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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 interfacéselting frontg 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 withif ps, skipping the intermediate liquid-crystal coexist-
ence stage. Under conditions of the inertial stress confinement, realized in the case af<sb@ns laser
pulses and strong electron-phonon coupliig 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 downTis-1.05T,,, and expand the range of pulse
durations for which homogeneous melting is observed in 50 nm Ni films upl#80 ps. High tensile stresses
generated in the middle of an irradiated film can also lead to the mechanical disintegration of the film.
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I. INTRODUCTION The focus of the present paper is the microscopic analysis
of the mechanisms of short-pulse laser melting. Although
Short-pulse laser interaction with metals is a subject ofmelting is a common and well-studied phenomenon, the na-
practical as well as fundamental scientific interest. Practicalure of the structural instability of a superheated crystal and
applications range from well-established methods for surfacéhe microscopic mechanisms of melting are still subjects of
processing and pulsed laser deposition of thin films and active scientific discussiofs° It has been well established
coating$ to the emerging new areas such as microfabricatiorthat melting starts at surfaces and internal crystal defects
of nanostructures with resolutions exceeding the optical difunder rather minor superheating conditions or even below
fraction limit3 Further optimization of experimental param- the equilibrium melting temperatufe:''~1*The later effect
eters in current applications and the emergence of new teclof surface premelting is related to the lower free energy of
niques can be facilitated by a better theoretical understandinipe surface wetted by a thin liquid layer as compared to the
of the relation between the basic mechanisms of laser intewrdered solid surface. After heterogeneous nucleation of the
action with materials, nonequilibrium processes caused biiquid phase, the liquid-solid interface propagates into the
the fast deposition of laser energy, and the resulting microbulk of the solid, precluding any significant overheating. It is
structure and properties of the materials treated by laser irrdhis barrierlesgor almost barrierrlegsnucleation of the lig-
diation. uid phase at the surface that makes observation of an alter-
From the point of view of fundamental science, short-native mode of melting, homogeneous nucleation in the bulk
pulse laser irradiation has the ability to bring material into aof a superheated crystal, difficult.
highly nonequilibrium state and provides unique insights into  Short-pulse laser irradiation combined with new optical,
material behavior under extreme conditions that can hardlx-ray, and electron diffraction time-resolved probe
be achieved by any other means. Analysis of the lasertechnique®~??has a promise of providing new insights into
induced processes leads to a range of important fundamentdle mechanisms and kinetics of ultrafast phase transforma-
questions, such as the limit of superheating, the microscopitions. The extremely high heating rates of18/s and even
mechanisms of homogeneous and heterogeneous meltingiore can be achieved by ultrashort-pu{peco- and femto-
and the nature of the fracture/spallation at ultrahigh deformasecondl laser irradiation, opening unique opportunities for
tion rates and elevated temperatures, as well as the mechavestigation of the kinetic limits of achievable superheating.
nisms of explosive boiling and disintegration of material in Experimental investigations of the ultrafast phase transfor-
laser ablation. mations in metals and semiconductdré? performed by
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various time-resolved pump-probe techniques suggest thanodef®?’ (TTM) by two coupled nonlinear differential
depending on the irradiation conditions and properties of thequations,

material, the melting of the surface layer can take from sev-
eral picoseconds to nanoseconds. The melting time of several
hundreds of picoseconds and longer ?°is consistent with

a conventional picture of heterogeneous nucleation of the
liquid phase at the irradiated surface and propagation of the aT,

melting front deeper into the bulk of the crysfalA typical Ci(T) = =VIK(TOVT ]+ G(Te—Ty), 2
thickness of the layer affected by the ultrashort laser heating

