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Combined atomistic-continuum modeling of short-pulse laser melting and disintegration
of metal films

Dmitriy S. Ivanov and Leonid V. Zhigilei*
Department of Materials Science and Engineering, University of Virginia, 116 Engineer’s Way, Charlottesville, Virginia 22904-474

~Received 3 March 2003; published 28 August 2003!

The kinetics and microscopic mechanisms of laser melting and disintegration of thin Ni and Au films
irradiated by a short, from 200 fs to 150 ps, laser pulse are investigated in a coupled atomistic-continuum
computational model. The model provides a detailed atomic-level description of fast nonequilibrium processes
of laser melting and film disintegration and, at the same time, ensures an adequate description of the laser light
absorption by the conduction band electrons, the energy transfer to the lattice due to the electron-phonon
coupling, and the fast electron heat conduction in metals. The interplay of two competing processes, the
propagation of the liquid-crystal interfaces~melting fronts! from the external surfaces of the film and homo-
geneous nucleation and growth of liquid regions inside the crystal, is found to be responsible for melting of
metal films irradiated by laser pulses at fluences close to the melting threshold. The relative contributions of the
homogeneous and heterogeneous melting mechanisms are defined by the laser fluence, pulse duration, and the
strength of the electron-phonon coupling. At high laser fluences, significantly exceeding the threshold for the
melting onset, a collapse of the crystal structure overheated above the limit of crystal stability takes place
simultaneously in the whole overheated region within;2 ps, skipping the intermediate liquid-crystal coexist-
ence stage. Under conditions of the inertial stress confinement, realized in the case of shortt<10 ps laser
pulses and strong electron-phonon coupling~Ni films!, the dynamics of the relaxation of the laser-induced
pressure has a profound effect on the temperature distribution in the irradiated films as well as on both
homogeneous and heterogeneous melting processes. Anisotropic lattice distortions and stress gradients associ-
ated with the relaxation of the laser-induced pressure destabilize the crystal lattice, reduce the overheating
required for the initiation of homogeneous melting down toT'1.05Tm , and expand the range of pulse
durations for which homogeneous melting is observed in 50 nm Ni films up to;150 ps. High tensile stresses
generated in the middle of an irradiated film can also lead to the mechanical disintegration of the film.

DOI: 10.1103/PhysRevB.68.064114 PACS number~s!: 64.70.Dv, 02.70.Ns, 61.80.Az
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I. INTRODUCTION

Short-pulse laser interaction with metals is a subject
practical as well as fundamental scientific interest. Pract
applications range from well-established methods for surf
processing1 and pulsed laser deposition of thin films an
coatings2 to the emerging new areas such as microfabrica
of nanostructures with resolutions exceeding the optical
fraction limit.3 Further optimization of experimental param
eters in current applications and the emergence of new t
niques can be facilitated by a better theoretical understan
of the relation between the basic mechanisms of laser in
action with materials, nonequilibrium processes caused
the fast deposition of laser energy, and the resulting mic
structure and properties of the materials treated by laser
diation.

From the point of view of fundamental science, sho
pulse laser irradiation has the ability to bring material into
highly nonequilibrium state and provides unique insights i
material behavior under extreme conditions that can ha
be achieved by any other means. Analysis of the la
induced processes leads to a range of important fundam
questions, such as the limit of superheating, the microsc
mechanisms of homogeneous and heterogeneous me
and the nature of the fracture/spallation at ultrahigh deform
tion rates and elevated temperatures, as well as the me
nisms of explosive boiling and disintegration of material
laser ablation.
0163-1829/2003/68~6!/064114~22!/$20.00 68 0641
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The focus of the present paper is the microscopic anal
of the mechanisms of short-pulse laser melting. Althou
melting is a common and well-studied phenomenon, the
ture of the structural instability of a superheated crystal a
the microscopic mechanisms of melting are still subjects
active scientific discussions.4–10 It has been well establishe
that melting starts at surfaces and internal crystal defe
under rather minor superheating conditions or even be
the equilibrium melting temperature.6,7,11–14The later effect
of surface premelting is related to the lower free energy
the surface wetted by a thin liquid layer as compared to
ordered solid surface. After heterogeneous nucleation of
liquid phase, the liquid-solid interface propagates into
bulk of the solid, precluding any significant overheating. It
this barrierless~or almost barrierrless! nucleation of the liq-
uid phase at the surface that makes observation of an a
native mode of melting, homogeneous nucleation in the b
of a superheated crystal, difficult.

Short-pulse laser irradiation combined with new optic
x-ray, and electron diffraction time-resolved prob
techniques15–22has a promise of providing new insights in
the mechanisms and kinetics of ultrafast phase transfor
tions. The extremely high heating rates of 1014 K/s and even
more can be achieved by ultrashort-pulse~pico- and femto-
second! laser irradiation, opening unique opportunities f
investigation of the kinetic limits of achievable superheatin
Experimental investigations of the ultrafast phase trans
mations in metals and semiconductors15–22 performed by
©2003 The American Physical Society14-1
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various time-resolved pump-probe techniques suggest
depending on the irradiation conditions and properties of
material, the melting of the surface layer can take from s
eral picoseconds to nanoseconds. The melting time of sev
hundreds of picoseconds and longer15,17,20is consistent with
a conventional picture of heterogeneous nucleation of
liquid phase at the irradiated surface and propagation of
melting front deeper into the bulk of the crystal.23 A typical
thickness of the layer affected by the ultrashort laser hea
is on the order of 100 nm for metals or semiconducto
whereas the velocity of the melting front propagation ha
strong dependence on the degree of superheating, but is
ited by the speed of sound.24 The melting time of severa
picoseconds15,18,19,21,22is too short to be explained by th
heterogeneous melting mechanism, and the melting ca
attributed to homogeneous nucleation of the liquid phase
side the superheated surface region. Therefore, dependin
the irradiation condition, optical and thermal properties
the material, and the time of the electron-phonon equilib
tion in the system, the dynamics of laser melting is defin
by propagation of the melting front from the surface and
homogeneous nucleation of the liquid phase in the bulk
the superheated crystal.25

In this paper we present the result of a computatio
study of the microscopic mechanisms of laser melting of t
nickel and gold films irradiated by short, from 200 fs to 1
ps, laser pulses. Computational models that can be app
for the description of laser-metal interactions at the c
tinuum and atomic level are critically reviewed next, in Se
II. A hybrid computational approach that combines atomis
molecular dynamics simulations with a continuum descr
tion of the laser excitation and subsequent relaxation of
conduction band electrons is described in Sec. III. Par
eters of the systems used in the simulations are given in
IV, and the simulation results are presented in Secs. V an
for nickel and gold films, respectively. An overall picture
laser melting and disintegration of thin metallic films eme
ing from the simulations is briefly reviewed in Sec. VII.

II. COMPUTATIONAL DESCRIPTION OF SHORT-PULSE
LASER INTERACTION WITH METALS

In metals, laser light is absorbed by the conduction ba
electrons. The deposited energy quickly, within femtos
onds, is equilibrated among the electrons and, more slo
is transferred to the atomic vibrations. The latter proces
controlled by the strength of the electron-phonon coupl
and can take from a fraction of a picosecond to several
of picoseconds. Finally, a thermal equilibrium is establish
between the electrons and phonons, and the heat flow f
the surface region into the bulk of the irradiated target can
described as the common thermal diffusion. When the la
pulse duration is comparable or less than the time neede
electron-phonon thermalization, a state of thermal none
librium is created by laser irradiation, with electrons a
lattice having different temperatures. At the continuum lev
the time evolution of the lattice and electron temperaturesTl
andTe , can be described within a so-called two-temperat
06411
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model26,27 ~TTM! by two coupled nonlinear differentia
equations,

Ce~Te!
]Te

]t
5¹@Ke~Te!¹Te#2G~Te2Tl !1S~z,t !, ~1!

Cl~Tl !
]Tl

]t
5¹@Kl~Tl !¹Tl #1G~Te2Tl !, ~2!

whereC andK are the heat capacities and thermal cond
tivities of the electrons and lattice as denoted by subscripe
and l, andG is the electron-phonon coupling constant. T
source termS(z,t) is used to describe the local laser ener
deposition per unit area and unit time during the laser pu
duration. In Eq.~2! a term responsible for the phonon he
conduction is typically negligible as compared to the ele
tron heat conduction in metals and is often omitted. T
system of Eqs.~1! and ~2! can be solved by a finite differ
ence method and the spatial and time evolution of the e
tron and lattice temperatures can be obtained.

As an illustration of the model predictions, the tempe
ture profiles for a 50 nm Ni film irradiated by a 200 fs las
pulse are shown in Fig. 1~a! for the front and rear surfaces o
the film. We can see that equilibration between the hot e
trons and the lattice takes up to 20 ps for the Ni film, and
heating rate as well as the energy distribution in the film
strongly affected by the equilibration kinetics. A simple d
scription of melting is also included in the model by trackin
the fraction of the melted material in any finite differen
discretization cell where the equilibrium melting temperatu
is reached and taking away the latent heat of melting u
the complete melting is reached. The melting process is
flected in regions of the constant-temperature plateau in
lattice temperature profiles. The model predicts that melt
of the front surface region starts at;3 ps after the laser puls
and takes;4 ps, whereas melting of the back surface reg
starts at;8 ps after the laser pulse and takes;12 ps. As will
be shown in Sec. V, these predictions on the melting kine
are very different from the predictions of a more realis
model in which overheating and the effect of pressure on
melting process are included.

