
Chapter 2
Molecular Dynamics Simulations
of Laser-Materials Interactions: General
and Material-Specific Mechanisms of Material
Removal and Generation of Crystal Defects

Eaman T. Karim, Chengping Wu and Leonid V. Zhigilei

Abstract Molecular dynamics simulations of laser-materials interactions are
capable of providing detailed information on the complex processes induced by the
fast laser energy deposition and can help in the advancement of laser-driven appli-
cations. This chapter provides a brief overview of recent progress in the atomic- and
molecular-level modeling of laser-materials interactions and presents several exam-
ples of the application of atomistic simulations for investigation of laser melting
and resolidification, generation of crystal defects, photomechanical spallation, and
ablation of metals and molecular targets. A particular focus of the analysis of the
computational results is on revealing the general and material-specific phenomena in
laser-materials interactions and on making connections to experimental observations.

2.1 Introduction

Rapid expansion of the area of practical applications of short pulse laser processing
(see, e.g., Chaps. 4, 5, 7, and 9 of this book) has been motivating growing interest in
the fundamental mechanisms of laser-materials interactions. Computer modeling is
playing an important role in the development of the theoretical understanding of laser-
induced processes and the advancement of laser applications. The need for computer
modeling is amplified by the complexity of the material response to the rapid laser
energy deposition, which includes transient modification of the material properties
by strong electronic excitation, fast non-equilibrium structural and phase transforma-
tions occurring under conditions of extreme overheating/undercooling and ultrahigh
deformation rates, generation of crystal defects, photomechanical fracture and spal-
lation, vaporization and explosive boiling of strongly overheated surface region,
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ionization and plasma formation. Computational description of this diverse range
of processes is challenging and requires a combination of different computational
approaches, ranging from quantum mechanics based (ab initio) electronic structure
calculations [1–6], to classical molecular dynamics (MD) simulations [7–44], and to
continuum-level kinetic and hydrodynamic modeling [45–54].

The continuum models, in particular, have been demonstrated to be capable of
computationally efficient treatment of laser-induced processes at experimental time
and length-scales and have been actively used for optimization of irradiation con-
ditions in laser processing applications. Several examples of continuum-level sim-
ulations of the phase transformations occurring in laser processing of metal targets
are provided in Chap. 3 of this book. The predictive power of continuum modeling,
however, is limited by the need for a priory knowledge of all the processes that
may take place during the simulations. The highly non-equilibrium nature of the
processes induced by short pulse laser irradiation challenges the basic assumptions
of the continuum models that are commonly designed based on equilibrium material
behavior and properties.

An alternative computational approach, free of assumptions on the nature of laser-
induced processes and capable of providing atomic-level insights into rapid structural
and phase transformations, is presented by the classical MD simulation technique.
The MD technique is based on the numerical integration of the classical equations
of motion for all atoms or molecules in the system. The interatomic interaction is
described by a potential energy function that defines the equilibrium structure and
thermodynamic properties of the material. The main strength of the MD method is that
it does not require any assumptions about the processes taking place in the systems
that are investigated. This characteristic of the MD technique presents a significant
advantage over the continuum-level methods where all relevant processes have to be
known and described mathematically before the simulations can be performed.

The main limitations of MD method are the relatively small time- and length-scales
accessible for atomic-level simulations that, even with the use of high-performance
parallel computers, are typically limited to tens of nanoseconds and hundreds of
nanometers. The effect of the severe limitations on the time- and length-scales of the
simulations can be partially alleviated through an appropriate choice of boundary
conditions capable of mimicking the interaction of the simulated small part of the
system with the surrounding material [34, 55] or through design of coarse-grained
mesoscopic computational approaches aimed at extending the time- and length-scales
of the simulations [26, 34, 56].

The incorporation of a realistic description of laser coupling to the optically active
states in the irradiated material and relaxation of the photo-excited states is another
pre-requisite for application of MD technique to simulation of laser-materials inter-
actions. A number of material-specific models have been developed for computa-
tional description of the laser excitation within the general framework of classical
MD technique. For metals, a combined atomistic-continuum model that couples the
classical MD method with a continuum-level description of the laser excitation and
subsequent relaxation of the conduction-band electrons based on two-temperature
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model (TTM) [57] has been developed and applied for investigation of laser melting
[9–15], generation of crystal defects [16–18], photomechanical spallation and abla-
tion [9, 12, 15, 21, 23, 24, 32, 37, 42, 44]. A number of computational approaches
have also been suggested for MD simulations of laser interactions with Si, includ-
ing the models based on local treatment of individual excitation events accounting
for bond weakening, ionization and electron–ion recombination [27, 58], as well
as stochastic treatment of carrier diffusion and scattering [35, 38]. For insulators,
a continuum description of the laser coupling and generation of free electrons has
been combined with MD modified to include the energy transfer from the excited
electrons to ions [59, 60] and to account for local changes in interatomic interactions
due to the ionization [59].

