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Solidification and epitaxial regrowth in surface nanostructuring
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In this work, parallel molecular-dynamics simulation is conducted to study the long-time �up to
2 ns� behavior of argon crystal in surface nanostructuring with a laser-assisted scanning tunneling
microscope. A large system consisting of more than 1�108 at. is explored. The study is focused on
the solidification procedure after laser irradiation, which is driven by heat conduction in the
material. Epitaxial regrowth is observed in the solidification. Atomic dislocation due to thermal
strain-induced structural damages is observed as well in epitaxial regrowth. During solidification,
the liquid is featured with decaying normal compressive stresses and negligible shear stresses. Two
functions are designed to capture the structure and distinguish the solid and liquid regions. These
functions work well in terms of reflecting the crystallinity of the material and identifying the atomic
dislocations. The study of the movement of the solid-liquid interface reveals an accelerating moving
speed in the order of 3–5 m/s. The spatial distribution of the moving speed at the solid-liquid
interface indicates a nonuniform epitaxial regrowth in space. The bottom of the liquid solidifies
slower than that at the edge. © 2005 American Institute of Physics. �DOI: 10.1063/1.2135416�
I. INTRODUCTION

As a maskless, top-down nanofabrication technique, the
laser-assisted scanning tunneling microscope �STM� pro-
vides a wide variety of potential applications in nanoscience
and nanotechnology. Examples of such applications include
surface nanorepair, fabrication and characterization of nano-
to microscale integrated nanoelectronics and nanophotonics,
and machining and aligning of nanoparticles and nanotubes/
wires. In surface nanostructuring with laser-assisted STM,
the STM tip is irradiated with a laser beam. The STM tip
could act as a receiving antenna to collect laser energy and as
a transmitting antenna to create a significantly enhanced op-
tical field in proximity to the tip apex. The optical field could
be enhanced by two orders of magnitude.1 Therefore, the
enhanced optical field can heat the sample surface below the
tip to induce phase change or chemical reaction and modify
the surface at nanoscales.2–12 In the works of Chimmalgi et
al.11 and Huang et al.,12 a laser-assisted atomic force micro-
scope �AFM� was used, which plays the same role as the
laser-assisted STM in terms of optical-field enhancement.
Comprehensive and detailed information on the laser-
assisted STM and the involved physical mechanisms can be
found in a review by Grafström.13

In laser-assisted STM nanostructuring, as a direct conse-
quence of nanoscale heating, the nanodomain of the sample
just below the STM tip experiences intense heating, phase
change, phase explosion, stress development and propaga-
tion, and rapid structural evolution. Because of the small size
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�tens of nanometers� of the domain under structuring, con-
tinuum approaches may fail to understand and predict the
above physical processes. Although a large number of work
has been reported to study the enhanced optical field and
light confinement,14–18 only the thermal evolution of the
sample surface under the STM tip has been studied for the
case without phase change.19,20 At nanoscales, thermal move-
ments of molecules/atoms will show strong statistical varia-
tions in space since thermal equilibrium cannot be well es-
tablished. Molecular-dynamics �MD� simulation, which
directly tracks the movement of molecules/atoms, is capable
of exploring the physical phenomena down to molecular/
atomic levels. In the recent work of Wang,21 the thermal,
mechanical, and structural phenomena in surface nanostruc-
turing with picosecond laser-assisted STM were studied us-
ing large-scale parallel MD simulation. The work is focused
on the physical processes during laser heating and within a
short time after laser heating �up to 500 ps�. In surface nano-
structuring, the final surface nanostructure is strongly af-
fected by solidification of the melted material. The solidifi-
cation process is driven by the heat conduction in the
material and is much slower than the heating and melting
processes that are largely driven by the laser energy input. To
date, little research has been conducted to study the natural
solidification in surface nanostructuring with laser-assisted
STM. In the past, MD simulation has been conducted on
small-scale �several angstroms� solidification in ion-induced
damage and annealing of Si �Ref. 22� and solidification in
rapid cooling of materials.23–25 The solidification in surface
nanostructuring with laser-assisted STM is driven by heat

conduction, which is much slower than the artificially cool-
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ing introduced to the system in some of the previous
researches.23–25 In addition, laser-induced strain and
stress21,26 can have profound impact on the solidification pro-
cedure and affect the crystal structure.