Over the last 30 years, TTM has become the main mo
to describe the kinetics of the electron and lattice tempe
ture evolution in a metal target irradiated with a short la
pulse. In conjunction with pump-probe measurements
transient changes in surface reflectance, TTM has been
to obtain information on the thermal conductivity, th
electron-phonon coupling constants,28–33mechanical proper-
ties of thin films,30 and the effect of grain boundaries34,35and
small size of the system36,37 on the electron-phonon relax
ation. The model has also been used to predict the thres
fluences for the onset of laser damage/melting38 and laser-
induced desorption of species from metal surfaces,39 as well
as to explain the dynamics of ion ejection in laser ablation40

Despite the successful applications and popularity of TT
the model has a number of inherent limitations. Some of
limitations can be overcome by adding ‘‘more physic
within the framework provided by TTM. In particular, rece
developments include incorporation, through the parame
4-2
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COMBINED ATOMISTIC-CONTINUUM MODELING OF . . . PHYSICAL REVIEW B 68, 064114 ~2003!
of TTM, of the description of the surface and grain bounda
scattering,41 as well as the energy transfer by ballist
electrons,32,33,42combining TTM with the hot electron blas
model43 and thermoelasticity equations to investigate
conditions for nonthermal damage to thin metal films.44

Other limitations are harder to overcome within a co
tinuum model. In particular, the description of phase tra
formations occurring under highly nonequilibrium conditio
induced in the target material by short-pulse laser irradia
is difficult at the continuum level and typically involves
number of assumptions and simplifications. Part of the pr
lem is that the physics of ultrafast phase transformations
damage occurring under highly nonequilibrium conditions
not well understood and therefore cannot be reliably

FIG. 1. ~Color online! Time dependence of electron and latti
temperatures predicted by~a! the TTM and~b! combined TTM-MD
methods for a 50 nm Ni film irradiated with a 200 fs laser pulse
an absorbed fluence of 430 J/m2. The values of the melting tem
perature and the latent heat of melting determined for the EAM
material are used in the TTM calculation~a!. Dashed lines show the
melting temperature of the EAM Ni.
06411
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scribed by a set of kinetic equations. Even the basic qu
tions on the kinetics and microscopic mechanisms of melt
and boiling under conditions of strong overheating contin
to remain the subjects of active scientific debates. In part
lar, at the extremely high levels of superheating realized
ultrashort-pulse laser melting, when the melting front prop
gation is approaching the speed of sound and the size
critical nucleus becomes comparable to several interato
distances, the applicability of macroscopic kinetic a
proaches based on classical nucleation theory5,10,23 is ques-
tionable and should be verified by a detailed microsco
analysis of the involved processes. Similarly, the proces
leading to material ejection and plume formation in sho
pulse laser ablation are not well established, with Coulo
explosion,45 explosive homogeneous boiling,46–48 and spin-
odal decomposition49,50of the material overheated by a sho
laser pulse being discussed as possible mechanisms re
sible for the ablation onset.

A computational method that is suitable for simulation
fast nonequilibrium processes and therefore can provide
sights into the mechanisms of laser-metal interactions is
molecular dynamics~MD! method. The advantage of th
MD method is that only details of the interatomic interacti
need to be specified, and no assumptions are made abou
character of the processes under study. In particular, MD
been demonstrated to be an efficient tool for a microsco
analysis of the melting mechanisms under conditions
overheating in both the bulk of a crystal8,51,52and in systems
with a free surface.53,54 Simulations of boiling, spinodal de
composition and fragmentation of a metastable liquid,55–57

generation and propagation of laser-induced press
waves,58,59 and laser ablation60–63 has been also reported
The classical MD method, however, is not directly applica
for simulation of laser interactions with metals. Since t
electronic contribution to the thermal conductivity of a me
is dominant, the conventional MD method, where only t
lattice contribution is present, significantly underestima
the total thermal conductivity. This leads to unphysical co
finement of the deposited laser energy in the surface reg
of the irradiated target and does not allow for direct compa
son between the calculated and experimental data. Moreo
the laser energy absorption by the conduction band elect
and the transient state of electron-lattice nonequilibrium c
not be reproduced since the electrons are not explicitly r
resented in the model. A computational model aiming
overcoming these limitations and combining the advanta
of TTM and MD for a realistic description of the divers
range of processes induced by short-pulse laser irradiatio
a metal target is described below.

III. COMBINED TTM-MD MODEL

In the combined method the MD method completely su
stitutes the TTM equation for the lattice temperature, Eq.~2!.
The diffusion equation for electron temperatureTe , Eq. ~1!,
is solved by a finite difference method simultaneously w
MD integration of the equations of motion of atoms and t
electron temperature enters the coupling term,54,64,65which is

t

i
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responsible for the energy exchange between the elect
and the lattice,

Ce~Te!
]Te

]t
5

]

]z S Ke~Te!
]

]z
TeD2G~Te2Tl !

1S~z,t !, TTM ~3!

mi

d2r i

dt2
5Fi1jmivi

T , MD

where

j5
1

n (
k51

n

GVN~Te
k2Tl !Y (

i
mi~vi

T!2. ~4!

Since in short-pulse laser irradiation the laser spot siz
typically much larger as compared to the depth affected
the laser heating, a one-dimensional version of the diffus
equation for electron temperature, Eq.~1!, is used here.

In Eq. ~4!, mi andr i are the mass and position of an ato
i, andFi is the force acting on atomi due to the interatomic
interaction. An additional term, added to the ordinary M
equations of motion, accounts for the electron-phonon c
pling. A modified, as compared to earlier works,54,65 formu-
lation of the coupling term is used in the model~see Appen-
dix A!. The new formulation distinguishes between t
thermal velocities of the atoms,vi

T , and the velocities of
their collective motion. It also does not requirea priori
knowledge of the lattice heat capacity of the model syste
which is, in general, a function of temperature~see Sec.
V A !. Cells in the finite difference discretization are relat
to the corresponding volumes in the MD system. The latt
temperature and coefficientj are defined for each cell of
volume VN , and the summation( i in Eq. ~4! is performed
over all the atoms in a given cell. The expansion, den
variations along thez axes, and, at higher fluences, disint
gration of the irradiated target predicted in the MD part
the model are accounted for in the continuum part of
model. New cells are activated when the number of atom
the corresponding MD regions exceeds a certain crit
number, taken in this work to be 10% of the average num
of atoms in a cell in the initial system. Cells are deactiva
when the number of atoms in the corresponding MD reg
falls below the critical number. The atoms in the deactiva
cells are included in the nearest active cell if they are loca
within a distance equal to a half the size of a cell from t
active cell.

The step of the spatial discretization in the finite diffe
ence~FD! integration of Eq.~3! can be estimated based o
the von Neumann stability criterion, DtFD
<0.5(DxFD)2Ce(Te)/Ke(Te ,Tl), for the values of the hea
capacity and thermal conductivity giving the smallest tim
step. The maximum time step that can be used in the fi
difference integration is typically smaller than the values
the time step used in the integration of the MD equations
motion, Eq.~4!. Therefore, the time steps in the two parts
the combined model are chosen so that one MD time s
would correspond to an integer number of finite differen
06411
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time steps,DtMD5nDtFD. In each finite difference discreti
zation cell, the energy transferred between the electrons
the lattice due to the electron-phonon coupling is accum
lated forn steps of integration,

DEe-ph5 (
k51

n

DtFDGVN~Te
k2Tl !.

The accumulated energy is then transferred to~or extracted
from! the energy of the atomic motion in the correspondi
part of the MD system by means of the coupling term add
to the MD equations of motion, Eq.~4!, as explained in
Appendix A. Note that although a smaller time step is us
in the finite difference integration, the computational ef
ciency of the combined TTM-MD model is defined almo
entirely by the MD part.

A Gaussian temporal profile is used in the simulations
describe the laser energy deposition,

S~z,t !5I 0~12R!Lp
21 exp~2z/Lp!exp@2~ t2t0!2/2s2#,

~5!

whereI 0 is the peak intensity,R is the reflectivity,Lp is the
optical absorption depth, ands is the standard deviation o
the Gaussian profile, related to the pulse duration astL

5(full width at half maximum)5sA8 ln(2). The laser flu-
ence F is related to the peak intensityI 0 as F
5Ap/4 ln(2)tLI0'1.0645tLI 0 . The absorbed laser fluenc
related to the incident fluence asFabs5F(12R), is used in
the discussion of the simulation results in this paper.

In addition to the diffusive electron energy transport a
sumed in TTM, Eqs.~1! and ~3!, the ballistic motion of the
excited electrons can significantly alter the initial ener
deposition depth fors/p-band metals, where the electron
electron collision rate is relatively small. Before the excit
electrons equilibrate due to collisions with other electro
near the Fermi level and form a Fermi distribution with
certain electron temperature, they can propagate from
optical absorption depth deeper into the bulk of the irradia
sample with velocities close to the Fermi velocit
;106 m/s. This ballistic motion of the excited electron
leads to the fast, within;100 fs redistribution of the depos
ited energy within the ballistic range that is defined by t
mean free path of the electrons. It has been suggested32,38,42

that the effect of ballistic electrons can be incorporated i
TTM by substituting the optical penetration depthLp in the
source term, Eq.~5!, by an effective laser energy depositio
depth defined by both optical absorption and ballistic ene
transport,Lp1Lb , whereLb is the ballistic range. An addi-
tional correction should be introduced in the source term
system with sizes comparable to the effective energy de
sition depth.32,38,42

The energy exchange between the two parts of the c
bined model is schematically illustrated in Fig. 2. In the ca
of a bulk sample irradiated by a laser pulse,54,65 the MD
method is used only in a topmost surface region of the tar
where active processes of laser melting and ablation are
ing place, whereas the diffusion equation for electron te
perature is solved in a much wider region affected by
4-4
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thermal conduction from the absorbing surface layer. In
der to avoid reflection of the pressure waves propaga
from the irradiated surface, the dynamic boundary condit
that mimics the interaction of the atoms in the bound
region with the outer ‘‘infinite elastic medium’’58 should be
applied at the bottom of the MD region. Simulations pr
sented in this paper are performed for free-standing
metal films and free boundary conditions are applied at b
surfaces of the film. Periodic boundary conditions are i
posed in the directions parallel to the free surfaces. Th
conditions simulate the situation in which the laser spot
ameter is large compared to the depth of the laser en
deposition so that the effects of the edges of the laser b
can be neglected.