For molecular systems, a coarse-grained “breathing sphere” model accounting
for the finite rate of the vibrational relaxation of photo-excited molecules has been
developed [26, 34] and actively used in investigations of laser desorption, ablation,
and spallation of one-component molecular targets [19, 21, 26, 29, 33, 34] and
polymer solutions [31, 40, 43, 61, 62]. Recent extensions of the model include
incorporation of ionization mechanisms that enables investigation of processes that
control the yield of ions in matrix-assisted laser desorption/ionization (MALDI)
mass spectrometry technique [63–65], addition of semi-quantitative representation
of photochemical reactions [30, 34, 41, 66] and integration of a mesoscopic model
for carbon nanotubes [67, 68] into the framework of the breathing sphere model for
investigation of the ejection and deposition of nanotube-based films and coatings in
matrix-assisted pulsed laser evaporation (MAPLE) technique [43].

The results of MD simulations of laser interactions with various materials have
provided a wealth of information on the structural and phase transformations respon-
sible for material modification and/or removal (ablation) in laser processing appli-
cations, e.g., see recent reviews [69–71]. While some of the laser-induced processes
are found to be highly sensitive to the structure and thermodynamic properties of the
target material, some other computational predictions appear to be surprisingly simi-
lar for systems as different as molecular solids and metals. In this chapter, we use the
results of recent simulations of laser interactions with metal targets of different crystal
structure, namely face-centered cubic (fcc) Ag, Ni, Al and body-centered cubic (bcc)
Cr, and an amorphous molecular system to discuss the general and material-specific
characteristics of laser-induced structural modification, spallation and ablation of
irradiated targets. The processes responsible for the transitions between different
regimes of material response to the laser irradiation are discussed first and related to
the laser fluence dependence of the total ablation yield and the yield of individual
(vapor-phase) atoms or molecules. The generation of crystal defects as a result of
laser melting and resolidification, photomechanical spallation and phase explosion of
overheated surface regions of irradiated targets are then discussed based on the sim-
ulation results obtained for different target materials and a broad range of irradiation
conditions.
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2.2 Physical Regimes of Laser-Material Interactions

In this section we use the results of TTM-MD simulations of a bulk Cr target irradiated
by 200 fs laser pulses to discuss three distinct regimes of material response to laser
irradiation: surface melting and resolidification, photomechanical spallation, and
phase explosion regimes. We then compare the results obtained for Cr with the ones
for Ni and molecular targets and discuss the differences and similarities in these
results. The interatomic interactions are described by the embedded-atom method
(EAM) potentials for Cr [16] and Ni [72], whereas the molecular target is simulated
with the breathing sphere model [26, 34].

The conditions leading to the transitions between the different regimes can be
established based on the analysis of the evolution of temperature and pressure in the
surface regions of the Cr target shown in the form of contour plots in Fig. 2.1. The
absorbed laser fluence of 85 mJ/cm2 used in the simulation illustrated in Fig. 2.1a is
above the threshold for surface melting, ∼50 mJ/cm2 [16] but below the spallation
threshold of ∼95 mJ/cm2 [15]. The temperature plot in Fig. 2.1a shows that the
electronic excitation by the 200 fs laser pulse and the energy transfer to the lattice
due to the electron-phonon coupling result in a fast lattice heating. The maximum
temperature reached by 5.5 ps at a depth of 10–20 nm below the surface exceeds
3200 K, which is 37 % above the equilibrium melting temperature of the EAM
Cr material, Tm = 2332 K [15]. At this level of superheating, the surface region
undergoes a fast homogeneous melting that proceeds in a form of the fast collapse
of the crystal lattice and does not involve the formation of well-defined liquid nuclei
[9–11, 14]. The fast homogeneous melting of ∼20 nm surface region is followed
by an additional slow propagation of the melting front deeper into the target, with
the maximum depth of the melted region reaching 24 nm by the time of 40 ps. The
short time of the homogeneous melting under the conditions of strong superheating
observed in the simulation is consistent with the results of time-resolved electron
diffraction experiments [73, 74], where the melting time of several picoseconds is
reported for thin Al and Au films irradiated by femtosecond laser pulses.