In this work, large-scale parallel MD simulations are
conducted to study the solidification process in surface nano-
structuring with laser-assisted STM. A system consisting of
more than 1�108 at. are modeled up to 2 ns to capture the
details of solidification and crystallization. The research is
focused on the dynamic behavior of the solid-liquid inter-
face, crystallinity of the regrown crystal, and strain-induced
atomic dislocation.

II. METHODOLOGIES OF SIMULATION

As shown in Fig. 1, a freestanding film is irradiated with
an enhanced optical field. Argon at 50 K is chosen for film
material for the simplicity of computation. This makes it
feasible to study large systems for a long duration and to
reveal the fundamental physics involved in solidification.
The generic and qualitative conclusions drawn from this
work will not be affected by the material itself.

The movement of atoms is governed by the Newtonian
equation,

mi
d2ri

dt2 = �
j�i

Fij , �1�

where mi and ri are the mass and position of atom i, respec-
tively. Fij is the interaction force between atoms i and j, and
is computed from the Lennard-Jones �LJ� potential as Fij

=−��ij /�rij. The Lennard-Jones potential �ij follows the
form

�ij = 4����e

rij
�12

− ��e

rij
�6	 , �2�

where � is the LJ well depth parameter, �e is referred to as
the equilibrium separation parameter, and rij =ri−rj.

In our work, the half-step leap-frog scheme is used.27

The interaction between atoms is neglected when their dis-
tance exceeds a particular length rc, namely, the cutoff dis-
tance. For argon, the widely accepted value of 2.5�e for rc is
adopted. Computation of the force between an atom and its
neighbors is arranged by the cell structure and the linked-list
methods.27 More details about the computation can be found
in the work of Wang.21

Parallel computation is employed in this work. In the y
direction, the physical domain is divided into 36 subdomains
of the same size as shown in Fig. 1. These subdomains are

FIG. 1. Schematic of the MD configuration.
distributed over a superparallel computer consisting of 36
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computing nodes. Each node is responsible for the MD simu-
lation of one subdomain. The parallel program is developed
using MPICH. Details of the parallel treatment are discussed
in our recent work.28

The distribution of the optical field in space and time
domains takes the form of

I = I0 exp�− �r − r0�2/rg
2�exp�− �t − t0�2/tg

2� , �3�

where I0 is a laser beam intensity constant, r is the location
of the laser beam, r0 is the center of the sample surface, rg is
a length constant determining the size of the laser beam, t is
the time, t0 is a time constant determining the peak location
of the laser intensity in the time domain, and tg is a time
constant determining the pulse width of the laser beam. The
laser beam distribution in Eq. �3� is constructed for the con-
venience of computing. Values of these parameters are sum-
marized in Table I. The simulation reported in this work is
for generic situations, and no specific wavelength of the laser
beam is used. Therefore, an artificial optical-absorption
depth ��� of 10 nm is taken in the simulation. This optical-
absorption depth is chosen to reflect the fact of volumetric
absorption of the laser beam in the sample rather than a
practical experimental condition. It needs to be pointed out
that surface nanostructure fabricated using laser-assisted
STM can be strongly affected by the wavelength of the laser
beam. This is because the wavelength of the laser beam can
significantly affect the laser-STM tip interaction, thereby
varying the intensity and spacial distribution of the enhanced
optical field. Furthermore, laser beam absorption in the sub-
strate material is strongly dependent on the wavelength of
the laser beam. Different wavelengths will lead to different
absorption depths, resulting in varied surface nanostructures.

Figure 2 shows how the laser energy absorption is
achieved in the modeling. The MD domain is divided into
cubic cells, whose size is a little larger than the cutoff dis-
tance. Cell 1 is taken as the example to show how the laser
beam absorption is treated. The laser energy incident on cell
1 within each time step ��t� is E1=
AI�t ·dA, where A is the
top surface area of cell 1. Within each time step, the laser

TABLE I. Values of the parameters used in the simulation.

