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The extreme cooling rates in material processing can be achieved in a number of current and
emerging femtosecond laser techniques capable of highly localized energy deposition. The
mechanisms of rapid solidification of a nanoscale region of a metal film transiently melted by a
localized photoexcitation are investigated in a large-scale atomistic simulation. The small size of the
melted region, steep temperature gradients, and fast two-dimensional electron heat conduction result
in the cooling rate exceeding 10" K/s and create conditions for deep undercooling of the melt. The
velocity of the liquid/crystal interface rises up to the maximum value of ~80 m/s during the initial
stage of the cooling process and stays approximately constant as the temperature of the melted
region continues to decrease. When the temperature drops down to the level of ~0.67,,, a massive
homogeneous nucleation of the crystal phase inside the undercooled liquid region takes place and
prevents the undercooled liquid from reaching the glass transition temperature. The prediction of the
nanocrystalline structure of the surface features generated in laser nanoprocessing has implications
for practical applications of nanostructured surfaces and calls for experimental verification of the

computational results. © 2010 American Institute of Physics. [doi:10.1063/1.3276161]

I. INTRODUCTION

The kinetics and mechanisms of rapid solidification of
pure metals under conditions of strong undercooling have
been the subjects of active experimental exploration and the-
oretical analysis. Two general approaches are used for
achieving the conditions of strong undercooling in liquid
metals. The first approach is based on the elimination of the
nucleation sites for heterogeneous nucleation of the solid
phase. It can be traced back to the experiments on small
metal droplets by Turnbull and Cech,' where an undercool-
ing by as much as ~18% below the equilibrium melting
temperature has been observed before the onset of rapid so-
lidification. An alternative way to create a strong undercool-
ing is to rapidly quench melted metal with a cooling rate that
is sufficiently high to kinetically inhibit the solidification
process. Various methods of quenching have been developed
and applied for fabrication of materials with fine grain struc-
tures, nonequilibrium crystalline and (in the case of metallic
alloys) amorphous phases.2

Irradiation of metal targets by short (picosecond and
femtosecond) laser pulses provides an attractive alternative
to conventional quenching techniques (such as the melt spin-
ning or splat cooling). The shallow depths of the laser energy
deposition and steep temperature gradients, typically pro-
duced by the short pulse laser irradiation, combined with the
high thermal conductivity of metals can lead to the record
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cooling rates of more than 10'? K/ s34 Strong undercooling
and rapid resolidification occurring under such conditions
may result in the formation of the metastable structures and
phases that cannot be produced with other methods. In par-
ticular, metallic glass formation for systems not previously
considered being glass formers has been demonstrated in
nanosecond- and picosesond-pulse laser quenching.3’5_7
While the existence of pure one-component amorphous met-
als is not prohibited by the:ory,z’8 they have not been pro-
duced by conventional cooling methods (a notable exception
is a high-pressure metallic glass produced by rapid cooling
of liquid Ge at high, above 7 GPa, pressureg). There have
been recent reports suggesting that an amorphous layer could
be generated at the bottom of the ablation crater in laser
ablation of Au and Cu targets.lo " These experiments were
performed in air and the reduction of x-ray diffraction peaks,
used in this work as the evidence of the formation of a stable
layer of amorphous metal, is likely to have alternative expla-
nations. Nevertheless, with the extremely high cooling rates
achievable in the short pulse laser quenching, it is not unrea-
sonable to explore if the conditions for amorphization of a
pure metal can be realized.