is on the order of 100 nm for metals or semiconductorswhereC andK are the heat capacities and thermal conduc-
whereas the velocity of the melting front propagation has divities of the electrons and lattice as denoted by subsceipts
strong dependence on the degree of superheating, but is lirdnd |, and G is the electron-phonon coupling constant. The
ited by the speed of soufd.The melting time of several source tern(z,t) is used to describe the local laser energy
picosecond$1819212%5 too short to be explained by the deposition per unit area and unit time during the laser pulse
heterogeneous melting mechanism, and the melting can Bération. In Eq.(2) a term responsible for the phonon heat
attributed to homogeneous nucleation of the liquid phase inconduction is typically negligible as compared to the elec-
side the superheated surface region. Therefore, depending §@n heat conduction in metals and is often omitted. The
the irradiation condition, optical and thermal properties ofsystem of Eqs(1) and(2) can be solved by a finite differ-
the material, and the time of the electron-phonon equilibra€nce method and the spatial and time evolution of the elec-
tion in the system, the dynamics of laser melting is definedron and lattice temperatures can be obtained.

by propagation of the melting front from the surface and/or As an illustration of the model predictions, the tempera-

homogeneous nucleation of the liquid phase in the bulk ofure profiles for a 50 nm Ni film irradiated by a 200 fs laser
the superheated crystal. pulse are shown in Fig.(&) for the front and rear surfaces of

In this paper we present the result of a Computationathe film. We can see that equilibration between the hot elec-

study of the microscopic mechanisms of laser melting of thirfrons and the lattice takes up to 20 ps for the Ni film, and the
nickel and gold films irradiated by short, from 200 fs to 150 heating rate as well as the energy distribution in the film is
ps, laser pulses. Computational models that can be appliegirongly affected by the equilibration kinetics. A simple de-
for the description of laser-metal interactions at the con-cription of melting is also included in the model by tracking
tinuum and atomic level are critically reviewed next, in Sec.the fraction of the melted material in any finite difference
II. A hybrid computational approach that combines atomisticdiscretization cell where the equilibrium melting temperature
molecular dynamics simulations with a continuum descripis reached and taking away the latent heat of melting until
tion of the laser excitation and subsequent relaxation of théhe complete melting is reached. The melting process is re-
conduction band electrons is described in Sec. Ill. Paramflected in regions of the constant-temperature plateau in the
eters of the systems used in the simulations are given in Selgttice temperature profiles. The model predicts that melting
IV, and the simulation results are presented in Secs. V and \@f the front surface region starts-a8 ps after the laser pulse
for nickel and gold films, respectively. An overall picture of and takes-4 ps, whereas melting of the back surface region

laser melting and disintegration of thin metallic films emerg-Starts at~8 ps after the laser pulse and take$2 ps. As will
ing from the simulations is briefly reviewed in Sec. VIl. ~ be shown in Sec. V, these predictions on the melting kinetics

are very different from the predictions of a more realistic
model in which overheating and the effect of pressure on the
Il. COMPUTATIONAL DESCRIPTION OF SHORT-PULSE melting process are included. .
LASER INTERACTION WITH METALS Over _the last 3_0 years, TTM has become the. main model
to describe the kinetics of the electron and lattice tempera-
In metals, laser light is absorbed by the conduction bandure evolution in a metal target irradiated with a short laser
electrons. The deposited energy quickly, within femtosecpulse. In conjunction with pump-probe measurements of
onds, is equilibrated among the electrons and, more slowlytransient changes in surface reflectance, TTM has been used
is transferred to the atomic vibrations. The latter process iso obtain information on the thermal conductivity, the
controlled by the strength of the electron-phonon couplingelectron-phonon coupling constaits3* mechanical proper-
and can take from a fraction of a picosecond to several tensies of thin films3® and the effect of grain boundariés®and
of picoseconds. Finally, a thermal equilibrium is establishedsmall size of the systetfi®” on the electron-phonon relax-
between the electrons and phonons, and the heat flow fromtion. The model has also been used to predict the threshold
the surface region into the bulk of the irradiated target can béluences for the onset of laser damage/meffirand laser-
described as the common thermal diffusion. When the lasd@nduced desorption of species from metal surfaces well
pulse duration is comparable or less than the time needed fais to explain the dynamics of ion ejection in laser ablatfon.
electron-phonon thermalization, a state of thermal nonequibespite the successful applications and popularity of TTM,
librium is created by laser irradiation, with electrons andthe model has a number of inherent limitations. Some of the
lattice having different temperatures. At the continuum levellimitations can be overcome by adding “more physics”
the time evolution of the lattice and electron temperatufes, within the framework provided by TTM. In particular, recent
andT,, can be described within a so-called two-temperaturelevelopments include incorporation, through the parameters