The temperature near the liquid-crystal interface drops below the equilibrium
melting temperature by the time of 50 ps and the melting turns into epitaxial recrys-
tallization of the melted region. The strong temperature gradient created by the laser
excitation results in the fast electronic heat conduction to the bulk of the target and
leads to a rapid cooling of the surface region, with the initial rate of cooling of
the melted region exceeding 5 × 1012 K/s. The velocity of the solidification front
increases with increasing undercooling below the melting temperature and reaches
the maximum value of about 80 m/s by the time when the melting front reaches the
surface of the target and the temperature at the liquid-crystal interface drops down
to about 0.8Tm . The values of the velocity of solidification front observed in the
simulations are comparable to the ones estimated from pump-probe measurements
performed for Ag films [75].

The rapid lattice heating during the first picoseconds after the laser pulse takes
place under conditions of the inertial stress confinement [19, 21] and results in the
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buildup of compressive stresses in the surface region of the irradiated target. The
generation of strong compressive stresses can be seen in all pressure plots shown
in Fig. 2.1. The relaxation of the compressive stresses in the presence of the free
surface of the target results in the generation of a bimodal stress wave consisting of
a compressive component followed by a tensile one. To simulate the propagation of
the stress wave from the surface into the bulk of the target, a pressure-transmitting
boundary condition [34, 55] is applied at the bottom of the MD part of the TTM-MD
model. The strength of the compressive and tensile stresses generated by the laser
pulses increases with increasing laser fluence and, in a simulation performed at a
fluence of 106 mJ/cm2 (Fig. 2.1b), the tensile stresses exceed the dynamic strength
of the melted material causing spallation or separation of a melted layer from the
target. The mechanisms of spallation, which proceeds through the nucleation, growth,
coalescence, and percolation of multiple voids in a surface region of the target, are
discussed in more detail in Sect. 2.4.

Further increase of the laser fluence above the spallation threshold results in
the separation and ejection of multiple layers/droplets from the target and, above
∼275 mJ/cm2, leads to the transition from the regime of photomechanical spalla-
tion to the regime of phase explosion. As discussed below, this transition occurs when
a surface region of the irradiated target reaches and exceeds the threshold temperature
at which the strongly overheated melted layer becomes thermodynamically unsta-
ble and undergoes an explosive decomposition into a mixture of vapor and liquid
droplets, as shown, e.g., in Fig. 2.1c. A brief discussion of the material ejection in the
phase explosion regime is provided and illustrated by snapshots from a large-scale
TTM-MD simulation in Sect. 2.5. The transition from the spallation to the phase
explosion regime also affects the characteristics of the pressure wave generated by
the laser irradiation, Fig. 2.1. While the compressive component of the pressure wave
continues to increase linearly with increasing laser fluence, the tensile component
starts to decrease in the spallation and phase explosion regimes. This decrease has
been attributed [12, 21] to the reduced ability of the strongly overheated part of the
target to support the transient tensile stresses, as well as to the compressive ablation
recoil pressure that partially cancels the tensile component of the wave.

The transitions between the regimes of surface melting, photomechanical spal-
lation, and phase explosion can also be identified from the fluence dependence of
the total ablation yield and the yield of vapor-phase atoms or molecules shown in
Fig. 2.2 for the Cr target as well as for Ni and amorphous molecular targets. Despite
the apparent differences between the properties of the target materials and irradiation
conditions (pulse durations are 200 fs for Cr, 1 ps for Ni, and 15 ps for the molec-
ular system), a unifying feature is the condition of stress confinement [21] that is
satisfied in all three series of simulations [12, 15, 19]. Under the condition of stress
confinement, the characteristic time of the laser heating of the absorbing material is
shorter than the time required for the mechanical relaxation (expansion) of the heated
volume, causing the generation of the stress waves (such as the ones in Fig. 2.1) and,
at sufficiently high laser intensities, driving the spallation of surface layer(s).