The maximum cooling rates in laser-material interac-
tions can be achieved when the laser energy deposition is
confined not only within the thin surface layer of the irradi-
ated target but also in the lateral dimensions, creating condi-
tions for even faster two-dimensional (for thin films) or
three-dimensional (for bulk targets) heat transfer from the
absorption region. The localized laser energy deposition can
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FIG. 1. (Color online) Snapshots from a simulation of the generation of a nanobump on a 20 nm Ni film located on a transparent substrate and subjected to
a localized excitation by a 200 fs laser pulse. The size of the region of the optical excitation is 10 nm. The snapshots show the MD part of the combined
atomistic-continuum model, with pressure-transmitting boundary conditions applied circumferentially around the MD circular slab and continuum equations
for the lattice and electron temperatures solved in a wide region extending more than 300 nm from the center of the computational domain. Atoms are colored
according to their potential energy, from blue color corresponding to a low potential energy of —4.2 eV to red color corresponding to a high potential energy
of —3.6 eV (the cohesive energy of the EAM Ni fcc crystal is 4.45 eV). A sector of the film is blanked to show the distribution of the potential energy inside

the film.

be achieved by using tightly focused laser beams'>"* or tak-

ing advantage of the local field enhancement in the vicinity
of a tip of a scanning probe microscopem_zo or a deposited
n21n0/microparticle.21‘22 Analysis of the microstructure of the
small regions experiencing localized melting and resolidifi-
cation can provide insights into the relative contribution of
competing resolidification mechanisms, which may include
epitaxial regrowth of the self-substrate, nucleation of crystal-
lites throughout the undercooled melted region, and the for-
mation of an amorphous structure. The small size of the
laser-modified zone, however, makes the experimental char-
acterization of the microstructure difficult. In this paper, we
use the results of a large-scale atomistic simulation of laser-
induced generation of a nanoscale surface topographic fea-
ture (nanobump) to perform a detailed computational analy-
sis of the resolidification process occurring under conditions
of localized laser energy deposition. The physical insights
into the mechanisms defining the microstructure of the reso-
lidified region, revealed in the simulation, are likely to stimu-
late experimental investigations in this area.

Il. COMPUTATIONAL MODEL

The melting and resolidification processes are investi-
gated in this work based on the results of a large-scale ato-
mistic simulation of a metal film subjected to a highly local-
ized laser excitation.”> The simulation is performed with a
combined atomistic-continuum model*** that couples the
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classical molecular dynamics (MD) method with a
continuum-level description of the laser excitation and sub-
sequent relaxation of the conduction band electrons. The
model accounts for the fast electron heat conduction in the
metal film and provides an adequate representation of the
fast heating and cooling of the region of the laser energy
deposition. A complete description of the combined
atomistic-continuum model is given in Ref. 24, whereas the
computational setup used in the simulation is described in
Ref. 23. Briefly, the simulation is performed for a 20 nm Ni
film deposited on a transparent substrate. The MD part of the
computational system consists of ~85 000 000 atoms and
has a shape of a circular slab with diameter of 250 nm [Fig.
1(a)]. The coupled electron and lattice heat conduction equa-
tions are solved in a larger region extending more than 300
nm from the center of the system in the radial (parallel to the
surface of the film) direction. The interatomic interactions in
the MD part of the system are described by the embedded-
atom method (EAM) potential in the form suggested in Ref.
26. The interaction of Ni atoms with the substrate is de-
scribed by the Lennard-Jones potential with parameters cho-
sen to represent an adhesion of the Ni film to the substrate,
which is assumed to be ten times weaker than the effective
strength of Ni—Ni interaction. The values of the electron and
lattice heat capacity, thermal conductivity, and electron-
phonon coupling factor are given in Refs. 24 and 25. The
energy deposition from a 200 fs laser pulse is localized
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FIG. 2. (Color online) Contour plots showing the spatial and time evolution of the electron (a) and lattice (b) temperatures, pressure (c), and local order
parameter (d) in a simulation illustrated in Fig. 1. The solid red and dashed white lines in (b) show the equilibrium melting temperature and glass transition
temperature isotherms, respectively. The dashed-dotted black line in (b) shows the position of the liquid/crystal interface separating the liquid region from the
original crystalline film, as identified from calculation of the local order parameter shown in (d). The apparent steps in the position of the solidification front
at ~90, ~145, and ~225 ps in (d) are reflecting the procedure used in the data analysis and visualization rather than a real physical effect. The black dashed
line in (b) corresponds to the onset of homogeneous crystallization in the undercooled liquid region, defined through the centrosymmetry parameter as the time
when the number of atoms that belong to the configurations with local fcc symmetry exceeds 10% (see Fig. 5).