Parameter Value

�, LJ well depth parameter 1.653�10−21 J
�e, LJ equilibrium separation 3.406 Å
m, argon atomic mass 66.3�10−27 kg
kB, Boltzmann’s constant 1.38�10−23 J /K
a, lattice constant 5.414 Å
rc, cutoff distance 8.515 Å
�, laser beam absorption depth 10 nm
�t, time step 25 fs
I0 1.5325�1012 W/m2

rg 25 nm
t0 10 ps
tg 3 ps
energy absorbed in cell 1 is
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�E1 = E1�1 − exp�− �z/�1�� , �4�

where �z is the size of cell 1 in the z direction. This laser
beam absorption is realized by adjusting the velocity of at-
oms in cell 1 with a factor. The real optical-absorption depth
of cell 1 is adjusted to be �1=� ·�0 /�1 with �1 the density of
atoms in cell 1 and �0 the density of argon at 50 K. The
velocity scaling needs to be constructed to meet the require-
ment of momentum conservation to avoid physically unrea-
sonable atom movement. Details of the velocity scaling are
discussed in the work of Wang.21

After passing cell 1, the incident laser energy on cell 2
will be E2=E1−�E1. Then the aforementioned procedure is
repeated to calculate the laser beam absorption in cell 2. The
same laser beam absorption treatment is applied to cells in
other areas of the MD domain.

III. RESULTS AND DISCUSSION

In this work, a target comprised of 648 fcc unit cells
�350.83 nm� in the x and y directions and 60 fcc unit cells
�32.48 nm� in the z direction is simulated. The sample is
constructed to have its length much larger than the beam spot
��25 nm�, and its thickness much longer than the optical-
absorption depth �10 nm�. The pulse energy is taken as 8
�10−15 J, which corresponds to an energy density level of
50 MW/cm2. As indicated in Table I, the spatial distribution
of the laser pulse is assumed to have a radius of 25 nm at e−1

of the peak intensity. The corresponding beam spot is much
smaller than the typical wavelength of picosecond lasers. In
a laser-assisted STM, the STM tip could act as a receiving
antenna to collect laser energy and as a transmitting antenna
to create a significantly enhanced optical field in proximity to
the tip apex. Previous theoretical calculations1 showed that
the enhanced optical field was confined within a small do-
main in the order of tens of nanometers. Therefore, the laser-
assisted STM makes it possible to focus the laser beam to a
spot much smaller than the laser wavelength.

Before applying laser heating, the simulation is run for
−12

FIG. 2. Schematic of the laser beam absorption treatment in the material.
100 ps �4000 steps� �1 ps=10 s�, during which the veloc-
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ity of atoms is scaled to make the sample to reach 50 K
gradually. After this velocity scaling, the sample is simulated
for another 100 ps �4000 steps� to eliminate the disturbance
introduced by the velocity scaling. Periodical boundary con-
ditions are applied to the boundaries in the x and y direc-
tions, and free boundary conditions to the boundaries in the z
direction. Free spaces are added below and above the sample
to capture the movement of atoms escaping from the sample.
The computational domain measures 350.83 nm in the x and
y directions, and 759.10 nm in the z direction with the back
side of the sample located at 213.71 nm. A total of
100 776 960 atoms are simulated for this case. Using the 36
computing nodes in our laboratory, it takes about 48.4 s to
finish one step. The entire computation until 2 ns takes about
50 days to finish. The data for the velocity and position of
the atoms in each computing node are stored on the local
hard disk. A parallel postprocessing package was developed
to compute the distribution and evolution of various physical
parameters, including temperature, stress, velocity, and struc-
ture.

A. Melting, vaporization, solidification, and epitaxial
regrowth

Figure 3 shows the snapshots of atomic positions in an
x-z plane 1.77 nm thick centered at y=174.53 nm. In these
plots, each dot represents an atom. The plots from 5 to
100 ps largely demonstrate the laser-induced heating, melt-
ing, and vaporization. At the beginning �t=5 ps�, laser heat-
ing is weak, and the sample shows a uniform crystal struc-
ture. At 10 ps, the center at the surface becomes dark
because the local solid is melted. The random distribution of
atoms in this region makes it look dark. At the time the laser
stops �t=15 ps�, vapor is observed at the surface of the cen-
tral part of the sample. On the other hand, the target surface
is not much nanostructured. Starting from 20 ps, the melt in
the sample starts to explode and a large number of nanodrop-
lets are formed and ejected from the sample. At 100 ps, the
explosion process looks much weaker. On the other hand, the
liquid surface is not smooth. From 100 to 500 ps, the surface
tension makes the liquid surface smooth, and very few drop-
lets are observed at 500 ps. More detailed discussion of the
heating, melting, vaporization, and explosion processes for
targets of different sizes under different enhanced optical
fields is provided in our recent work.21 In this paper, our
interest is the solidification process after laser heating. This
process is clearly shown in the plots from 500 ps �0.5 ns� to
2 ns. Comparing the plots at 0.5 and 1 ns, it is evident that
the top edge of the liquid in the nanohole solidifies first.
Comparison of the plots at 0.5 and 2 ns shows that the total
volume of the liquid becomes much smaller at 2 ns, indicat-
ing a fast solidification procedure in a short time period
�1.5 ns�. One important phenomenon observed in Fig. 3 is
the thermal strain-induced defect in the regrown crystal. This
defect �atomic dislocation� is marked in the plot at 2 ns.

