free-standing Ni
film irradiated with a 1 ps laser pulse at an
absorbed fluence of 1623 J/m’. Laser pulse is
directed along the Y-axes, from the top of the
contour plots. Density scale is normalized to the

-
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25

25 initial density before the irradiation, po. Areas
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75 in (b) show the directions of the compressive and
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Figure 8. Snapshots from simulation of
a 100 nm Ni film irradiated with 1 ps
laser pulse at an absorbed fluence of
1623 J/m*. Atoms are colored according
to their potential energy (red color
corresponds to high potential energy of -
0.7 eV, blue color corresponds to low
energy of -4.5 eV, the cohesive energy
of the EAM Ni fcc crystal is 4.45 eV).

Figure 9. Representation of the
evolution of voids (empty space) in the
same simulation for which atomic
configurations are shown in Figure 8.
The voids are defined by superimposing
atomic configurations with a three-
dimensional grid of cubic cells with a
size of 0.33 nm and identifying cells that
do not contain any atoms. Voids are
defined as clusters of more than two
empty cells connected with each other by
sharing a face.
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Figure 10. Void abundance distributions as a
function of void volume in a molecular target
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pulse. The lines in (a, b) are power law fits of the
data points with the exponents indicated in the
figures. Time dependence of the power-law
exponents is shown in (c).
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In both regimes the size distributions of voids can be relatively well described by a power law N(V)~V™ with
an exponent -t gradually increasing with time, Figure 10c. The observed changes of the power law exponent during the
evolution of photomechanical damage are in a very good quantitative agreement with the ones observed for laser
spallation of molecular targets [10,37]. Moreover, power law dependences have been predicted for the cluster size
distributions in a recent computational study of laser ablation [39] as well as for void volume distributions observed in
MD simulations of shock-induced back spallation in metal targets [40]. The critical power law exponent observed for
void distribution in MD simulations of shock-induced back spallation, T ~ 2.2 [40], is close to the ones that separate the
two regimes of void evolution observed in the simulations of laser-induced spallation of two drastically different
materials, amorphous molecular systems and crystalline metal targets. These observations suggest that the spallation
mechanisms described above may reflect general characteristics of the dynamic fracture at high deformation rates.
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