within a region of a Gaussian spatial profile with diameter
(full width at half maximum) of 10 nm. The size of the
region of the optical excitation in the simulation is similar to
the characteristic size of the lateral confinement of the pho-
toexcitation in  optical near-field  nanoprocessing
techniques.w’20 The energy density deposited to the conduc-
tion band electrons within the excitation region is 3.1 J/cm?.
In order to avoid the reflection of the laser-induced pressure
wave from the radial boundary of the MD region, a special
pressure-transmitting boundary condition””*® is applied cir-
cumferentially around the MD part of the computational sys-
tem [Fig. 1(a)].

lll. RESULTS AND DISCUSSION

The visual picture of the processes triggered by the lo-
calized electronic excitation is provided by a series of snap-
shots of the MD part of the system shown in Fig. 1. The
atoms in the snapshots are colored according to their poten-
tial energy and a sector of the film is blanked to show the
distribution of the potential energy inside the film. In the
initial system, the atoms located at the surface of the film
have an elevated potential energy and are shown by yellow
color, whereas the atoms located away from the surface have
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low potential energy that corresponds to the local face-
centered-cubic (fcc) surroundings and are shown by blue
color. The increase in the potential energy following the laser
excitation has contributions from both the thermal energy
associated with the sharp temperature rise and the extra po-
tential energy associated with melting of the central part of
the film. Shortly after the laser pulse, the melted part of the
film starts to move away from the substrate, leading to the
formation of a hollow liquid structure (nanobump). The
nanobump is stabilized by a rapid resolidification of the tran-
siently melted region and remains as a permanent topo-
graphic feature on the surface of the irradiated film.

The conditions leading to the rapid phase transforma-
tions and generation of the frozen nanobump can be eluci-
dated by considering the spatial and temporal evolution of
the electron and lattice temperatures, pressure, and local or-
der parameter shown for the central part of the film in Fig. 2.
Laser excitation of the conduction band electrons is reflected
in the sharp spike of the electron temperature [Fig. 2(a)] that
reaches the maximum value of ~16 000 K by the end of the
laser pulse and quickly drops during the next ~10 ps due to
the energy transfer to the lattice (electron-phonon coupling)
and fast electron heat conduction in the radial directions. The
energy transfer from the hot electrons to the lattice results in
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the rapid increase in the lattice temperature that, by the time
of 10 ps, exceeds the equilibrium melting temperature of the
EAM Ni material (7,,=1439 K) (Ref. 24) in a central region
of the film with a radius of 40 nm [Fig. 2(b)].

The overheating above the equilibrium melting tempera-
ture results in melting of the central part of the film, with the
radius of the melted region reaching 33 nm by the time of 18
ps. The melting process can be clearly identified in the con-
tour plot of the average local order patrameterz“’29 shown in
Fig. 2(d). The values of the local order parameter reflect the
“degree of crystallinity” of the local atomic configurations
and vary from unity for a perfect fcc crystal down to values
that are smaller than 0.04 for the liquid phase. The position
of the liquid/crystal interface separating the melted region
from the crystalline part of the film can be identified from
Fig. 2(d) and is shown by the dashed-dotted line in the tem-
perature plot [Fig. 2(b)].

The rapid heating and melting of the central part of the
film during the first several picoseconds after the laser pulse
take place under conditions of partial stress confinement™’
and result in the generation of high, up to 8 GPa, compres-
sive stresses [red stripe in Fig. 2(c)]. The relaxation of these
compressive stresses has been identified” to be the main
driving force responsible for the acceleration of the tran-
siently melted region of the film away from the substrate
leading to the formation of the nanobump. This mechanism
of the nanobump generation is different from earlier expla-
nations proposed for the topographic surface features ob-
served in  short  pulse  laser  nanostructuring
experiments,13715’31’32 where the Marangoni effect,”! pressure
of the evaporating material,”* and plastic deformation of the
irradiated film,* are suggested as processes being respon-
sible for the formation of the surface nanostructures.