At low laser fluences, below the spallation threshold, the material ejection from
the transiently melted metal surfaces is limited to thermal desorption of just several
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Fig. 2.1 Contour plots of the spatial and temporal evolution of lattice temperature (left panels) and
pressure (right panels) in TTM-MD simulations of a bulk Cr target irradiated with a 200 fs laser
pulse at absorbed fluences of 85 mJ/cm2 (a), 106 mJ/cm2 (b), and 298 mJ/cm2 (c). The laser pulse
is directed along the Y axes, from the top of the contour plots. The black solid lines separate the
melted and crystalline regions of the target. The red dashed lines separate the continuum (TTM)
and atomistic (TTM-MD) parts of the computational system. The results are adopted from [15]

atoms (e.g., 3 atoms evaporate from Cr target in a simulation illustrated in Fig. 2.1a).
For the molecular target, the evaporation of molecules below the spallation threshold
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Fig. 2.2 Total ablation yield and yield of individual (vapor-phase) atoms or molecules as functions
of the absorbed laser fluence predicted in TTM-MD simulations of Cr targets irradiated with 200 fs
laser pulses (a), TTM-MD simulations of Ni targets irradiated with 1 ps laser pulses (b), and coarse-
grained MD simulations of molecular targets irradiated with 15 ps laser pulses (c). The values of
the total yield and yield of individual atoms/molecules are expressed in units of depth in the initial
target (a layer of this depth in the initial target has the number of atoms/molecules equal to those
ejected from the target). The vertical dash-dotted lines mark the approximate values of the threshold
fluences for onset of photomechanical spallation of surface layers(s) and explosive decomposition
of the surface region into vapor and liquid droplets (phase explosion). The range of fluences where
the photomechanical spallation is the dominant mechanism of material ejection is highlighted by
gray color. The red dashed and blue solid curves show the predictions of the ablation and desorption
models discussed in [19, 34] in (c) and are guides to the eye in (a) and (b). The results for the Cr,
Ni, and molecular targets are adopted from [15], [12], and [19], respectively

is more active, but still remains at a level of sub-monolayer desorption per laser
pulse. In all three systems, the transition to the spallation regime manifests itself in
a step increase in the total ablation yield. The increase is from 0.3 nm surface layer
at 2.8 mJ/cm2 to 13.6 nm layer at 3.1 mJ/cm2 for molecular target (Fig. 2.2c) and
from essentially zero to more than 20 nm layers for metal targets, Fig. 2.2a, b. At
the same time, no abrupt changes in the yield of vapor-phase atoms or molecules
are observed at the spallation threshold, thus highlighting the mechanical rather than
the thermodynamic nature of the driving forces responsible for the spallation onset.
As the laser fluence increases above the spallation threshold, the temperature of the
surface increases and the ability of the surface region to support tensile stresses
diminishes, leading to the disintegration of the overheated top melted region of the
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Fig. 2.2 continued
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target into multiple droplets. The increase in the laser fluence in the spallation regime
leads to a substantial raise of the total ablation yield for Cr, but causes only marginal
or no increase of the yields for Ni and molecular targets. The number of the vapor-
phase atoms or molecules in the ejected plume increases with fluence but remains
below 2 % of the total yield for metal targets (Fig. 2.2a, b) and below 8 % for the
molecular target (Fig. 2.2c) in the spallation regime.

Further increase of the laser fluence brings surface regions of the irradiated tar-
gets to temperatures that reach and exceed the threshold temperatures for the phase
explosion [76–78] and leads to abrupt changes in the characteristics of the abla-
tion process. The threshold temperatures for the onset of the phase explosion, T ∗,
have been determined in constant-pressure MD simulations of a slow heating of
a metastable liquid, with zero-pressure values found to be T ∗ ≈ 6000 K for the
EAM Cr [15], T ∗ ≈ 9000 K for the EAM Ni [12], and T ∗ ≈ 1060 K for the model
molecular system [40]. A surface region of the target overheated above T ∗ (e.g., the
top region of Cr target in Fig. 2.1c) undergoes a rapid decomposition into a mixture
of vapor and liquid droplets. Thus, the transition to the regime of phase explosion
corresponds to the change in the dominant mechanism responsible for the material
ejection from the photomechanical spallation driven by the relaxation of the laser-
induced stresses to the phase explosion driven by the explosive release of the vapor.
The values of the threshold fluences for the transition from spallation to the phase
explosion regime also correspond to the ablation thresholds in simulations performed
with longer laser pulses (e.g., 50 ps for Ni [12] and 150 ps for the molecular targets
[19, 33, 34, 40]), when the condition of stress confinement is not satisfied and the
spallation regime of material ejection is not activated. In these cases, direct transitions
from surface evaporation to the phase explosion are observed in the simulations.