dTe
Ce(Te) 7 =V[K(Te)VTe]=G(Te—T)) +S(z,1), (1)
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™ scribed by a set of kinetic equations. Even the basic ques-
50 nm tions on the kinetics and microscopic mechanisms of melting
and boiling under conditions of strong overheating continue
to remain the subjects of active scientific debates. In particu-
lar, at the extremely high levels of superheating realized in
ultrashort-pulse laser melting, when the melting front propa-
gation is approaching the speed of sound and the size of a
critical nucleus becomes comparable to several interatomic
distances, the applicability of macroscopic kinetic ap-
proaches based on classical nucleation thedr§?is ques-
tionable and should be verified by a detailed microscopic
analysis of the involved processes. Similarly, the processes
leading to material ejection and plume formation in short-
pulse laser ablation are not well established, with Coulomb
explosion® explosive homogeneous boilij;*¢ and spin-
odal decompositidl?>° of the material overheated by a short
@ Time (ps) laser pulse being discussed as possible mechanisms respon-
sible for the ablation onset.
A computational method that is suitable for simulation of
TTM + MD fast nonequilibrium processes and therefore can provide in-
sights into the mechanisms of laser-metal interactions is the
T, front molecular dynamic§MD) method. The advantage of the
MD method is that only details of the interatomic interaction
need to be specified, and no assumptions are made about the
character of the processes under study. In particular, MD has
been demonstrated to be an efficient tool for a microscopic
analysis of the melting mechanisms under conditions of
overheating in both the bulk of a crystat>2and in systems
with a free surfacé®°>* Simulations of boiling, spinodal de-
composition and fragmentation of a metastable liqdid’
generation and propagation of laser-induced pressure
waves>2°° and laser ablatidfi~®® has been also reported.
The classical MD method, however, is not directly applicable
for simulation of laser interactions with metals. Since the
0 5 10 15 20 25 30 35 40 electronic contribution to the thermal conductivity of a metal
(b) Time (ps) is dominant, the conventional MD method, where only the
lattice contribution is present, significantly underestimates
FIG. 1. (Color onling Time dependence of electron and lattice the total thermal conductivity. This leads to unphysical con-
temperatures predicted lfg) the TTM and(b) combined TTM-MD  finement of the deposited laser energy in the surface region
methods for a 50 nm Ni film irradiated with a 200 fs laser pulse atof the irradiated target and does not allow for direct compari-
an absorbed fluence of 430 JinThe values of the melting tem- son between the calculated and experimental data. Moreover,
perature and the latent heat of melting determined for the EAM Nlthe laser energy absorption by the conduction band electrons
material are used in the TTM calculatios). Dashed lines show the  and the transient state of electron-lattice nonequilibrium can-
melting temperature of the EAM Ni. not be reproduced since the electrons are not explicitly rep-
resented in the model. A computational model aiming at
of TTM, of the description of the surface and grain boundaryovercoming these limitations and combining the advantages
scatterind,’ as well as the energy transfer by ballistic of TTM and MD for a realistic description of the diverse

electrons?”***combining TTM with the hot electron blast range of processes induced by short-pulse laser irradiation of
modef® and thermoelasticity equations to investigate theg metal target is described below.

conditions for nonthermal damage to thin metal fiftfis.