The hybrid approach, briefly described above, combi
the advantages of the two-temperature model and the
method. The two-temperature model provides an adeq
description of the laser energy absorption in the electro
system, energy exchange between the electrons and pho
and fast electron heat conduction in metals, whereas the
method is appropriate for simulation of nonequilibrium pr
cesses of lattice superheating, melting, and ablation. In
paper we apply the model for investigation of the micr
scopic mechanisms of laser melting and disintegration
thin metal films. Parameters of the systems used in the si
lations are described below.

IV. COMPUTATIONAL SETUP FOR SIMULATIONS
OF LASER INTERACTION WITH THIN Ni

AND Au FILMS

Simulations presented in this paper are performed for
nm Ni and Au free-standing films irradiated with laser puls
of different pulse widths, from 200 fs up to 200 ps. The tw
target materials are chosen to investigate the effect of
strength of electron-phonon coupling on laser-induced p
cesses. The rate of the energy transfer from hot electron
the lattice is much slower in Au as compared to Ni and,
the same time, the depth affected by the ballistic ene
transport is significantly larger in Au. Since the effective
ser energy deposition depth in Au is estimated to be lar
than 100 nm,32 a uniform energy deposition throughout th
50 nm Au film is used in the simulations. A theoretical pr

FIG. 2. ~Color online! Schematic representation of the combin
continuum-atomistic model. The evolution of the electron tempe
ture is described by a nonlinear differential equation@Eq. ~3!#,
whereas the atomic motions are described by the MD method
additional forces that account for the energy exchange due to
electron-phonon coupling@Eq. ~4!#. Spatial discretization in the
continuum model~typically ;1 nm! and size of the atomistic regio
are not drawn to scale. Nonreflecting boundary conditions are
scribed in Refs. 58 and 79.
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diction of a uniform rise of the electronic temperature f
thicknesses smaller than the ballistic range has been
firmed in a series of pump-probe measurements of trans
reflectivity performed for Au films of different thicknesse
from 10 nm up to 500 nm.33 The reflectivity changes are
consistent with the assumption of a homogeneous electr
temperature increase for films with thicknesses of 100 nm
less. The effect of ballistic energy transport is negligible
Ni, and the source term, Eq.~5!, with the optical penetration
depth of 13.5 nm is used in the simulations of laser irrad
tion of Ni films.

The range of laser fluences used in the simulations is c
sen so that the lowest fluence would be close to the thres
for the complete melting of the irradiated film, whereas t
highest fluence would lead to disintegration of the film
Thus, the range of absorbed fluences,Fabs5(12R)F, is
from 430 J/m2 to 1117 J/m2 for Ni films and from 130 J/m2

to 955 J/m2 for Au films.
The material constants used in the description of the e

tron subsystem, Eq.~3!, are as follows.32 For Ni, Ce5gTe

with g51065 J m23 K22, Ke5K0Te /Tl with K0

591 W m21 K21, G53.631017 W m23 K21. For Au Ce

5gTe with g571 J m23 K22, G52.131016 W m23 K21.
An expression used to describe the dependence of the
tron thermal conductivityKe on the electron and lattice tem
peratures in Au as well as justification of the choice of t
approximations used for Ni and Au are given in Appendix

All the thermal and elastic properties of the lattice, su
as the lattice heat capacity, elastic moduli, the coefficien
thermal expansion, melting temperature, volume and entr
of melting and vaporization, as well as the dependence
these characteristics on temperature and pressure, are de
by the interatomic interaction, described in this work by t
embedded-atom method~EAM! in the form and parametri-
zation suggested by Johnson and co-workers.66 A series of
liquid-crystal coexistence simulations are performed to de
mine the pressure dependence of the equilibrium mel
temperature, whereas a series of constant-pressure–con
temperature simulations are used to determine the equa
of state of the model materials~see Secs. V and VI!.

The initial MD system used in the simulations of las
irradiation of Ni films is an fcc crystal composed of 56 80
atoms with dimensions 3.5333.53350.14 nm and periodic
boundary conditions imposed in the directions parallel to t
~100! free surfaces. A similar computational cell is used f
Au ~100! films, with 48 800 atoms and dimensions of 4.0
34.09349.92 nm. Before applying laser irradiation, all sy
tems are equilibrated at 300 K.

The result of the application of the combined TTM-M
method to a 50 nm Ni film is shown in Fig. 1~b!. While the
temperature profiles are similar in Figs. 1~a! and 1~b!, the
MD description gives a much more realistic representation
the lattice response to laser heating, including thermal exp
sion, overheating, melting, and disintegration, as discusse
the following sections. The size of the relative temperat
fluctuations in Fig. 1~b! is determined by the number of a
oms in cells within the MD system, for which temperature
calculated,A^(DT)2&/^T&;1/ANcell.

67 The size of the fluc-
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tuations can be reduced by increasing the lateral size of
MD system or the step of spatial discretization used in
finite difference integration of Eq.~3!, Fig. 2. The step of
spatial discretization used in this work isDxFD51 nm, and
the average number of atoms in a cell is 1159 and 996 for
initial Ni and Au films, respectively.

The time step in the finite difference integration of E
~3!, DtFD51.25 fs for Ni andDtFD50.025 fs for Au, and the
time step in the integration of the MD equations of motio
Eq. ~4!, DtMD52.5 fs, are chosen so that the von Neuma
stability criterion and the synchronization requireme
DtMD5nDtFD are satisfied, and the total energy in the co
bined model is conserved with the maximum energy drift
less than 0.3% during any of the simulations discussed in
paper. The energy balance in a combined TTM-MD simu
tion is illustrated in Fig. 3 for the simulation, for which th
surface temperatures are shown in Fig. 1~b!. The total energy
of the entire system is shown along with contributions fro
the thermal energy of the electrons,Ee , the energy~kinetic
and potential! associated with the thermal motion of the a
oms,Ea

th , the energy~kinetic and potential! of the collective
atomic motion due to the elastic vibrations of the film i
duced by the fast laser energy deposition,Ea

c , and the energy
that goes to the latent heat of melting,Em . Both Ea

th andEa
c

include contributions from the kinetic and potential energ
of the MD system, and the approximate separation of
MD energy into the energies of the thermal and collect
motion is based on the virial theorem.68 The energy spent on
melting is determined by multiplying the fraction of the liq
uid phase in the system at any given time by the latent h
of melting of the model material. The fraction of the liqu

FIG. 3. ~Color online! Energy redistribution in a 50 nm Ni film
irradiated with a 200 fs laser pulse at an absorbed fluence of
J/m2. The thermal energies of the electrons,Ee , and the atoms,Ea

th ,
the energy of the collective atomic motion due to the elastic vib
tions of the film,Ea

c , the energy that went to the latent heat
melting, Em , and the total energy of the system,Etot5Ee1Ea

th

1Ea
c1Em are shown. Energies are normalized to the total ene

absorbed by the film,Etot5FabsS, whereS is the surface area of th
MD system andFabs is the absorbed laser fluence.
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phase is determined based on the local order parameter
fined in Appendix C, whereas the latent heat of melting
calculated from the internal energy plots, Fig. 6, as discus
in Sec. V B. Figure 3 shows that the total energy is conser
following the laser energy deposition occurring during t
first 200 fs. Initially all the laser energy is deposited into t
energy of electrons and then, within;20 ps, is transferred to
the thermal energy of the atomic motion. The fast tempe
ture increase leads to the buildup of the compressive pres
in the middle of the irradiated film~see Sec. V! and induces
acoustic vibrations of the film. The vibrations gradually d
sipate into heat, which is reflected in a gradual transfer
energy fromEa

c to Ea
th . This energy transfer does not lead

the increase of the thermal energy,Ea
th , since it is offset by

the transfer of energy fromEa
th to Em . The time dependence

of the energy of melting,Em , reflects the two-step characte
of the melting process. A fast melting of;80% of the film
that takes place from;10 ps to;25 ps is followed by a
much slower melting of the remaining part of the film.
detailed analysis of the melting mechanisms is performed
the next section.

V. LASER MELTING AND DISINTEGRATION
OF Ni FILMS

The initial discussion of the redistribution of the absorb
laser energy and the mechanisms of laser melting is gi
below for a simulation performed for a 50 nm free-standi
Ni film irradiated with a 200 fs laser pulse at an absorb
fluence of 430 J/m2. This fluence is chosen so that we have
complete melting of the film by the end of the simulatio
The laser energy absorption by the conduction band e
trons, fast electron heat conduction, and gradual ene
transfer to the lattice vibrations due to the electron-phon
coupling are reflected in Fig. 1~b!, where the evolution of the
electronic and lattice temperatures at the front and rear
faces of the film is shown. The laser energy absorption
sults in a sharp increase of the electronic temperature
the irradiated front surface. The fast temperature-depen
electron heat conduction leads to the redistribution of
deposited energy within the film as reflected by the rise
the electronic temperature near the rear surface of the fi
The process of the energy redistribution within the electro
system is occurring simultaneously with a more gradual
ergy transfer to the lattice vibrations due to electron-phon
coupling. As can be seen from Figs. 1~b! and 3, most of the
energy is transferred to the lattice within;5 ps, whereas
complete equilibration between the hot electrons and the
tice takes up to 20 ps. The energy transferred to the lat
splits into three parts in Fig. 3, the energy of the therm
motion of the atoms, the energy of melting, and the energy
the collective atomic motion associated with elastic vib
tions of the film. The latter part is associated with the rela
ation of the laser-induced pressure and decreases with
creasing laser pulse duration~see later in this section! or
decreasing strength of the electron-phonon coupling~see
Sec. VI!.