To clearly demonstrate the epitaxial regrowth and strain-
induced atomic dislocation, we plot out the atomic positions
in detail in Fig. 4. It is observed that after regrowth, the

crystal follows the crystographical orientations of the bulk
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solid, demonstrating epitaxial growth in the solidification.
Although the simulation reported in this work is conducted
with symmetric boundary conditions, symmetric energy dis-
tribution of the laser beam, and uniform material, the strain-
induced defect �atomic dislocation� as shown in Fig. 4 is
found nonsymmetric. This is because despite the above sym-
metric conditions used in the simulation, the thermal move-
ment of atoms in space is nonsymmetric and nonuniform.
The nonuniformity of the thermal movement of atoms will
introduce significant noise to the mechanical behavior of the
studied nanoscale system and strongly affects the zone in
which atomic dislocation will form. In our previous work,21

for the same reason, nonsymmetric structural defects and
atomic dislocations were also observed during the nanostruc-
turing procedure. It is interesting to note that the orientation
of the atomic dislocation region is 45° with respect to the z

direction. This orientation is similar to that of the structural
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damages formed during laser heating and thermal stress
propagation in laser-assisted STM surface nanostructuring.21

It is noticed that the shear stress in the material plays the
principal role in forming the atomic dislocations. Following
45° with respect to the z axis, the shear stress induced by the
normal stress �zz in the system has the maximum value.
Therefore, atoms are more likely to be dislocated in the di-
rection of 45° with respect to the z axis.

B. Thermal and mechanical evolutions

The solidification observed from 0.5 to 2 ns is driven by
the heat conduction in the material. In addition, laser-induced
stress could affect the solidification procedure to a great ex-
tent. This section is intended to study the detailed thermal
and mechanical evolutions during the solidification proce-

FIG. 3. Snapshots of atomic positions
in an x �horizontal: 120–240 nm�-z
�vertical: 180–300 nm� plane 1.77 nm
thick centered at y=174.53 nm.
dure. Figure 5 shows the temperature distribution from 0.6 to
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2 ns in an x-z plane 1.77 nm thick centered at y
=174.53 nm. At 0.6 ns, the temperature of the melt largely
falls in the region of 80–85 K while some areas have a little
higher temperature of 85–90 K. Since the melting point of
argon is 83.8 K, it is clear that the melted argon in the nano-
hole is ready to solidify. From 1 to 2 ns, the temperature of
the melted argon drops to a level below the melting point
because of heat conduction. It means most of the solidifica-
tion procedure is under a subcooled condition. From the
plots shown in Fig. 5, the temperature in the melt is not so
uniform, with a spatial roughness of several nanometers. For

FIG. 4. Details to show the epitaxial growth and atomic dislocation in an x-z
plane 1.77 nm thick centered at y=174.53 nm and t=2 ns.
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macroscale solidification, this temperature nonuniformity
may have negligible effect. For the nanoscale solidification
studied in this work, it is anticipated that this nanoscale tem-
perature nonuniformity will have profound impact on the
epitaxial growth.

To have a clear idea about the temperature evolution of
the liquid during solidification, we plot out the average tem-
perature of the liquid versus time in Fig. 6. In the early stage
of solidification, the liquid temperature experiences a rapid
decay from 79 to 74.5 K within 0.4 ns. Then the liquid tem-
perature decreases slowly with time. One possible explana-
tion for this phenomenon is that in the early stage of solidi-
fication, there is a large solid-liquid interface. As a result, the
liquid has a large area to transfer the thermal energy to the
solid. Therefore, the liquid experiences a rapid cooling. In

FIG. 5. �Color� Temperature distribution in an x �hori-
zontal: 120–240 nm�-z �vertical: 180–300 nm� plane
1.77 nm thick centered at y=174.53 nm.

