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Introduction

Melting is a common physical phenomenon where solid-liquid phase transition occurs.
Usually, melting starts at the free boundary where the energy barrier is low (or absent)
for liquid to nucleate. The propagation of melting front, also called the heterogeneous
melting, will typically take hundreds of picoseconds (ps) or longer, depending on the
size of the melted region and the heating condition. Strong overheating induced by
laser irradiation can significantly destabilize the crystal lattice and result in the
nucleation of liquid phases inside the crystal, leading to the ultrafast homogeneous
melting (~several ps) [1]. Using Molecular Dynamic (MD) method, we investigate the
laser-induced phase transformations in metals (Au, Ni and Al) and compare with
results of recent time-resolved diffraction experiments [1,2].

Two Temperature Model (TTM)

In metals, laser energy is absorbed by conduction [ T T T T
band electrons. Following the laser excitation,
electrons quickly equilibrate among themselves (on
the order of tens of femtoseconds (fs)) and slowly * ol
transfer the absorbed energy to the lattice through
electron-phonon coupling. When laser pulse duration [N .
is much longer than the electron relaxation time, the = =*f 1
electrons can be regarded to be at the local elin ene
equilibrium described by the Fermi distribution with 7
electron temperature T,. The time evolution of the o
electron and lattice temperatures could then be tFe'rg‘;e;“Tfe:‘l’:';g°:m°;i'jﬁg‘°ﬁr:ggt':§‘§‘;
described by two non-linear differential equations [3]:
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where C and K are the heat capacities and thermal conductivities of the electrons
and the lattice as denoted by subscripts e and /, and G is the electron-phonon
coupling factor that characterizes the strength of the energy transfer rate. The
Gaussian type source term S(zt) is used to describe the local laser energy
deposition. In order to take into account phase transformation under strong non-
equilibrium conditions, the second equation is substituted by MD, modified to
account for the electron-lattice energy exchange [4].

—> MD:

Molecular Dynamics (MD)

In this study, Newton’s Equations of motion are solved for all particles in the
system. MD computational cells consisting of 500,000 Au atoms and 864,000 Ni
atoms are used in the simulations. Embedded Atom Method (EAM) potential is
used to describe the interaction between atoms. Periodic boundary conditions are
applied in two directions parallel to the free (001) surfaces.

Atomic  configurations are obtained in MD
simulations and are used for calculations of the pair
density function p(r) and pair correlation function G(r)
that provide direct information on the structural
changes in the system [5]: 0
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Fig.2. Pair correlation function G(r)=4rmr(p(r)-p,) for FCC Au at !
300 K. Atoms are colored coded so that each color corresponds
to a particular distance to the central grey atom. For example,
red corresponds to the first nearest neighbor in FCC.
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Fig.3. Snapshots of atomic configurations during the melting process as in Fig.1. Atoms are colored according to
the local order parameter @ - blue atoms have local crystalline surroundings, red atoms belong to the liquid
phase. At 0 ps, the laser pulse is directed from the right to the left sides of the snapshots [6,7].

» Melting takes place within ~5 ps while electron-lattice equilibration takes ~100 ps.

» The relatively slow melting front propagation cannot compete with the fast
homogeneous nucleation of numerous liquid regions inside the film when the
overheating exceeds ~1.2-1.3T ;.

» Before 7 ps, the gradual expansion of the film perpendicular to the free surfaces
(unixial lattice deformation) facilitates the homogeneous melting by reducing
the lattice stability. Also see the diffraction profiles in Fig.6.

» Current simulations are done for constant electron-phonon coupling G,,. Thermal
excitation of 5d band electrons in Au could lead to the temperature dependence of
the coupling constant, G(T,), and change C,(T,). This results in significant
changes in the timescales of the electron-lattice equilibration and melting [8].

Loss of Long Range Order

» In Fig.4, peaks in the high r region disappear,
reflecting a complete loss of the long-range order.

> In Fig.5(b), the fast disappearance of the 2nd
neighbor peak upon melting suggests that the
interatomic distance responsible for this peak in
the FCC structure is not characteristic of the
short-range order in the liquid structure, where
local tetrahedral and icosahedral short-range
order dominates [9].
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Fig.4. G(r) during the homogeneous
melting process as in Fig.1 [7].
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Fig.5. Radial distribution function R(r)= 4mr?p(r) for first three neighbor shells during the melting process as in Fig.1 [7].

Diffraction Profiles

Diffraction profiles can be calculated from atomic
configurations [5] and compared with results from time-

resolved diffraction experiments [1].
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»> Three stages could be identified in the evolution of the | _—_ ]
diffraction profiles. R

> First, up to ~4 ps, the reduction in diffraction peaks is due Lamoe«e(migvamw»
to the increasing thermal vibrations of atoms and can be  (*~ e 2‘:[1:3‘:”3‘]
well described by the Debye-Waller (DW) factor. \‘%;ﬂ,l uniaxial itice {5 220

> Second, splitting and shift in the diffraction peaks inz"} YA}\\A T
Fig.6(a) reflect the uniaxial lattice deformation along [001] 3ol g ™ &  homogeneous
direction leading to the following lattice transformation: 3 L. .55 . el
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» Finally, fast disappearance of diffraction peaks indicates ! © \é °
the ultrafast solid-liquid transition, in agreement with of . B0ae
diffraction experiments [1]. ° im(bv;i v

Fig.6. (a) Diffraction profiles during melting process as in Fig.1. (b) Normalized height of diffraction peaks as a function of time. All peak
heights are normalized to their values at 0 ps (T=300 K). Dash lines are calculated through the DW factor at given lattice temperatures.
The values of the average temperature of the film after the laser pulse are shown in the additional top x-axis [7].

Generation of Coherent Acoustic Phonon in a Ni Film

» Stronger electron-phonon coupling in Ni (~10 times of

Au) leads to the generation of compressive stresses.

» The relaxation of the compressive stresses results in .

the thermoelastic oscillations of the film [10].

standing wave as

~5000 m/s for Ni.

Depth,nm

The oscillation period can be
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2L,
where L is the film thickness
and v is the sound speed of
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Fig.7. (a) Pressure contour plot of for 21 nm Ni film irradiated with a 200 fs laser pulse at
an absorbed fluence of 100 J/m2 (b) Diffraction profiles calculated for one period of
thermoelastic oscillation of the film [10]. No melting occurs at this excitation level and the
maximum lattice temperature rise is up to ~950 K. Our calculation results are consistent
with recent experimental data for Al film [2].

Conclusions

Results from MD simulations provide a direct link
between the experimental observations in time-
resolved diffraction experiments and atomic-level
structural changes in the irradiated materials. Shift
and splitting of the diffraction peaks reflect the
thermoelastic and uniaxial lattice deformation of the
film and can be used for experimental probing of the
laser-induced ultrafast deformations. The observed
differences in the evolution of the diffraction profiles
in the homogeneous and heterogeneous melting
processes can, along with kinetics arguments, be
instrumental in distinguishing between the two
melting mechanisms [7].
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