30

-

y

4-6



ra
rm
ck
an
-

si

ic
a
in
f
o
rs

t
m

of

are
he
0%

ong

ed
nifi-
ng
of

re-
in the
the

up

sion
ting
-
ga-
at
ersa
the

om

om
t 15
ct

tions

reas
is-

and
and
ra-

ical

ine
apac-
l
n-
a
ula-
. 5
and

es-

he
e

4
f th

9

COMBINED ATOMISTIC-CONTINUUM MODELING OF . . . PHYSICAL REVIEW B 68, 064114 ~2003!
A. Analysis of the temperature evolution

The temporal and spatial evolution of the lattice tempe
ture and pressure in the irradiated film is shown in the fo
of contour plots in Fig. 4. The motion of the front and ba
surfaces of the film corresponds to the initial thermal exp
sion of the film, followed by gradually dissipating oscilla
tions. The complexity of the temperature plot, Fig. 4~a!, re-
flects the interplay of several processes that are respon
for the lattice temperature evolution.

First, the energy transfer from hot electrons to the latt
leads to the initial temperature increase. A relatively sm
thermal diffusivity and strong electron-phonon coupling
Ni ~as compared to other metals! leads to a rapid transfer o
the absorbed energy to the lattice and the development
temperature gradient within the 50 nm film during the fi
10 ps of the simulation@Fig. 4~a!#.

Second, the onset of melting leads to a decrease of
lattice temperature due to the transfer of a part of the ther

FIG. 4. ~Color online! Contour plots of lattice temperature~a!
and pressure~b! for simulation of laser melting of a 50 nm Ni film
irradiated with a 200 fs laser pulse at an absorbed fluence of
J/m2. Solid and dashed lines show the beginning and the end o
melting process. RectanglesA and B in ~a! show the areas of the
film and times for which snapshots are shown in Figs. 8 and
respectively. The laser pulse is directed along they axes, from the
bottom of the contour plots.
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energy to the latent heat of melting. A transient decrease
temperature due to the melting can be seen in Fig. 4~a!,
where the beginning and the end of the melting process
shown by the dashed and solid lines, respectively. T
dashed line goes through the regions in the film where 1
of atoms have a ‘‘liquidlike’’ environment~as defined by the
local order parameter, described in Appendix C!, whereas the
solid line connects the regions where 90% of atoms bel
to the liquid phase.

Third, the elastic vibrations of the irradiated film caus
by the relaxation of the laser-induced pressure have a sig
cant effect on the temperature evolution in the film. Stro
electron-phonon coupling in nickel leads to the steep rise
the lattice temperature during the first;5 ps after the laser
pulse @Figs. 1 and 4~a!#. The time of the lattice heating is
shorter than the time needed for the film to expand in
sponse to the corresponding thermoelastic stresses and,
central part of the film, the heating takes place under
condition of inertial stress confinement.62,69 The heating un-
der the condition of stress confinement results in the build
of high, up to 6 GPa, compressive pressure@Fig. 4~b!#. Re-
laxation of the compressive pressure leads to the expan
of the free-standing film with tensile stresses concentra
in the central part of the film. The following, gradually dis
sipating oscillations of the film can be described as propa
tion of two pressure waves trapped within the film th
change their signs from compressive to tensile and vice v
at each reflection at the free surfaces. The dissipation of
oscillations is reflected in the gradual energy transfer fr
the energy of the collective atomic motion,Ea

c , to the energy
of the thermal motion of the atoms,Ea

th , as can be seen from
Fig. 3. The energy of the film oscillations decreases fr
;15% of the total energy deposited by the laser pulse a
ps down to less than 10% by the time of 150 ps. A dire
correlation between the pressure and temperature varia
in the film is apparent from comparison of Figs. 4~a! and
4~b!. Compression leads to the temperature increase whe
expansion corresponds to cooling. With the neglect of v
cosity and dissipation of the energy of the elastic waves
considering the compression and expansion of the solid
liquid parts of the film as isentropic processes, the tempe
ture variation with pressure can be estimated from class
thermodynamics,

~]T/]P!S5VTa/CP . ~6!

In order to integrate this equation, we have to determ
the pressure and temperature dependences of the heat c
ity CP , volume V, and the volume coefficient of therma
expansiona in both solid and liquid states. These depe
dences are calculated for the model EAM Ni material in
series of constant-pressure–constant-temperature sim
tions. The results of these simulations are shown in Figs
and 6, where the temperature dependences of the volume
internal energy of the system are shown for different pr
sures. The volume plots~Fig. 5! allow us to calculate the
volume coefficient of thermal expansion,a5(1/V)
3(]V/]T)P , for different temperatures and pressures. T
internal energy plots~Fig. 6! provide us with the pressur
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DMITRIY S. IVANOV AND LEONID V. ZHIGILEI PHYSICAL REVIEW B 68, 064114 ~2003!
and temperature dependence of the heat capacity,CP

5(]H/]T)P . The knowledge ofCP(T,P), a(T,P), and
V(T,P) allows us to integrate Eq.~6!. The results of the
integration are shown in Fig. 7, where the isentropes
shown for the crystal phase by dashed lines for several in
values of entropy. For a pressure variation from25 to 5
GPa, observed in Fig. 4~b!, the range of the temperatur
variation of ;200 K is predicted for the isentropi
expansion/compression for both crystal~Fig. 7! and liquid
~not shown! phases, in agreement with the temperature va
tion observed in Fig. 4~a!.

The analysis performed above indicates that the comp
temperature evolution in the irradiated film is defined by
interplay of the fast energy transfer from the excited el
trons to the lattice vibrations, transfer of a part of the latt

FIG. 5. The temperature dependence of the volume of the E
Ni material. The results are shown for zero pressure for both s
and liquid phases in~a! and for several different pressures for th
solid phase in~b!. The dependences are used to calculate the
ume coefficient of thermal expansion at different temperatures
pressures,a5(1/V)(]V/]T)P , and the volume change of melting
Vm , as indicated in~a!. The vertical dashed line in~a! shows the
equilibrium melting temperature of the EAM Ni at zero pressur
06411
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thermal energy to the latent heat of melting, and the temp
ture variations related to the relaxation of the laser-indu
pressure. The temperature and pressure evolution, in t
defines the kinetics and the mechanisms of laser melting
cussed in the next section.

B. Mechanisms of laser melting

Turning to the analysis of the mechanisms of laser m
ing, we can see from the dashed and solid lines separa
the liquid- and solid-state regions in the contour plots sho
in Fig. 4 that the melting process occurs in two steps.
ultrafast melting of;80% of the film occurring within;15

id

l-
d

FIG. 6. The temperature dependence of the internal energ
the EAM Ni material. The results are shown for zero pressure
both solid and liquid phases in~a! and for several different pres
sures for the solid phase in~b!. The dependences are used to calc
late the heat capacity at different temperatures and pressuresCP

5(]H/]T)P , as well as the latent heat of melting,DHm5DUm

1PDVm , and the entropy change of melting,DSm5DHm /Tm .
The vertical dashed line in~a! shows the equilibrium melting tem
perature of the EAM Ni at zero pressure.
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COMBINED ATOMISTIC-CONTINUUM MODELING OF . . . PHYSICAL REVIEW B 68, 064114 ~2003!
ps is followed by a much slower melting of the remaini
crystalline region near the back surface of the film that ta
more than 100 ps. The irradiated side of the film starts
melt ;10 ps after the laser pulse, when the temperat
reaches;1650 K, significantly above the equilibrium mel
ing temperature of 1439 K, determined for the EAM Ni fro
a liquid-crystal coexistence simulation at zero pressure. D
ing the following 15 ps a big part of the film melts and on
a small layer near the back surface remains in a crysta
form. Although, at first sight, the melting seems to proce
by propagation of a melting front from the irradiated surfa
a closer look at a series of snapshots of the atomic-le
structure of a region undergoing ultrafast melting~Fig. 8!
reveals a more complex picture characteristic of homo
neous melting. Small liquid regions appear and grow ah
of the ‘‘melting front,’’ leading to a very high apparen
‘‘melting front’’ propagation velocity of;4000 m/s.

From the temperature contour plot@Fig. 4~a!# we see that
although the homogeneous melting starts near the irradi

FIG. 7. ~Color online! Conditions of equilibrium and nonequi
librium melting observed in simulations performed for the EAM
material. Black diamonds correspond to the conditions obtaine
liquid-crystal coexistence simulations. Solid line shows the melt
curve calculated from the Clapeyron equation. The four low
dashed lines are isentropes plotted for the crystal phase for
different values of entropy. Black triangles connected by the bl
dashed line correspond to the maximum overheating of the cry
observed in simulations performed with three-dimensional perio
boundary conditions. Blue and red circles correspond to the co
tions leading to the onset of homogeneous melting in the sim
tions of laser irradiation of 50 nm Ni films at absorbed fluences
430 J/m2 and 1117 J/m2, respectively. The conditions for the ons
of homogeneous melting are realized along the dashed lines in
4 and 10 for the whole depth of the film in the simulation perform
at 1117 J/m2 and up to the depth of 35 nm in the simulation pe
formed at 430 J/m2. The circles are connected by lines in the ord
of increasing depth under the surface.
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surface at a temperature of;1650 K, it proceeds at signifi-
cantly lower temperatures that, in the central part of the fi
become as low as;1300 K. This observation can be ex
plained based on the pressure dependence of the equilib
melting temperature. A series of liquid-crystal coexisten
MD simulations has been performed at different pressure
determine the equilibrium melting temperature.70 In these
simulations a system of coexisting liquid and solid phase
allowed to evolve toward the equilibrium state while the e
ergy of the system is conserved. If the temperature of
system is initially above the equilibrium melting temper
ture, part of the solid phase melts, consuming the latent h
of melting and reducing the temperature. If the initial tem
perature is lower than the equilibrium melting temperatu
crystallization of a part of the system leads to the tempe
ture evolution toward the equilibrium melting temperatu
from below. Simulation results, shown by diamonds in F
7, predict a nearly linear dependence of the melting temp
ture on pressure. This prediction is in good agreement w
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FIG. 8. ~Color online! Snapshots from simulation of a 50 nm N
film irradiated with a 200 fs laser pulse at an absorbed fluence
430 J/m2. Snapshots are taken at times and locations marked
rectangleA in Fig. 4~a!. Atoms are colored according to the loc
order parameter—red atoms have local crystalline surroundi
blue atoms belong to the liquid phase. In these and other snaps
the atomic positions are averaged over 100 MD integration t
steps~0.25 ps! in order to reduce the effect of thermal oscillation
of atoms.
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DMITRIY S. IVANOV AND LEONID V. ZHIGILEI PHYSICAL REVIEW B 68, 064114 ~2003!
calculations based on the Clapeyron equation,@dT/dP#m
'DVm /DSm , where the volume change and entropy
melting, DVm and DSm , are determined from the temper
ture dependences of the volume and internal energy ca
lated as shown in Figs. 5~a! and 6~a!, respectively. For the
model EAM Ni material, the values of volume change a
entropy of melting at zero pressure are found to beDVm
50.46 cm3/mol andDSm5DHm /Tm510.06 J/K mol, com-
parable to the experimental values for Ni,DVm

expt

50.32 cm3/mol and DSm
expt59.94 J/K mol.71 In simulations

we find that bothDVm and DSm decrease with increasin
pressure, leading to a weak nonmonotonous pressure de
dence of the slope of the coexistence line with an aver
value of @dT/dP#m'45 K/GPa.