FIG. 6. Evolution of the average temperature of the liquid during the solidi-
fication procedure.
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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the latter stage of solidification, the solid-liquid interface be-
comes smaller, making the thermal transport from the liquid
to solid weaker. In addition, the early stage thermal transport
to the solid and the latent heat release to the solid due to
solidification reduce the temperature difference between the
solid and the liquid. This will lead to a reduced thermal
transport from the liquid to the solid. Consequently, the liq-
uid will have a smaller temperature reducing rate.

In our recent work,21 detailed study was performed on
the stress in surface nanostructuring with laser-assisted STM.
The study was focused on the time duration before the so-
lidification took place. It was found that the shear stress was
much smaller than the normal stress and the three normal
stresses ��rr, ���, and �zz� shared the same propagation style
in the x-z planes. In this work, only the stress component �rr

is plotted in Fig. 7. The local stress is calculated as21,29

�mn = −
1

	V
��

i�j

N

rij,mFij,n + �mnNkBT� . �5�

In Eq. �5�, 	V is the volume of a small domain of interest,
and NkBT is the stress induced by the translational movement
of atoms. The local stress is averaged over a small domain
with a size of about 1.7 nm. The other two normal stresses
�zz and ��� follow the same evolution as shown in Fig. 7. At
0.6 ns, the normal stress in the liquid and the region adjacent
to it is largely compressive, in the order of tens of megapas-
cal. At 1 ns, the stress in the liquid is around zero. In some
locations in the liquid, tensile stress is observed as well.
More locations in the liquid have tensile stress at 1.5 ns. At
this moment, in the solid part the stress is still compressive
�negative�. At 2 ns, the stress in the liquid is around zero

although the tensile stress is observed at a few spots.
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To obtain a better understanding of the stress evolution
in the liquid, Fig. 8 shows the temporal change of six stresses
��rr, ���, �zz, �rz, �r�, and ��z� in the liquid. For each stress,
the value displayed in Fig. 8 is an averaged number for the
entire liquid. It is clear in Fig. 8 that the shear stresses are
negligible in comparison with the normal stresses. The value
of the shear stresses has a small fluctuation around zero and
shows no visible trend of change with time. On the other
hand, the three normal stresses experience a rapid decay in
the early state of solidification. During most time of solidi-
fication, the normal stresses are compressive, meaning an
internal pressure in the liquid.

It needs to be emphasized that for the temperature and
stress distributions at 2 ns, no clear abnormal behavior is
observed in the structural damage �atomic dislocation� region

FIG. 7. �Color� Evolution of the stress component �rr

in an x �horizontal: 120–240 nm�-z �vertical:
180–300 nm� plane 1.77 nm thick centered at y
=174.53 nm.

FIG. 8. Evolution of the average normal and shear stresses in the liquid

during the solidification procedure.
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marked in Figs. 3 and 4. Therefore, for the nanoscale struc-
tural damages formed in solidification, the local temperature
and stress could not be appropriate parameters to identify the
unique characteristics of the structural damage.

C. Distinguishing of solid and liquid

The solidification described above is driven by the heat
conduction in the material. Knowledge of the rate of solidi-
fication is important to understand how fast the nanostructur-
ing procedure will finish. One direct way to measure the rate
of solidification is how fast the volume of the liquid de-
creases with time. To characterize the volume reducing rate
of the liquid, criteria have to be established to distinguish the
liquid and solid. In our previous work,30 the number density
distribution of atoms in space was used to identify the solid-
liquid interface. For two-dimensional �2D� and three-
dimensional �3D� situations, this method becomes difficult to
give accurate results.

In this work, we propose two functions to directly reflect
the structure of the material and distinguish the liquid and
solid. One function is


�rij,x� =
1

N�N − 1��i�j
�rij,x −

a

2
int� rij,x

a/2
+ 0.5	�2

, �6�

where rij,x is the distance between atoms i and j in the x
direction, a is the lattice constant, and N is the number of
atoms. The function int�x� in Eq. �6� is an integer function to
take the integer part of the variable x. The physical meaning
behind function �6� is that for perfect crystals, rij,x is equal to
n�a /2�, leading to zero for 
. The extent of deviation of rij,x

from n�a /2� reflects the crystallinity of the material. 
�rij,x�
is expected to have a much larger value in liquid than in
crystal. In Eq. �6�, rij,y and rij,z can also be used instead of
rij,x.