Analysis of the data in Figs. 2(a) and 2(b) indicates that
fast two-dimensional electron heat conduction creates the
conditions for a rapid cooling of the melted region, with the
electron temperature dropping below the lattice temperature
in the center of the melted region by 13 ps after the laser
pulse. The cooling rate in the central part of the film is as
high as ~5X 103 K/s at the beginning of the cooling pro-
cess and gradually decreases down to ~10'3 K/s by the
time of 90 ps, when the lattice temperature in the whole
melted region drops below the equilibrium melting tempera-
ture [the melting temperature isotherm is shown by the solid
red line in Fig. 2(b)]. The cooling rate observed in this simu-
lation is comparable to the maximum cooling rate of about
10'3 K/s predicted in simulations of short pulse laser inter-
actions with a bulk Ni target at laser fluences close to the
threshold for surface melting.‘"25

The temperature of the liquid/crystal interface drops be-
low the equilibrium melting temperature at ~33 ps, starting
the process of slow epitaxial resolidification. The undercool-
ing of the liquid/crystal interface becomes deeper with time
resulting in the increase in the velocity of the solidification
front, which reaches the value of ~80 m/s by the time of
150 ps, when the temperature on the interface drops down to
0.66T,,, and remains relatively constant while the tempera-
ture on the interface continues to decrease and reaches the
value of 0.567,, at 250 ps. The values of the velocity of the
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solidification front observed in the simulation are compa-
rable to the ones measured in pump-probe picosecond laser
melting experiments,3 * where the solidification velocities are
estimated to be ~60 and ~100 m/s for bulk Cu targets and
thin Au films, respectively. Recent femtosecond pump-probe
experiments performed for Ag films™ provide information
on the solidification velocities as a function of undercooling
temperature. The solidification velocity is found to increase
up to a maximum value of ~75 m/s as the temperature
decreases down to 0.857,, and remains approximately con-
stant as the temperature further decreases down to ~0.67,,.
These experimental observations are consistent with the
weak sensitivity of the solidification velocity to the increas-
ing undercooling of the liquid/crystal interfacial region ob-
served in the simulation.

The weak dependence of the solidification velocity on
the degree of undercooling creates the conditions for achiev-
ing very deep undercooling in the central part of the melted
region. In particular, during the time from 100 to 250 ps, the
temperature in the center of the melted region decreases from
0.95T7,, to 0.607,, while the radius of the melted region
shrinks from 30 to 20 nm. The velocity of the solidification
front can be expected to decrease with further increase in the
undercooling36 but, even with a velocity of 80 m/s, it would
take another 250 ps to complete the crystallization process.
This raises the possibility that the melted part of the bump
can be undercooled below the glass transition temperature,
leading to a transient formation of a one-component metallic
glass. To test the possibility of this scenario, we calculate the
glass transition temperature of the EAM Ni material, 7,. The
glass transition temperature is determined from the tempera-
ture dependence of the shape of the pair distribution function
(PDF) calculated in a separate set of MD simulations. The
simulations are performed for a system of 4000 atoms, with
periodic boundary conditions applied in all directions. The
initial system is melted and equilibrated at a temperature
above the melting point. The atomic configurations used in
the calculations of PDFs are obtained by fast cooling of the
liquid structure to the desired temperature, followed by
equilibration for 50 ps at zero pressure and constant tempera-
ture. After the equilibration, the data for PDF is collected
every 0.5 ps during the following 50 ps, and the final PDF is
obtained by averaging over the 100 instantaneous data sets.
The PDFs calculated at different temperatures, from 300 to
2000 K, are shown in Fig. 3(a). The transition from the un-
dercooled liquid to the amorphous state is manifested by the
characteristic splitting37 of the second peak of PDF below
600 K. Following the empirical criterion suggested in Ref.
38, the glass transition temperature is found from the tem-
perature dependence of the ratio of the magnitudes of the
first minimum to the first maximum of PDFs R=g ../ &max
shown in Fig. 3(b). The value of T,=717 K=0.5T,,, is deter-
mined from the point of intersection of the linear extrapola-
tions of the liquid and amorphous branches of the R(T) de-
pendence. The deviations of R from the linear trends at and
around 700 K are related to the onset of the crystallization
process during the 100 ps of the MD simulations used for
equilibration of the system and calculation of PDFs.