The temperature and pressure conditions leading to
onset of the ultrafast homogeneous laser melting are sh
in Fig. 7 by blue circles. The conditions for the onset
homogeneous melting are calculated along the dashed lin
Fig. 4 for the depth under the irradiated surface up to 35
The circles are connected by a line in the order of increas
depth under the surface. At all pressures, the homogen
melting starts under conditions of overheating above
liquid-crystal coexistence line. The overheating required
initiation of the homogeneous melting in this simulation
found to range from less than 1.05Tm to 1.18Tm . These val-
ues of overheating are significantly lower then the high
temperature at which no homogeneous melting is obse
in constant-pressure simulations performed with thr
dimensional periodic boundary conditions. A series of su
simulations has been performed for different pressures,
the observed temperatures required to melt the sys
(1.21– 1.25)Tm , are shown by triangles connected by
dashed line in Fig. 7. The temperatures at which melt
takes place in a system with no external boundaries and
ternal defects correspond to the limit of thermal stability
the crystal lattice8 and can be considered as the maximu
possible overheating achievable in a system. The maxim
overheating of;1.25Tm is observed at pressures from 0
10 GPa, whereas a gradual decrease of the overheating d
to 1.21 GPa at25 GPa is observed for negative pressur
The reasons for the discrepancy between the maximum o
heating and the one required for the initiation of homog
neous melting under laser irradiation conditions are d
cussed in Sec. VII.

A region near the back surface of the irradiated film is n
affected by the ultrafast homogeneous melting discus
above, and a much slower conventional heterogeneous m
ing takes place. A thin crystalline layer with two well-define
crystal-liquid interfaces is observed in a snapshot taken a
ps after the laser pulse in Fig. 9. The subsequent snaps
show that two melting fronts are propagating from the ba
surface of the film and from the homogeneously melted p
of the film, leading to a gradual decrease of the size of
crystalline region and complete vanishing of the crystall
layer by the time of;115 ps after the laser pulse. The he
erogeneous melting is also affected by the pressure va
tions. The decrease in the thickness of the crystalline reg
typically coincides with the expansion of the region. This
related to the steeper slope of the coexistence line as c
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pared to isentropes,@dT/dP#m.@dT/dP#s ~Fig. 7!. There-
fore, an adiabatic expansion of a region of the liquid-crys
coexistence facilitates melting and induces the advancem
of the melting front.

C. Melting and disintegration at higher laser fluences

An increase of the laser fluence leads to a faster homo
neous melting of the entire film, eliminating the possibili
for a slower heterogeneous melting by liquid-crystal int
face propagation. Temperature and pressure evolution
simulation performed with the same pulse duration as in
simulation discussed above, 200 fs, but with more than tw
higher laser fluence of 1117 J/m2 are shown in Fig. 10. From
the dashed and solid lines that mark the beginning and
end of the melting process we see that the melting starts
the front surface at;4 ps after the laser pulse and is over
;11 ps. The visual analysis of the snapshots from the sim
lation ~Fig. 11! suggests that homogeneous melting proce
by nucleation of more numerous liquid regions that a
smaller in size as compared to the lower fluence simula
~Fig. 8!. The growth and coalescence of the liquid regions

FIG. 9. ~Color online! Snapshots from simulation of a 50 nm N
film irradiated with a 200 fs laser pulse at an absorbed fluence
430 J/m2. Snapshots are taken at times and locations marked
rectangleB in Fig. 4~a!. Atoms are colored according to the loc
order parameter—red atoms have local crystalline surroundi
blue atoms belong to the liquid phase.
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COMBINED ATOMISTIC-CONTINUUM MODELING OF . . . PHYSICAL REVIEW B 68, 064114 ~2003!
also faster in simulations performed at higher fluences an
takes only;3 ps for a region shown in Fig. 11 to melt.

From the pressure plot in Fig. 10~b! we see that in the
middle of the film the melting takes place at high compr
sive pressure. The pressure-temperature conditions for
onset of the homogeneous melting in this simulation
shown by red circles in Fig. 7. The circles are located in
region of compressive pressure and many of them are c
or even above the dashed line, which shows the maxim
possible overheating achievable in a system. These ca
explained by the fact that at the time of melting the rate
the energy transfer from the hot electrons to the thermal
tion of the atoms is still very high and the temperature c
culated along the dashed line in Fig. 10 comes out hig
than the one that is actually needed to initiate homogene
melting.

The compressive pressure that builds up in the central
of the film due to the conditions of the stress confinem

FIG. 10. ~Color online! Contour plots of lattice temperature~a!
and pressure~b! for simulation of laser melting of a 50 nm Ni film
irradiated with a 200 fs laser pulse at an absorbed fluence of 1
J/m2. Solid and dashed lines show the beginning and the end o
melting process. RectanglesA and B in ~a! show the areas of the
film and times for which snapshots are shown in Figs. 11 and
respectively. The laser pulse is directed along they axes, from the
bottom of the contour plots.
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reaches its maximum of;12 GPa at;5 ps@Fig. 10~b!#. The
maximum pressure is twice higher then the one observe
the simulation performed at a lower fluence of 430 J/m2 @Fig.
4~b!#. In both simulations the relaxation of the compress
pressure leads to the expansion of the film and generatio
the tensile stresses. In the case of the higher fluence, h
ever, the tensile stresses are sufficient to cause disintegr
of the film into two large pieces and one small piece mov
apart from each other, as indicated by the two white gaps
develop in the contour plots shown in Fig. 10 after;30 ps.
The disintegration interrupts the electronic heat conduct
among the pieces of the film and the final temperatures of
front and the back pieces of the film are different by mo
than 500 K. One more consequence of the disintegration
cess is a strong asymmetry between the maximum comp
sive and tensile pressure observed in Fig. 10~b!. Apparently,
the dynamic strength of liquid Ni does not exceed 6 GPa
higher tensile stresses cannot be supported, leading to
void nucleation.

The atomic-level picture of the disintegration process
shown in Fig. 12. A number of voids appear in the cent
part of the film at;18 ps, the time when the tensile stress
reach their maximum values@Fig. 10~b!#. Some of the voids
collapse, others grow, coalesce, and eventually lead to
disintegration of the film. Note that there are no gas-ph
atoms observed inside the growing voids, indicating that
process of void nucleation and growth is not related to b
ing but has a mechanical nature. Photomechanical proce
caused by the relaxation of the laser-induced pressure
leading to disintegration of finite-size absorbers or dama
spallation of a surface region of an irradiated bulk targ
have been observed in experiments69 as well as in MD
simulations.62,72,73

D. The effect of pulse duration on melting mechanisms

The character of the melting and disintegration proces
in irradiated films is in a big part defined by the rate of t

17
e

2,

FIG. 11. ~Color online! Snapshots from simulation of a 50 nm
Ni film irradiated with a 200 fs laser pulse at an absorbed fluenc
1117 J/m2. Snapshots are taken at times and locations marked
rectangleA in Fig. 10~a!. Atoms are colored according to the loc
order parameter—red atoms have local crystalline surroundi
blue atoms belong to the liquid phase.
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DMITRIY S. IVANOV AND LEONID V. ZHIGILEI PHYSICAL REVIEW B 68, 064114 ~2003!
laser energy deposition into the thermal energy of ato
motion. The rate of lattice heating in short-pulse laser ir
diation is defined by two factors, the strength of the electr
phonon coupling and the laser pulse duration. A compari
of the results obtained for Ni with the ones presented in
next section for Au allows us to discuss the role of t
strength of the electron-phonon coupling, whereas the rol
the pulse duration is investigated below in a series of sim
lations performed for Ni films.

The temperature contour plots are shown in Fig. 13
simulations performed for the same laser fluence of 430 J2

as in the simulation discussed in Secs. V A and V B, but w
longer laser pulses of 50, 100, and 150 ps. In a clear con
with the simulation performed with a 200 fs laser pulse~Fig.
4! the relaxation of the laser-induced pressure does not
any significant role in the simulations performed with t
longer pulses. The conditions for the stress confinement62,69

are not satisfied in these simulations, there is no signific
pressure buildup in the central part of the film, and the fi
undergoes a gradual expansion rather than elastic oscilla
observed in Fig. 4. Accordingly, the picture of the tempe
ture evolution is less complex and is mainly defined by o
two factors, the energy transfer from the excited electron
the thermal energy of atomic motion and the transfer o
part of the lattice thermal energy to the latent heat of melti
The latter is reflected in a temporal temperature decre
right after the melting curves in Fig. 13.