The other function constructed is similar to the x-ray
diffraction, but with a simpler definition of the crystallinity
by taking advantage of numerical calculation. This function
is designed as

��ri,z� =
1

N��i

ej2��2ri,z/
�� , �7�

where ri,z is the z coordinate of the position of atom i, N is
the number of atoms within the domain of interest, and 
 is
the light wavelength. In this work, 
 takes the value of the
lattice constant a. In Eq. �7�, 2ri,z is the distance light travels
when it originates from z=0, reflected by the atom i at the
location of ri,z, and returns to the original location z=0. If
atoms are regularly distributed in space with their spacing in
the z direction equal to n�a /2�, the function ��ri,z� will be
equal to 1. In liquid, the function ��ri,z� will be much less
than 1.

Figure 9 shows the functions 
�rij,x� and ��ri,z� in a
certain domain at t=1 ns. It is evident that both functions
work well in terms of distinguishing the solid and liquid
regions. In the solid region, 
�rij,x� is small, below 4
�10−3, showing the sound regularity of the crystal structure.
On the other hand, in the liquid region, atoms are randomly

distributed in space, and 
�rij,x� becomes large, around 12
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�10−3. For the function ��ri,z�, its value is large in the solid
region, larger than 0.8. In the liquid region, the reflected light
has weak diffraction, and ��ri,z� becomes small, less than
0.3. In this work, the function ��ri,z� is used to distinguish
the solid and liquid regions and used for the analysis de-
scribed below. Figure 10 shows the distribution of ��ri,z� at
different times in an x-z plane. It is evident that the con-
structed function ��ri,z� plays a sound role in terms of dis-
tinguishing the solid and liquid. In addition, it shows that in
the solid region below the nanohole, the crystallinity
�� :0.8–0.9� is not as good as that �� :0.9–1� in the region
far from the nanohole. The possible reason for this phenom-
enon is that the region below the nanohole experiences slight
deformation because of the phase explosion process during
nanostructuring. For higher laser fluences, lattice bending
was observed in the region adjacent to or below the
nanohole.21 At the solid-liquid interface, the value of ��ri,z�
is around 0.5. In this work, 0.5 is used as the criterion to
identify the solid-liquid interface. At 1.5 and 2 ns, the distri-
bution of ��ri,z� clearly shows the atomic dislocation region.
In this region, even the material is solid, the value of ��ri,z�
is around 0.5, much smaller than the typical value of
��ri,z���0.8� in crystal. It is conclusive that in this region,
the regularity of the crystal structure is severely damaged by
the atomic dislocation.

D. Rate of solidification

Based on the observation in Fig. 10, one criterion is
taken to distinguish the solid and liquid: ��ri,z��0.5 for liq-
uid and ��ri,z��0.5 for solid. Employing this criterion, the
number of atoms within the liquid as well as its volume are
plotted out in Fig. 11. Within the time of study �0.6–2 ns�,
the volume of the liquid decays with time almost linearly,
meaning the solidification rate is almost constant. Also plot-
ted in Fig. 11 is the number density of the liquid in the unit
of 10/nm3. It is evident that during the solidification proce-
dure, the density of the liquid has a slight increase with time,
probably due to the small temperature decay of the liquid as
shown in Fig. 6. This density ��20/nm3� is smaller than that

3

FIG. 9. Functions 
�rij,x� and ��ri,z� to demonstrate the solid and liquid
structures as well as their interface. The domain under study is centered at
x=175.41 nm and y=174.53 nm with �x=0.8515 nm and �y=1.77 nm at
t=1 ns.
of solid argon at 50 K ��25.3/nm �.
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One important characteristic of the solidification proce-
dure is the moving speed of the solid-liquid interface. This
information is critical for estimating the time required to
form the final surface nanostructure. In this work, the aver-
age moving speed of the solid-liquid interface is calculated
by dividing the solid volume increasing rate with the area of

FIG. 10. �Color� The distribution of function ��ri,z� at different times in an
x �horizontal: 120–230 nm�-z �vertical: 210–250 nm� plane 1.77 nm thick
centered at y=174.53 nm.