An isotherm corresponding to the glass transition tem-
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FIG. 3. (Color online) PDF calculated for EAM Ni at different temperatures
(a) and the ratio of the magnitudes of the first minimum to the first maxi-
mum of the PDFs, R=g i,/ &max Used for identification of the glass transi-
tion temperature (b).

perature of EAM Ni is shown by the white dashed line in
Fig. 2(b). The slope of the isotherm in Fig. 2(b) is substan-
tially higher than the slope of the line showing the advance-
ment of the liquid/crystal interface and, by the time of 225
ps, the isotherm gets within just 5 nm from the liquid region.
In the last 25 ps of the simulation, however, the slope of the
isotherm decreases and the isotherm becomes almost parallel
to the line showing the advancement of the solidification
front. This change in the slope of the isotherm can only
partially be attributed to the gradual decrease in the tempera-
ture gradients with time. An additional important factor that
slows down the cooling process, and even results in a local-
ized reheating of parts of the melted region, is the onset of a
massive homogeneous nucleation of crystallites throughout
the deeply undercooled liquid region.

A visual picture of the nucleation and growth of the crys-
talline regions is provided in Fig. 4, where snapshots of the
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FIG. 4. (Color online) Snapshots of the central region (nanobump) of the
irradiated film illustrating the crystallization process during the final 50 ps of
the simulation. All atoms that do not belong to the configurations with local
fcc symmetry (CSP>1) are blanked. All fcc atoms are shown in the left
frames, whereas, only 7 nm slices cut through the center of the MD domain
are shown in the right frames. The configurations are quenched using the
velocity dampening technique for 2 ps prior to the structural analysis to
reduce thermal noise in atomic positions.

central region of the irradiated film are shown for the final 50
ps of the simulation. Only atoms that belong to the crystal-
line parts of the system are shown in the snapshots, with the
distinction between the crystalline and liquid regions done
based on the values of the centrosymmetry parameter (CSP)
(Ref. 39) calculated for all atoms. Unlike the local order
parameter used in the analysis of the melting and epitaxial
recrystallization processes [Fig. 2(d)], CSP is not sensitive to
the rotation of an atomic structure and can be used for iden-
tification of randomly oriented crystallites. In order to reduce
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FIG. 5. (Color online) The fraction of atoms with local fcc structure (CSP
<1) in the central region (nanobump) of the irradiated film. The arrows
schematically show the contributions of the epitaxial regrowth of the origi-
nal crystalline film and nucleation of new crystallites inside the undercooled
liquid.

the thermal noise in atomic positions, the structural analysis
is preceded by quenching the atomic configurations for 2 ps
using a velocity dampening technique, where the velocity of
each individual atom is set to zero each time when the ki-
netic energy of the atom is maximized. The fast quenching
does not introduce any structural changes to the atomic con-
figurations but makes the visualization and structural analy-
sis more straightforward. The homogeneous nucleation starts
at ~200 ps when the temperature of the liquid near the
liquid/crystal interface drops below 0.67,,. The density of the
crystal nuclei is higher at the periphery of the liquid region,
where the undercooling is larger, although the nucleation
process quickly extends to the whole liquid region.