The transition to the phase explosion regime does not result in an increase in the
total amount of the ejected material, Fig. 2.2. Quite the reverse, in the case of metals
the total yield decreases somewhat as the fluence increases above the threshold for
the phase explosion (Fig. 2.2a, b). The decrease of the total yield can be explained by
two factors: (1) a higher energy cost of the decomposition of the surface region of the
target into a mixture of vapor and small liquid droplets as compared to the ejection of
larger droplets in the spallation regime, and (2) redeposition of some of the droplets
ejected at the end of the ablation process back to the target due to the vapor pressure
from the upper part of the plume. Indeed, deceleration and redeposition of some of
the large droplets is observed in simulations performed for Cr and Ni at laser fluences
above the thresholds for the phase explosion [12, 15]. For the molecular system, the
increase in the total ablation yield in the phase explosion regime roughly follows
predictions of a model that assumes the ejection of all material down to the depth in
the target where a certain critical energy density is reached [19]. The prediction of
this model is shown by the dashed line in Fig. 2.2c.

For metal targets, the transition to the phase explosion regime is also signified
by an increase in the fraction of vapor-phase atoms in the ablation plume, from
∼2 % of the total yield right below the threshold for the phase explosion to 4–7 %
above the threshold for Cr and from 2 % to more than 10 % of the total yield for Ni.
This increase in the fraction of the vapor-phase atoms upon the transition from the
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spallation to the phase explosion regimes can be related to the results of plume
imaging experiments [79], where the maximum ejection of nanoparticles in laser
ablation of Ni targets is observed at low fluences (possible spallation), whereas the
degree of the plume atomization increases at higher fluences (possible phase explo-
sion regime). The transition from spallation to phase explosion has also been related
[12, 24] to the results of pump-probe experiments [39, 80], where the observation
of optical interference patterns (Newton rings) can be explained by the spallation of
a thin liquid layer from the irradiated target [21, 81] and the disappearance of the
interference fringes in the central part of the laser spot [39, 82] can be related to the
transition to the phase explosion regime.

2.3 Generation of Crystal Defects Below the Spallation Threshold

The discussion of the irradiation regime of melting and resolidification provided in
the previous section may leave an impression of complete recovery of the initial
state of the metal targets irradiated below the spallation thresholds. Detailed struc-
tural analysis of the targets that experienced the rapid melting and resolidification,
however, reveals the presence of a high density of crystal defects, which may have
important implications on physical, chemical, and mechanical properties of the sur-
face layer. Two examples of defect configurations generated in surface regions of Cr
and Ag targets irradiated at laser fluences that result in transient melting of about
20 nm thick layers of the targets are shown in Fig. 2.3. The simulation for Cr is the one
illustrated by the contour plots shown in Fig. 2.1a and the mechanisms and kinetics of
melting and resolidification in this simulation are discussed in the previous section.
The simulation for Ag is performed with 100 fs laser pulse and an absorbed fluence
of 70 mJ/cm2. The interatomic interaction in Ag is described by EAM potential with
parameters given in [83].

To provide a clear view of the crystal defects, the atoms that retain the original
bcc or fcc local structure are blanked in the snapshots, while the remaining atoms
are colored according to their potential energies in Fig. 2.3a and according to their
local structure environment in Fig. 2.3b. With this visualization method, the vacan-
cies, which are the most abundant defects introduced by the laser irradiation in these
simulations, appear as clusters of atoms that surround the lattice sites with miss-
ing atoms. The distributions of vacancy concentration plotted in Fig. 2.4 indicate
that most of the vacancies are located in the regions of the target that have experi-
enced the transient melting and resolidification. To identify the mechanisms of the
vacancy formation, several series of simulations of the resolidification process have
been performed under well-controlled temperature and pressure conditions. These
simulations reveal that most of the vacancies are generated at the rapidly advanc-
ing solidification front and are stabilized by the fast cooling of the surface region.
Essentially, the vacancies are generated as “errors” made in the process of building
the crystal structure at the solidification front, which, under conditions of strong
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Fig. 2.3 Snapshots of the defect structures generated in surface regions of bulk bcc Cr (a) and fcc
Ag (b) targets irradiated by femtosecond laser pulses at laser fluencies close to the thresholds for
surface melting. The snapshots are from TTM–MD simulations performed with relatively small
(8×8 nm2) lateral sizes of the computational cells. The laser pulse durations and absorbed fluences
are 200 fs and 85 mJ/cm2 for Cr (a) and 100 fs and 70 mJ/cm2 for Ag (b). The snapshots are taken at
the end of the resolidification process, at 400 ps in (a) and 600 ps in (b). The atomic configurations
are quenched for 1 ps to reduce thermal noise in atomic positions and energies. The atoms are
colored according to their potential energies in (a) and local structure environment in (b). The
atoms that belong to local configurations with the original bcc (a) or fcc (b) structure are blanked
to expose crystal defects. Each blue ball (a compact cluster of atoms) in the snapshots corresponds
to a vacancy, a small cross at the bottom of (a) corresponds to an interstitial in a <110>-dumbbell
configuration, and dark blue planes in (b) correspond to stacking faults with displacement vectors
a/6 <112>. The results for Cr are described in [15, 16]

undercooling, moves too fast to allow for atomic rearrangements needed to correct
these “errors”.