FIG. 11. Evolution of the number of atoms in the liquid as well as the
volume of the liquid in an x-z plane 1.77 nm thick centered at y

=174.53 nm.
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the solid-liquid interface. Figure 12 shows how the interface
moving speed varies with time. Also plotted in Fig. 12 is the
evolution of the interface area. It is observed that the inter-
face speed increases with time from the initial 3 to 5 m/s at
2 ns. The solid-liquid interface moving speed is related to the
local heat conduction rate as well the latent heat released in
solidification. For the argon studied in this work, its thermal
conductivity is small, in the order of 0.3 W/m K at 80 K.
Attributed to this small thermal conductivity, the heat con-
duction rate in the material will be small, therefore leading to
a slow solidification rate and solid-liquid interface moving
speed. For materials used in practical experiment, the ther-
mal conductivity is much larger than that of argon. It is ex-
pected a much faster solidification rate will result.

In addition to the average moving speed of the solid-
liquid interface, the distribution of the moving speed in space
is also important since this distribution strongly affects the
final shape and structure in surface nanomanufacturing. Fig-
ure 13 shows the location of the solid-liquid interface deter-
mined using the criterion: ��ri,z��0.5 for liquid and
��ri,z��0.5. It is found that the solid-liquid interface can be
well fitted with a second-order polynomial curve. The fitting
curves are shown in Fig. 13 as well, demonstrating a sound
fitting result. When determining the local interface moving
speed, instead of using the numerically determined interface

FIG. 12. Evolution of the moving speed and area of the solid-liquid inter-
face. The domain under study is an x-z plane 1.77 nm thick centered at y
=174.53 nm.

FIG. 13. Location of the solid-liquid interface at 0.6 and 2 ns, as well as the

definition of the local solid-liquid interface moving speed.
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location �solid points in Fig. 13�, the fitting curve is used to
suppress the statistical uncertainties. In the above average
interface speed calculation, the area of the interface is also
determined based on the fitting curves of the interfaces.
When determining the local interface speed, a straight line is
used to connect the interface at 0.6 and 2 ns. This line is
normal to the local interface at 2 ns. The distance between
the interfaces at 0.6 and 2 ns along this line ��l� is divided by
the elapsed time �1.4 ns� to obtain the local speed.

Figure 14 shows the local speed of the solid-liquid inter-
face versus the location of the interface at 2 ns. Three con-
clusions can be drawn about the distribution of the local
interface speed. First, the moving speed of the solid-liquid
interface is nonuniform in space. The interface moves slower
in the center than at the edge. Second, based on the distribu-
tion shown in Fig. 14�b�, it is interesting to note that the
interface moving speed has a linear distribution with respect
to the height of the solid-liquid interface. It demonstrates that
the liquid at the bottom of the hole solidifies slower than that
at the edge. Finally, both Figs. 14�a� and 14�b� show that the
moving speed of the solid-liquid interface is axis symmetri-
cal, probably due to the early stage axis symmetrical heating
by the enhanced optical field.

IV. CONCLUSION

In this work, large-scale molecular-dynamics simulation

FIG. 14. The local moving speed of the solid-liquid interface: �a� distribu-
tion along the x coordinate and �b� distribution along the z coordinate.
was conducted to study the long-time �up to 2 ns� behavior
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of argon crystal in surface nanostructuring with laser-assisted
STM. The research was focused on the solidification of the
liquid. Epitaxial regrowth was observed in the solidification.
Thermal strain-induced structural damage-atomic dislocation
was observed in the epitaxial regrowth. During solidification,
the melt was featured with decaying normal compressive
stresses and negligible shear stresses. Two functions were
designed and constructed to reflect the crystallinity and dis-
tinguish solid and liquid. The distribution of ��ri,z� in space
clearly showed the solid and liquid regions, their interface, as
well as the thermal strain-induced atomic dislocation. Our
study of the movement of the solid-liquid interface revealed
an average moving speed of 3–5 m/s which increased with
the time. The spatial distribution of the moving speed at the
solid-liquid interface revealed nonuniform epitaxial regrowth
in space. The liquid at the bottom of the nanohole solidified
slower than that at the edge.
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