In all of the three simulations, both homogeneous a
heterogeneous melting mechanisms have been identi
The regions of the film where homogeneous nucleation
the liquid phase is observed are marked in Fig. 13 by das

FIG. 12. ~Color online! Snapshots from simulation of a 50 nm
Ni film irradiated with a 200 fs laser pulse at an absorbed fluenc
1117 J/m2. Snapshots are taken at times and locations marked
rectangleB in Fig. 10~a!. Atoms are colored according to the
potential energy~red color corresponds to a high potential energy
22.5 eV, blue color corresponds to a low energy of24 eV; the
cohesive energy of the EAM Ni fcc crystal is 4.45 eV!.
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FIG. 13. ~Color online! Contour plots of lattice temperature fo
simulations of a 50 nm Ni film irradiated by laser pulses with thr
different pulse durations,~a! 50 ps,~b! 100 ps, and~c! 150 ps. All
simulations are performed at an absorbed fluence of 430 J/m2. Solid
and dashed lines show the beginning and the end of the me
process. The laser pulse is directed along they axes, from the bot-
tom of the contour plots. The regions where homogeneous nu
ation of the liquid phase is observed are marked by the das
ovals.
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ovals. In simulations performed with 50 and 100 ps la
pulses, homogeneous nucleation is observed in relati
large regions near the front surface of the irradiated film
much slower melting of the regions near the back surface
the films proceeds by propagation of two crystal-liquid int
faces from the back surface of the film and from the hom
geneously melted part of the film. Velocity of the meltin
front propagation in heterogeneous melting depends on
overheating~see Sec. VII! and varies from;180 m/s in the
central parts of the films to;60 m/s at the very end of th
melting process. In the simulation performed with the 150
pulse, the melting starts at;250 ps by a propagation of th
liquid-crystal interface from the front surface. As the melti
front propagates with velocity of;130 m/s, a few liquid
regions nucleate and grow at a depth of;6–12 nm at;290
ps, leading to an apparent jump in the melting front.
homogeneous nucleation of the liquid regions is observe
a simulation performed with a 200 ps laser pulse~not
shown!.

VI. LASER MELTING AND DISINTEGRATION
OF Au FILMS

Simulations performed for gold films illustrate the effe
of a weaker electron-phonon coupling on the melting p
cess. This effect can be seen in Fig. 14, where the evolu
of the electronic and lattice temperatures at the front and
surfaces of the irradiated film is shown for a simulation p
formed at a laser fluence of 130 J/m2 and pulse duration o
200 fs. Similarly to the simulation for Ni illustrated in Figs
1, 3, 4, 8, and 9, this fluence is chosen to be close to
threshold for a complete melting of the film. A wea
electron-phonon coupling and the ballistic energy transp
by excited electrons32,33 lead to a homogeneous heating
the 50 nm Au film. As a result, the electron and lattice te
perature lines plotted in Fig. 14 for the front and back s

FIG. 14. ~Color online! Time dependence of electron and latti
temperatures at the front and back surfaces of a 50 nm Au
irradiated with a 200 fs laser pulse at an absorbed fluence of
J/m2. The dashed line shows the melting temperature of the E
Au.
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faces of the film are indistinguishable. The energy transfe
the lattice vibrations due to the electron-phonon coupling
slower in the Au film~Fig. 14! as compared to that of the N
film @Fig. 1~b!#. Most of the energy is transferred to the la
tice within ;15 ps, whereas complete equilibration betwe
the hot electrons and the lattice takes up to 50 ps.

The lattice temperature evolution inside the film is sho
in Fig. 15~a!. The temperature increases throughout the fi
up to the time of;50 ps. The pressure contour plot show
pressure oscillations similar to the ones observed in Fig. 4~b!
for Ni. The pressure oscillations, however, are much wea
in Fig. 15~b! as compared to Fig. 4~b!, and they have only a
moderate effect on the temperature variations in Fig. 15~a!.
The reason for the weakness of the pressure oscillations
served in Au films is related to a relatively slow rate of t
energy transfer from hot electrons to the thermal energy
the atomic motion. For laser pulses shorter than several
of picoseconds, the rate of the lattice heating is limited
the weak electron-phonon coupling and only partial str

m
30

FIG. 15. ~Color online! Contour plots of lattice temperature~a!
and pressure~b! for simulation of laser melting of a 50 nm Au film
irradiated with a 200 fs laser pulse at an absorbed fluence of
J/m2. Solid and dashed lines show the beginning and the end of
melting process. The rectangle in~a! shows the area of the film an
times for which snapshots are shown in Fig. 16. The laser puls
directed along they axes, from the bottom of the contour plots.
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confinement can be achieved in 50 nm Au films even w
very short laser pulses. The meaning of the partial str
confinement is apparent from Fig. 15—the period of the e
tic vibrations of the film is;43 ps and the film has a
opportunity to expand while the thermal energy of the latt
is still increasing.

Analysis of the mechanism of melting in the simulatio
illustrated by Fig. 15 shows that the melting involves nuc
ation of three liquid regions inside the film and propagat
of several melting fronts from the three liquid regions a
the two free surfaces of the film. The atomic-level picture
the nucleation and growth of one of the liquid regions
shown in Fig. 16. By the time of 200 ps only two narro
crystalline regions still remain in the film~Fig. 15!. Continu-
ation of the simulation for a longer time shows that the cr
talline region located closer to the front surface of the fi
disappears at;250 ps, whereas the one located closer to
back surface remains indefinitely, as the temperature of
film settles down at the equilibrium melting temperature
the EAM Au, 963 K.

Using an analysis similar to the one discussed in detail
Ni in Secs. V A and V B, we determine the equilibriu

FIG. 16. ~Color online! Snapshots from simulation of a 50 nm
Au film irradiated with a 200 fs laser pulse at an absorbed flue
of 130 J/m2. Snapshots are taken at times and locations marke
a rectangle in Fig. 15~a!. Atoms are colored according to the loc
order parameter—red atoms have local crystalline surroundi
blue atoms belong to the liquid phase.
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liquid-crystal coexistence temperatures~solid line in Fig. 17!
as well as the temperatures that correspond to the limi
crystal stability~dashed line in Fig. 17! for a range of pres-
sures that are realized in the simulations. The tempera
and pressure conditions leading to the onset of melting in
simulation discussed above are shown in Fig. 17 by b
circles. Unlike the blue circles in Fig. 7 that correspond
the conditions for homogeneous melting and do not inclu
the part of the system where heterogeneous melting ta
place, the blue dots in Fig. 17 are calculated along the wh
dashed line shown in Fig. 15 and show the conditions le
ing to the homogeneous nucleation of the liquid regio
along with the conditions at the liquid-crystal interfaces
the heterogeneous melting. Most of the dots in Fig. 17
located between the two lines, with the highest density n
the coexistence line. Therefore, melting is taking place p
dominantly under conditions of a moderate overheati
Some of the dots are located below the coexistence l
which can be explained by the temperature variations in
film due to the elastic vibrations~Fig. 15!. As a result of the
temperature variations the region of the liquid-crystal int
face can undergo a transient moderate undercooling be
the equilibrium melting temperature.

The absence of strong stress confinement in the cas

e
y

s,

FIG. 17. ~Color online! Conditions of equilibrium and nonequi
librium melting observed in simulations performed for the EAM A
material. Black diamonds correspond to the conditions obtaine
liquid-crystal coexistence simulations. The solid line shows
melting curve calculated from the Clapeyron equation. Black
angles correspond to the maximum overheating of crystal obse
in simulations performed with three-dimensional periodic bound
conditions, with the black dashed line being a linear fit to the d
points. Blue and red circles correspond to the conditions leadin
melting in simulations of laser irradiation of 50 nm Au films
absorbed fluences of 130 J/m2 and 955 J/m2, respectively. The con-
ditions for the homogeneous nucleation of liquid regions~blue and
red circles! as well as for the heterogenous growth of the liqu
regions by melting front propagation~blue circles! are shown. The
conditions correspond to the dashed lines in Figs. 15 and 18.
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laser irradiation of 50 nm Au films makes it difficult t
achieve the conditions for disintegration of the film. T
pressure oscillations are not strong enough to induce ph
mechanical disintegration of the film up to the fluences
which the final temperature of the irradiated film signi
cantly exceeds the boiling temperature of the material. T
temperature and pressure evolution in a simulation p
formed at the lowest fluence at which disintegration of
film is observed, 955 J/m2, is shown in Fig. 18. By the time
of 10 ps the temperature exceeds the limit of crystal stab
and the whole film melts within;2 ps, as illustrated by the
snapshots shown in Fig. 19. The liquid and crystal regi
that can be identified during the phase transformation~snap-
shot at 10 ps! are not well defined and the melting proce
can be described as a simultaneous collapse of the cr
structure rather than homogeneous nucleation and growt

FIG. 18. ~Color online! Contour plots of lattice temperature~a!
and pressure~b! for simulation of laser melting of a 50 nm Au film
irradiated with a 200 fs laser pulse at an absorbed fluence of
J/m2. Solid and dashed lines show the beginning and the end o
melting process. RectanglesA and B in ~a! show the areas of the
film and times for which snapshots are shown in Figs. 19 and
respectively. The laser pulse is directed along they axes, from the
bottom of the contour plots.
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liquid regions. The conditions for this ultrafast phase tra
formation are shown by the red circles in Fig. 17. All th
circles are located above the absolute limit of crystal sta
ity. At these high overheatings the crystal collapses into
disordered state almost instantaneously, within a time co
parable to 10–20 periods of atomic vibrations. This tim
needed for the transformation of the crystal structure to
disordered liquid state is, probably, the minimum time
quired for the thermal melting.25

After the melting at;10 ps, the temperature continues
increase and at;25 ps exceeds the boiling temperature
gold @Fig. 18~a!#. The compressive pressure that builds up
the central part of the film due to the conditions of the par
stress confinement reaches a maximum value of;7 GPa at
10 ps and drives the expansion of the overheated film, le
ing to the generation of the tensile stresses at a time
25–35 ps@Fig. 18~b!#. The maximum tensile stresses do n
exceed22 GPa and are much smaller then the maxim
compressive stresses. The overheated material, how
cannot support any significant tension and responds to i
generation of several low-density regions and eventual
integration~Fig. 20!. The atomic-level picture of the disinte
gration process shown in Fig. 20 is different from the one
a Ni film illustrated in Fig. 12. The latter has the character
a mechanical disintegration of a liquid undergoing fast e
pansion and there are no gas-phase atoms inside the gro
voids. In Fig. 20 material is overheated significantly abo
the boiling temperature and disintegration is accompanied
the onset of boiling and release of the gas-phase molecu