While the vacancy concentrations observed in both simulations are very high
(about two orders of magnitude higher than the equilibrium vacancy concentrations
at the melting temperatures of Cr and Ag), the vacancy concentration in bcc Cr is
about twice higher than the one in fcc Ag. Given that the energies of vacancy forma-
tion expressed in units of the thermal energy at the melting temperature, E f

v /kB Tm ,
are similar in the two metals (10.35 for EAM Cr and 9.88 for EAM Ag), the differ-
ence in the vacancy concentrations is likely to reflect the differences in atomic-level
mechanisms responsible for the growth of the close-packed fcc and more open bcc
crystal lattices.
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Fig. 2.4 Distribution of vacancies in the surface regions of bulk Cr (a) and Ag (b) targets irradiated
by femtosecond laser pulses at laser fluencies close to the thresholds for surface melting. Snapshots
of atomic configurations used in the analysis are shown in Fig. 2.3. Each bar in the histograms is the
result of averaging over ten individual (001) atomic planes. The dashed lines mark the depths of the
regions that experienced transient melting and resolidification in response to the laser irradiation

The generation of strong supersaturation of vacancies in the surface regions of the
irradiated targets may have important practical implications, including the formation
of nanovoids and degradation of the mechanical properties of the surface region of
the target in the multi-pulse irradiation regime. The generation of vacancies in this
case may be related to experimental observations of the incubation effect, when the
laser fluence threshold for ablation/damage decreases with increasing number of
laser pulses applied to the same area, e.g. [84–86]. The high density of vacancies
generated in the surface regions of irradiated targets may also play an important
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role in the redistribution of impurities or mixing/alloying in multi-component or
composite targets.

In addition to vacancies, the snapshot shown in Fig. 2.3b reveals the presence of
multiple stacking fault planes with displacement vectors of a/6 <112>, where a is the
fcc lattice constant. The stacking faults located below the region that experienced the
transient melting are left behind by the partial dislocations emitted from the melting
front at a time when the tensile component of the laser-induced stress wave passes
through the melting front. In the single crystal fcc target with {001} orientation of the
irradiated surface, the partial dislocations can be activated on four different {111}
slip planes. Interactions between the dislocations propagating along the different
slip planes can result in the formation of immobile dislocation segments and stable
dislocation configurations [71], thus leading to the hardening of the laser-treated
surface. In contrast to a relatively ductile fcc Ag material, the higher resistance of
bcc crystals to the movement of dislocations results in the absence of laser-generated
dislocations in the bcc Cr target (Fig. 2.3a).

2.4 Evolution of Voids in Photomechanical Spallation

As discussed in Sect. 2.2 and illustrated in Fig. 2.1b, the relaxation of laser-induced
stresses in the surface region of the irradiated target can generate tensile stresses that
are sufficiently strong to induce cavitation and fragmentation in the melted surface
region, leading to the ejection (or photomechanical spallation) of liquid layer(s) or
droplets. In this section we consider the microscopic mechanisms of the spallation
process and compare computational predictions obtained in simulations performed
for two very different targets, an amorphous molecular solid and Ag (001) single
crystal.

The visual picture of the evolution of voids in a surface region of a Ag target
irradiated by a 100 fs laser pulse at a fluence of 85 mJ/cm2, just below the spallation
threshold, is shown in Fig. 2.5, where the top-view snapshots of the void evolution are
shown for a relatively large-scale TTM-MD simulation performed for a system with
98.7×98.7×150 nm3 dimensions of the atomistic part of the computational domain
(84.2 million atoms). The large (by atomistic modeling standards) lateral size of the
computational cell provides a clear view of the nucleation, growth and coarsening
of multiple voids at a depth of ∼40–60 nm under the irradiated surface and ensures
that the initial evolution of voids is not affected by the periodic boundary conditions
applied in the lateral directions. The appearance of voids coincides with passage of
the tensile component of the stress wave through the melted surface region of the
target. The voids grow as the surface layer accelerated by the initial relaxation of
the laser-induced stresses moves away from the bulk of the target. In the simulation
illustrated in Fig. 2.5, the outward motion of the surface layer slows down with time
and reverses the direction of its motion at about 800 ps. At this time the growth of the
voids turns into recession. At the same time, the fast cooling of the surface region
creates conditions for fast epitaxial resolidification of the melted region, with the
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Fig. 2.5 The top-view snapshots of the evolution of voids (empty space) in the sub-surface region
of a Ag (001) target irradiated by a 100 fs laser pulse at an absorbed fluence of 85 mJ/cm2. The
nucleation of voids in response to the tensile stresses associated with laser-generated stress wave
(snapshot taken at 50 ps) is followed by void growth/coalescence (100 and 400 ps) and capture by
the solidification front (2,000 ps)