The onset of the contribution of the homogeneous nucle-
ation to the crystallization process can be clearly seen from
the spatial distributions of the fraction of atoms with local
crystalline surroundings shown in Fig. 5. Until ~200 ps, the
increase in the fraction of atoms in the crystal phase is lim-
ited to the region of the liquid/crystal interface and corre-
sponds to the propagation of the solidification front. At a
later time, however, the atomic configurations with crystal-
line structure start to appear ahead of the solidification front,
reflecting the contribution of the homogeneous nucleation
and growth of new crystallites. The relatively small fraction
of fcc atoms observed in the central part of the system at the
end of the simulation (<10%) is defined not only by the fact
that the crystallization process is not completed by this time,
but also by the procedure used to identify the “fcc atoms™ as
atoms with local fcc surroundings, which excludes a large
number of atoms located at the surfaces of the growing crys-
tallites. From the snapshot of the atomic configuration of the
nanobump taken at the end of the simulation (Fig. 6), in
which all but the surface atoms are shown, one can see that
the homogeneous crystallization has resulted in the forma-
tion of a complete layer with nanocrystalline structure in the
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FIG. 6. (Color online) Snapshot of the central region (nanobump) of the
irradiated film taken at 250 ps after the laser pulse. The atoms are colored
according to their CSP. Atoms that belong to the configurations with local
fcc symmetry are colored blue, atoms that belong to the undercooled liquid
and crystal defects (grain boundaries, dislocations, and point defects) are
colored green. Surface atoms (CSP>>20) are blanked in the image. The
configurations are quenched using the velocity dampening technique for 2
ps prior to the structural analysis to reduce thermal noise in atomic
positions.

vicinity of the epitaxial solidification front, whereas at the
top of the nanobump individual crystallites are still sur-
rounded by the undercooled liquid. The solidification process
is likely to be completed within the next 50-100 ps, leading
to the formation of the nanocrystalline structure of the
nanobump.

IV. CONCLUSION

The localized laser energy deposition in a metal film
creates the conditions for a sequence of rapid phase transfor-
mations occurring under highly nonequilibrium conditions.
The fast energy transfer from the excited electrons to the
lattice results in a strong overheating and rapid homogeneous
meltingzé"40 of a nanoscale region of the irradiated film. The
melting is immediately followed by cooling and resolidifica-
tion of the transiently melted region. Due to the small size of
the melted region, steep temperature gradients, and fast two-
dimensional electron heat conduction, the cooling rate is ex-
tremely high and exceeds 10'3 K/s at the initial stage of the
cooling process. As a result, the resolidification proceeds un-
der conditions of increasingly deep undercooling below the
equilibrium melting temperature. The velocity of the propa-
gation of the liquid/crystal interface quickly rises up to its
maximum value of ~80 m/s and stays approximately con-
stant as the temperature of the melted region continues to
decrease. When the temperature reaches the level of ~0.67,,,,
a massive homogeneous nucleation of crystallites inside the
undercooled liquid region starts and prevents further under-
cooling of the liquid down to the glass transition temperature
of 0.57,,. Note that the ability to achieve the glass transition
temperature without the onset of the homogeneous solidifi-
cation would imply only a temporal transition to the amor-
phous state, which is unlikely to be stable in the presence of
crystalline regions. Indeed, it has been predicted in recent
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MD simulations that the solidification velocity in one-
component metals remains finite even significantly below the
glass transition tempc:zrature.%‘41

The results of the simulation, therefore, predict the for-
mation of a nanocrystalline structure in the regions of the
irradiated target experiencing localized melting and resolidi-
fication. The nanocrystalline materials have a number of at-
tractive characteristics, such as high hardness and
strength,‘u’43 and the prediction of the nanocrystalline struc-
ture of surface features generated in laser processing of metal
surfaces can have important implications for practical appli-
cations. To our knowledge, there have been no experimental
studies aimed at microstructural analysis of surface struc-
tures generated by localized photoexcitations of metal
t:alrgetsl3_22’31’3 % and the computational predictions reported in
this paper still await experimental verification.
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