VII. DISCUSSION AND SUMMARY

A comprehensive computational study of the fast no
equilibrium processes induced in 50 nm metal films by

55
e

0,

FIG. 19. ~Color online! Snapshots from simulation of a 50 nm
Au film irradiated with a 200 fs laser pulse at an absorbed flue
of 955 J/m2. Snapshots are taken at times and locations marked
rectangleA in Fig. 18. Atoms are colored according to the loc
order parameter—red atoms have local crystalline surroundi
blue atoms belong to the liquid phase.
4-15



ra
re

tio

e
e-

r-
it
r-
th
e

he
m
a

tin
tim
na
o

a
e

al
su
a

in-
er
nt

ous
he
d.
t

lting
film

of
w-
ase

the

er-
in

nt-
ree-
. 7
o-
cor-
the
ility
ng

lms
, for

the
nd
re-

he
ir-

ary

nc
d b
n-

t-
ra-
of
ove

DMITRIY S. IVANOV AND LEONID V. ZHIGILEI PHYSICAL REVIEW B 68, 064114 ~2003!
short-pulse laser irradiation is performed for a range of ir
diation conditions and two target materials, Ni and Au. Th
distinct mechanisms of laser melting have been identified
the simulations, namely, homogeneous melting by nuclea
and growth of liquid regions inside the crystal~e.g., Fig. 8!,
heterogeneous melting by propagation of liquid-crystal int
faces~melting fronts! from the external surfaces or homog
neously nucleated liquid regions~e.g., Figs. 9 and 16!, and
ultrafast, within;2 ps, collapse of the crystal structure ove
heated above a temperature that corresponds to the lim
crystal stability~e.g., Fig. 19!. The process of ultrafast the
mal melting is observed at high laser fluences, when
amount of the deposited laser energy significantly exce
the one needed for a complete melting of the film.

At lower laser fluences, the relative contribution of t
homogeneous and heterogeneous mechanisms of laser
ing is defined by the rate of the lattice heating. One c
expect that the contribution of the heterogeneous mel
should increase as the heating time approaches the
needed for the melting fronts propagating from the exter
surfaces to pass through the irradiated film. The velocity
the melting front propagation as a function of the overhe
ing above the equilibrium melting temperature has be
measured for the EAM Ni material in a series of large-sc
constant temperature simulations performed at zero pres
The results, shown in Fig. 21, indicate that at small overhe

FIG. 20. ~Color online! Snapshots from simulation of a 50 nm
Au film irradiated with a 200 fs laser pulse at an absorbed flue
of 955 J/m2. Snapshots are taken at times and locations marke
rectangleB in Fig. 18. Atoms are colored according to their pote
tial energy~red color corresponds to high potential energy of22
eV, blue color corresponds to low energy of23.5 eV; the cohesive
energy of the EAM Au fcc crystal is 3.93 eV!.
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ings, up to ;1.15Tm , the velocity of the melting front
propagation increases linearly with temperature. A faster
crease of the melting front velocity is observed at high
temperatures and the maximum velocity of the melting fro
propagation is found to be;600 m/s at T51.23Tm
51770 K. Above this temperature we observe homogene
nucleation of liquid regions in the bulk of the crystal and t
velocity of the melting front propagation cannot be define
The value of the maximum velocity of the melting fron
propagation suggests that only the heterogeneous me
process can be expected to take place in a 50 nm Ni
irradiated by a laser pulse with duration of several tens
picoseconds or longer. In the laser melting simulations, ho
ever, we observe homogeneous nucleation of the liquid ph
in increasingly smaller regions near the front surface of
film for laser pulse durations up to 150 ps~Fig. 13!. This
observation can be related to a significantly smaller ov
heating that is needed to induce homogeneous melting
laser melting simulations as compared to the consta
pressure–constant-temperature simulations with th
dimensional periodic boundary conditions. Indeed, in Fig
all the blue dots corresponding to the conditions for hom
geneous laser melting are located below the dashed line,
responding to the conditions for homogeneous melting in
constant-pressure simulations. The reduced crystal stab
in laser melting simulations can be explained by the stro
pressure gradients transiently realized in the irradiated fi
and the associated complex stress conditions. Moreover
a typical laser spot diameter of 10–100mm the fast relax-
ation of the laser-induced pressure can only proceed in
direction normal to the surface. This uniaxial expansion a
associated anisotropic lattice distortions can additionally
duce the lattice stability against the initiation of melting. T
conditions of the lateral confinement in short-pulse laser
radiation are correctly reproduced by the periodic bound

e
y

FIG. 21. The velocity of the melting front propagation in he
erogeneous melting of an EAM Ni crystal as a function of tempe
ture. The line is only a guide to the eye. The maximum velocity
the melting front propagation corresponds to the temperature ab
which an onset of homogeneous melting is observed.
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conditions in the directions parallel to the surfaces of
film. As a result, our simulations suggest that homogene
melting can be induced at significantly lower overheat
and a significantly larger range of irradiation parameters
compared to the predictions based on classical nuclea
theory.10

The competition between the homogeneous and heter
neous melting mechanisms is mainly defined by the la
pulse duration, as the electron-lattice equilibration times
metals are typically much shorter than the ones needed
heterogeneous melting. In contrast, the role of the la
induced pressure in laser melting is defined not only by
pulse duration, but also by the strength of the electr
phonon coupling. The maximum values of the laser-indu
pressure are related to the condition of the stress confinem
that, for 50 nm films, is satisfied for the times of the latti
heating up to;10 ps. In simulations performed for gol
films the characteristic time of the energy transfer from
excited electrons to the lattice is longer,;20 ps, as com-
pared to nickel,;5 ps. As a result, the laser-induced the
moelastic pressure is significantly weaker in the gold fil
and the effect of the pressure variations on laser mel
mechanism is less pronounced even for the shortest, 20
laser pulses used in the simulations. Similarly, the press
variations are small and do not play any significant role
melting of Ni films irradiated with a laser pulse longer th
25 ps.

The process of relaxation of the laser-induced pressur
Ni films can lead to the generation of tensile stresses s
ciently strong to cause disintegration of the film. The proc
of disintegration proceeds by nucleation, growth, and coa
cence of voids in the central region of an irradiated fil
where the maximum tensile stresses are generated. The l
pressure that can be generated in Au films is not sufficien
induce photomechanical disintegration up to the fluence
which the disintegration process resembles that of an ex
sive boiling46–48,62,63,74of the film material assisted by mod
erate tensile stresses.

The strength of the electron-phonon coupling also defi
whether a temperature gradient is established within a film
a given thickness. The strong electron-phonon coupling in
leads to the formation of a significant temperature grad
within the first 10 ps following irradiation by a short las
pulse~Figs. 1 and 4!. In contrast, in simulations performe
for gold films a weaker electron-phonon coupling and
ballistic energy transport by excited electrons lead to a
mogeneous heating of a film of the same thickness~Figs. 14
and 15!. The initial temperature distribution affects the kine
ics of the laser melting process. In particular, the homo
neous melting of Ni films proceeds by nucleation and grow
of liquid regions in an area quickly expanding from the fro
surface, resulting in an apparent ‘‘melting front’’ propagati
from the front surface~Fig. 4!. In contrast, in Au films nucle-
ation of the liquid regions proceeds stochastically through
the film ~Fig. 15!.

In summary, the results of the simulations present a co
prehensive atomic-level picture of the competing homo
neous and heterogeneous mechanisms in laser meltin
combined atomistic-continuum computational model, use
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the simulations, provides a detailed atomic-level descript
of fast nonequilibrium processes of laser melting and, at
same time, ensures an adequate description of the laser
absorption by the conduction band electrons, the ene
transfer to the lattice due to the electron-phonon coupli
and the fast electron heat conduction. Both homogene
and heterogeneous melting mechanisms are found to be
sponsible for laser melting of thin metal films, with relativ
contributions of these mechanisms defined by the laser
ence, pulse duration, and the strength of the electron-pho
coupling. The homogeneous nucleation of liquid regions
side the crystalline material is assisted by anisotropic lat
distortions and stress gradients induced by fast laser en
deposition. The lattice distortions and stress gradients red
the overheating required for the initiation of homogeneo
melting down to less thenT'1.05Tm and expand the rang
of pulse durations for which homogeneous melting is o
served in 50 nm films up to;150 ps. Under conditions o
inertial stress confinement, realized in the case of shot
<10 ps laser pulses and strong electron-phonon coupl
the dynamics of the relaxation of the laser-induced press
has a profound effect on the temperature distribution in
irradiated films as well as on both homogeneous and het
geneous melting processes. At high laser fluences, sig
cantly exceeding the threshold for melting, material can
quickly overheated above the limit of crystal stability, and
ultrafast, within ;2 ps, transition to the disordered sta
takes place simultaneously in the whole overheated reg
eliminating the possibility for the intermediate liquid-cryst
coexistence state.
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APPENDIX A: COUPLING TERM FOR ENERGY
EXCHANGE BETWEEN TTM AND MD

In the combined TTM-MD model the cells in the finit
difference discretization are related to the corresponding
umes of the MD system and the local lattice temperature
defined from the average kinetic energy of thermal motion
atoms,KT,

Tl5
2KT

3kB
5(

i
mi~vi

T!2/~3kBNcell!, ~A1!

where the summation is performed over all theNcell atoms in
a given cell. In this definition, it is important to distinguis
between the thermal velocities of the atoms,vi

T , and the
velocities of the collective motion of atoms in a cell. For a
atom, the thermal velocity is defined asvi

T5vi2vc, wherevi

is the actual velocity of an atomi, andvc is the velocity of
the center of mass of a cell to which atomi belongs.