velocity of the solidification front increasing up to 90 m/s. The solidification front
crosses the region of the void evolution during the time from 500 to 1,500 ps and
prevents the collapse of the voids. As a result, the voids shown in Fig. 2.5 for 2,000 ps
are completely surrounded by the crystalline material and remain stable upon further
cooling of the surface. At higher fluences (e.g., at 90 mJ/cm2 for the Ag target), the
expansion of voids leads to the eventual percolation of the growing empty regions
and separation of liquid layer(s) or large droplets from the target.

A similar sequence of void nucleation, growth, coarsening, coalescence and per-
colation has been observed in earlier smaller-scale simulations performed for metals
[9, 21–23, 87] and molecular systems [19, 21], as well as in recent large-scale sim-
ulations of laser spallation and ablation of Al targets [24]. In particular, an animated
sequence of snapshots from a coarse-grained MD simulation of laser spallation of a
molecular target posted at this web site [88] shows a picture of the void evolution
that is visually similar to the one in Fig. 2.5. To quantify the evolution of voids in
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laser spallation, the void size distributions are shown in Fig. 2.6a for different times
during the simulation of incomplete laser spallation of Ag target discussed above
and illustrated in Fig. 2.5. The distributions are fitted to power law dependences with
exponents that are increasing with time, Fig. 2.6b. This increase of the power law
exponent is reflecting the void coarsening and coalescence, when the size and the
number of large voids are growing at the expense of quickly decreasing population
of small voids. The void size distributions plotted in Fig. 2.6a are very similar not
only to the distributions observed earlier in a simulation of laser spallation of a Ni
film [87] and a bulk Al target [24], but also to the ones shown in Fig. 2.6c for a
molecular target [21]. The time dependences of the power law exponents predicted
for the two very different targets, Fig. 2.6b, d, are also very similar, except for the
fact that the exponent saturates in Fig. 2.6b due to the capture of the voids by the
solidification front but continues to growth in Fig. 2.6d reflecting the growth and
eventual percolation of voids in the spallation of the molecular target.

The prediction of the capture of voids by the solidification front can be related
to the recently reported experimental observation of surface swelling, or “frustrated
ablation,” in Al targets irradiated by 100 fs laser pulses [89]. Similarly to the experi-
ments, the voids captured by the solidification front increase the volume of the surface
region, leading to an effective “swelling” of the irradiated target by about 17 nm. The
larger thermal conductivity and smaller melting depth near the spallation threshold
in Ag, as compared to Al, makes it possible to observe this interesting phenomenon
with smaller computational systems and shorter simulation times.

2.5 The Visual Picture of Phase Explosion

The transition from the spallation to the phase explosion regime of material ejec-
tion discussed in Sect. 2.2 does not result in an increase in the total amount of the
ejected material (Fig. 2.2) but can still be clearly identified from changes in the com-
position of the ablation plume (larger fraction of vapor and small liquid droplets)
and the dynamics of the plume expansion (faster expansion of the front part of the
plume). These changes are the reflection of the change in the dominant driving force
responsible for the material ejection from the relaxation of laser-induced stresses in
the spallation regime to the explosive decomposition of material overheated up to
the limit of its thermodynamic stability [12, 15, 40, 76–78] in the phase explosion
regime.