The energy exchange between the electrons and the la
is described in the model by two coupling terms,2G(Te
2Tl) in the diffusion equation for electrons@Eq. ~3!#, and
jmivi

T in the equation of motion of the atoms@Eq. ~4!#. The
4-17
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latter term serves the same purpose as does the coupling
G(Te2Tl) in the equation for the lattice temperature in TT
@Eq. ~2!#. In order to define the coefficientj in the coupling
term of Eq.~4! for each cell in the MD system, we have
relate the coefficient to the rate of the energy exchange
to make sure that this rate matches the one described b
coupling termG(Te2Tl) of the continuum equations.

Since the coupling term in Eq.~4! is affecting the therma
velocities of the atoms, let us consider the rate of the ther
kinetic energy change in a given cell of the MD system,

d

dt
KT5

d

dt (i

mi~vi
T!2

2
5(

i
mivi

T
dvi

T

dt

5(
i

mivi
T dvi

dt
2(

i
mivi

T dvc

dt
. ~A2!

Since the thermal velocities of atoms in a cell have rand
directions, the second term in the above equation can
neglected for sufficiently large cells. Therefore, using
equation of motion@Eq. ~4!# and defining the rate of the
energy deposition/extraction in a cell of a volumeVN accord-
ing to the electron-phonon coupling term, we have

d

dt
KT5(

i
mivi

T dvi

dt
5(

i
vi

T~Fi1jmivi
T!

5(
i

vi
TFi1j(

i
mi~vi

T!25GVN~Te2Tl !. ~A3!

Expressing the coefficientj from this equation we have

j5
GVN~Te2Tl !

( imi~vi
T!2 2

( ivi
TFi

( imi~vi
T!2 . ~A4!

The second term in this equation is not related to the ene
exchange with the electron subsystem of the model and is
result of the constraint on the thermal kinetic energy int
duced by Eq.~A3!. This constraint prevents any temperatu
fluctuations and limits the thermal kinetic energy variatio
to the controlled energy deposition due to the electr
phonon coupling. Actually, the second term in Eq.~A4! cor-
responds to a well-known Gaussian thermostat method
constant-temperature simulations.75 In our model we do not
want to prevent the natural temperature fluctuations in
system as well as temperature changes due to the p
transformations~e.g., melting leads to the transfer of a pa
of the kinetic energy to the latent heat of melting!. Therefore
we omit the second term in Eq.~A4! and leave only the term
that is responsible for the controlled energy deposition du
the electron-phonon coupling:

j5
GVN~Te2Tl !

( imi~vi
T!2 5

GVN~Te2Tl !

2KT , ~A5!

where the lattice temperature is defined by Eq.~A1! and the
coupling coefficient is recalculated at each MD integrat
time step for each cell defined by the finite difference d
cretization. As discussed in Sec. III, the time step of the fin
difference integration of Eq.~4! is typically smaller then the
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one used in the MD part of the model,DtMD5nDtFD, and
the electron temperature can change during one MD t
step. Therefore, the actual implementation of the algorit
involves averaging over a number of finite difference in
gration time steps that fits to one MD time step. The coe
cient j is chosen so that the energy added to~or removed
from! each cell of the MD system at each integration st
DtMD , would match the energy transferred between the e
trons and the lattice duringn steps of the finite difference
integration,

DEe-ph5 (
k51

n

DtFDGVN~Te
k2Tl !, ~A6!

which leads to the following expression forj used in this
work:

j5

1

DtMD
(k51

n DtFDGVN~Te
k2Tl !

2KT 5

1

n
(k51

n GVN~Te
k2Tl !

2KT .

~A7!

Finally, we would like to emphasize the importance
making the distinction between the thermal and collect
motion of atoms that has not been taken into accoun
earlier works.54,65 Scaling the total velocities of atoms ca
introduce significant artifacts into the simulation results.
shown in Secs. V and VI, the relaxation of the laser-induc
pressure in the irradiated films leads to large acoustic vib
tions and, at high fluences, disintegration of the films. T
energy of the collective motion of atoms associated w
these processes can be comparable to the energy of the
mal motion of atoms, as can be seen in Fig. 3. Scaling
total velocities would artificially pump the energy into th
energy of the acoustic vibrations, facilitate disintegration
the films, and accelerate any cluster that would form bef
the equilibrium between the local electron and lattice te
peratures is reached. It is also essential to make the dis
tion between the thermal velocities and the velocities of c
lective motion of atoms in the definition of temperature@Eq.
~A1!#, and pressure, defined in MD simulations through
virial equation.

APPENDIX B: THERMAL CONDUCTIVITY OF Ni AND Au
UNDER CONDITIONS OF ELECTRON-LATTICE

NONEQUILIBRIUM

Due to the small heat capacity of the electrons in a me
irradiation by a short, picosecond or femtosecond, laser p
can lead to a large spike of the electron temperature wi
the absorption region of the irradiated target, as can be s
for example, in Figs. 1 and 14. Therefore, the initial kinet
of the energy transport from the excited region deeper i
the bulk of the target, described in TTM by the heat diffusi
equation@Eqs. ~1! or ~3!#, can be strongly affected by th
character of the temperature dependence of the electron
mal conductivity. According to the Drude model,76 the heat
conductivity is proportional to the electron relaxation tim
te , Ke5(1/3)vF

2Cete , wherevF is the Fermi velocity. The
4-18
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electron relaxation time is defined by the electron-elect
scattering timete-e and electron-phonon scattering tim
te-ph, 1/te51/te-e11/te-ph5ATe

21BTl , whereA andB are
constants.77 Assuming a linear dependence of the electr
heat capacity on the electron temperature,Ce5gTe , the ex-
pression for the thermal conductivity can be written as

Ke5
1

3
vF

2Cete5
1

3
vF

2 Ce

ATe
21BTl

5
1

3
vF

2 gTe

ATe
21BTl

.

~B1!

FIG. 22. Electron heat conductivity in Au and Ni described
different expressions@Eqs. ~B1!–~B3!#. The lattice temperature is
fixed at Tl5300 K. Parameters used in the equations areK0

5318 W m21 K21 ~Ref. 32!, A51.23107 K22 s21, B51.23
31011 K21 s21 ~Ref. 77!, C5353 W m21 K21, b50.16 ~Ref. 78!
for Au, andK0591 W m21 K21 ~Ref. 32!, A51.43106 K22 s21,
B51.62431013 K21 s21 for Ni. The value of the constantA for Ni
is calculated based on the model suggested in Ref. 80, wherea
value of the constantB for Ni is determined from fitting to Eq.~B2!
in the low-temperature regime. The maximum electron tempe
tures realized in the simulations discussed in this work are ma
by the vertical dashed lines.
06411
n

n

At electron temperatures significantly below the Fer
temperature the contribution of the electron-phonon scat
ing dominates ~e.g., A51.23107 K22 s21, B51.23
31011 K21 s21 for gold77 and ATe

251.0831012 s21, BTl

53.6931013 s21 at Te5Tl5300 K) and the contribution
from the electron-electron scattering is often neglected,
sulting in a linear dependence on the electron temperatu

Ke5K0

Te

Tl
. ~B2!

This expression for the electron thermal conductivity is a
propriate for low electron temperatures and is commo
used in calculations performed with TTM, e.g., Refs. 29, 3
32, 35, 38, 39, and 54. It also results in a consta
temperature-independent thermal conductivity under con
tions of thermal equilibrium between the electrons and
lattice. As the electron temperature approaches and exc
the Fermi temperature (TF564 200 K for gold andTF
5136 000 K for nickel76! the electron gas becomes nond
generate and the electronic heat conductivity starts to

the

-
d

FIG. 23. ~Color online! Distribution of the local order paramete
for two configurations encountered in the simulations of laser m
ing. A cutoff value of 0.04 is chosen for the local order paramete
distinguish between the crystalline and disordered atomic confi
rations.
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crease with temperature, approaching the dependenceKe

;Te
5/2, characteristic for a low-density plasma. Equatio

~B1! and ~B2! fail to predict the high-temperature behavi
of the heat conductivity, and an alternative expression
been suggested and argued to be valid for a wide rang
temperatures,78

Ke5Cqe

~qe
210.16!5/4~qe

210.44!

~qe
210.092!1/2~qe

21bq1!
, ~B3!

where qe5Te /TF5kBTe /EF , q l5Tl /TF5kBTl /EF , TF
and EF are the Fermi temperature and energy, respectiv
and C and b are parameters that can be determined fr
experimental data. For high electron temperatures,qe@1,
Eq. ~B3! reduces to the dependence characteristic for a l
density plasma,Ke;Te

5/2, whereas in the low-temperatur
limit, qe!1, Eq. ~B3! reduces to Eqs.~B1! and ~B2!.

The dependence of the electron heat conductivity from
electron temperature is shown in Fig. 22 for the metals
vestigated in this work, gold and nickel, and for a fixed l
tice temperature of 300 K. A significantly lower Fermi tem
perature of gold as compared to nickel results in the onse
deviations among the predictions of Eqs.~B1!–~B3! at a
lower temperature. The highest electron temperature in si
lations performed for Ni films is 10 500 K and the approx
mation given by Eq.~B2! is adequate. For simulations pe
formed for Au films, the maximum electron temperature
23 300 K and the most general expression given by Eq.~B3!
should be used. Therefore, in this work we use Eq.~B2! with
K0591 W m21 K21 ~Ref. 32! in simulations performed for
Ni and Eq. ~B3! with C5353 W m21 K21, b50.16 ~Ref.
78!, and TF564 200 K ~Ref. 76! in simulations performed
for Au.

APPENDIX C: LOCAL ORDER PARAMETER FOR
IDENTIFICATION OF LIQUID AND CRYSTAL REGIONS

The identification of liquid and crystal regions in th
atomic configurations produced in the simulations of
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