The discussion of the thermodynamic conditions leading to the onset of the phase
explosion provided in Sect. 2.2 and illustrated by Fig. 2.2c can be complemented
by a visual picture of the material ejection in the phase explosion regime shown in
Fig. 2.7. The snapshots in Fig. 2.7 are from a large-scale TTM-MD simulation of
laser ablation of a bulk Al target irradiated by a 100 fs laser pulse at an absorbed
fluence of 200 mJ/cm2 [24]. The interatomic interaction in Al is described by EAM
potential with parameters given in [90]. In the first snapshot, shown for 50 ps after the
laser pulse, one can see a fine “Swiss cheese”-like structure of liquid cells enclosing
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Fig. 2.6 Void abundance distributions as a function of void volume predicted for different times in
simulations of short pulse laser irradiation of a single crystal Ag (001) target (a) and an amorphous
molecular target (c). The lines in (a) and (c) are power law fits of the data points with the exponents
indicated in the figures. Time dependences of the power-law exponents are shown in (b) and (d).
The values of laser pulse duration, τL, and absorbed fluence, Fabs , are listed in the figure. The
irradiation conditions in both simulations correspond to the regime of stress confinement. Laser
fluence is just below the spallation threshold in the simulation of the Ag target and about 7 % above
the spallation threshold in the simulation of the molecular target. The results for the molecular target
(c, d) are adopted from [21]

dense hot vapor forming in a relatively broad surface region of the irradiated target.
This cellular structure is generated by a rapid (explosive) release of vapor in the
melted metal overheated above the threshold temperature for phase explosion, T ∗.
The expansion of the cellular structure leads to the coarsening of the liquid and vapor
regions and results in the formation of a foamy structure of interconnected liquid
regions surrounded by vapor, see snapshot shown for 150 ps in Fig. 2.7. Deeper into
the target, the relaxation of the initial compressive pressure and the pulling force from
the expanding foamy structure leads to the cavitation of the liquid and formation
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50 ps 150 ps 250 ps 

Fig. 2.7 Snapshots of atomic configurations predicted in a TTM-MD simulation of laser ablation
of a bulk Al target irradiated by a 100 fs laser pulse at an absorbed fluence of 200 mJ/cm2 [24].
Atoms are colored by their instantaneous potential energy. The initial dimensions of the atomistic
(MD) part of the computational system are 94.3 × 94.3 × 300 nm3. The irradiation regime in this
simulation corresponds to the phase explosion and ablation of a surface region of the target
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of coarse liquid structures extending in the direction of the plume expansion (see
snapshots for 150 and 250 ps in Fig. 2.7).

The eventual decomposition of the complex hierarchical foamy structure into
individual liquid droplets, clusters and vapor-phase atoms leads to the formation
of a multi-component ablation plume moving away from the target. An important
implication of the hierarchical ablation process illustrated in Fig. 2.7 and observed
in earlier MD simulations of molecular systems [33, 91] is the effect of spatial
segregation of clusters and droplets of different sizes in the ablation plume. The
vapor-phase atoms/molecules and small clusters are predominantly present in the
front part of the expanding plume, the medium size clusters are localized in the
middle of the expanding plume, and the large liquid droplets formed at the final
stage of the plume development tend to be slower and are closer to the original
surface. The cluster segregation effect predicted in the simulations can be related
to the results of plume imaging experiments [79, 92–95], where splitting of the
plume into a fast component with optical emission characteristic for neutral atoms
and a slow component with blackbody-like emission associated with presence of hot
clusters is observed.

2.6 Conclusions

A comparative analysis of the results of MD simulations of laser-materials interac-
tions performed for various target materials reveals the general and material-specific
characteristics of laser-induced structural modification, spallation and ablation. The
driving forces and microscopic mechanisms of laser spallation and ablation are found
to be similar for a broad class of target materials. In particular, the same physical
conditions are governing the onset of photomechanical spallation and the transition
between the spallation and phase explosion regimes in material systems as different
as metals and amorphous molecular systems. Moreover, some of the quantitative
characteristics of laser-induced processes, such as the evolution of the void size dis-
tributions in spallation or the degree of segregation of clusters and liquid droplets
of different sizes in ablation plumes generated in the phase explosion regime, are
also surprisingly similar for different materials, reflecting the common mechanical
and thermodynamic origins of the underlying processes. The material-specific pre-
dictions of the simulations include the microstructural modification of the irradiated
surface, with the type and density of crystal defects generated in the melting and
resolidification regime being sensitive to the structure of the target material, as well
as the quantitative characteristics of the yield versus fluence dependence, which are
found to be sensitive to the thermodynamic characteristics of the target material.

Given the fast advancement of the computing technology and the development of
new computational models for increasingly realistic MD simulations of laser interac-
tions with metals, semiconductors, dielectrics and organic materials, it is reasonable
to expect that atomic- and molecular-level modelling will remain at the forefront of
computational investigation of laser-materials interactions. The ability to simulate
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increasingly larger systems is likely to open up opportunities for investigation of
laser processing of multi-phase and nanocomposite systems and for establishing
direct connections to experimental observations.
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