Other limitations are harder to overcome within a con-
tinuum_ model. In.particular, Fhe descriptip_n (_)f phase _trans— Ill. COMBINED TTM-MD MODEL
formations occurring under highly nonequilibrium conditions
induced in the target material by short-pulse laser irradiation In the combined method the MD method completely sub-
is difficult at the continuum level and typically involves a stitutes the TTM equation for the lattice temperature, @§.
number of assumptions and simplifications. Part of the probThe diffusion equation for electron temperatdrg, Eq. (1),
lem is that the physics of ultrafast phase transformations ani$ solved by a finite difference method simultaneously with
damage occurring under highly nonequilibrium conditions isMD integration of the equations of motion of atoms and the
not well understood and therefore cannot be reliably deelectron temperature enters the coupling t&t¥;*>which is
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responsible for the energy exchange between the electrofiifne stepsAtyp=nAtgp. In each finite difference discreti-
and the lattice, zation cell, the energy transferred between the electrons and
the lattice due to the electron-phonon coupling is accumu-

aTe @ d lated forn steps of integration
Co(To) ' = E( Ke<Te>5Te) ~G(T=T) P gratien

n

+8(zt), TTM 3 AESPN=D" AtepGV(TE-T)).
k=1
2
m, dri _ F+émy], MD The accumulated energy is then transferredatoextracted
dt from) the energy of the atomic motion in the corresponding

part of the MD system by means of the coupling term added
to the MD equations of motion, Eq4), as explained in
n Appendix A. Note that although a smaller time step is used
5252 GV (Tk_-l-)/ S mi(v)2 4) in the finite difference integration, the computational effi-
Ng=1 NVTe Tl T ciency of the combined TTM-MD model is defined almost
entirely by the MD part.

Sin'ce in short-pulse laser irradiation the laser spot size is A Gaussian temporal profile is used in the simulations to
typlcally much Iarger as Compared to the depth affected bﬂescribe the laser energy deposition,

the laser heating, a one-dimensional version of the diffusion
equation for electron temperature, Ed)), is used here. S(z,t)=|0(1—R)L;1 exr(—z/Lp)exr[—(t—to)Z/Z(rZ],

In Eq. (4), m; andr; are the mass and position of an atom (5)
i, andF; is the force acting on atorindue to the interatomic
interaction. An additional term, added to the ordinary MD wherel is the peak intensityR is the reflectivity,L ; is the
equations of motion, accounts for the electron-phonon couoptical absorption depth, and is the standard deviation of
pling. A modified, as compared to earlier work€® formu-  the Gaussian profile, related to the pulse durationras
lation of the coupling term is used in the modsée Appen- = (full width at half maximum)= o8 In(2). The laser flu-
dix A). The new formulation distinguishes between theence F is related to the peak intensity, as F
thermal velocities of the atoms; , and the velocities of =\/7/4In(2)71y~1.0645"1,. The absorbed laser fluence,
their collective motion. It also does not requiee priori related to the incident fluence &s,—=F(1—R), is used in
knowledge of the lattice heat capacity of the model systemthe discussion of the simulation results in this paper.
which is, in general, a function of temperatufgee Sec. In addition to the diffusive electron energy transport as-
V A). Cells in the finite difference discretization are relatedsumed in TTM, Eqs(1) and(3), the ballistic motion of the
to the corresponding volumes in the MD system. The latticeexcited electrons can significantly alter the initial energy
temperature and coefficiegtare defined for each cell of a deposition depth foss/p-band metals, where the electron-
volumeVy, and the summatioX; in Eq. (4) is performed electron collision rate is relatively small. Before the excited
over all the atoms in a given cell. The expansion, densityelectrons equilibrate due to collisions with other electrons
variations along the axes, and, at higher fluences, disinte-near the Fermi level and form a Fermi distribution with a
gration of the irradiated target predicted in the MD part ofcertain electron temperature, they can propagate from the
the model are accounted for in the continuum part of theoptical absorption depth deeper into the bulk of the irradiated
model. New cells are activated when the number of atoms isample with velocities close to the Fermi velocity,
the corresponding MD regions exceeds a certain criticak10° m/s. This ballistic motion of the excited electrons
number, taken in this work to be 10% of the average numbeleads to the fast, withir-100 fs redistribution of the depos-
of atoms in a cell in the initial system. Cells are deactivatedted energy within the ballistic range that is defined by the
when the number of atoms in the corresponding MD regiormean free path of the electrons. It has been sugg®stett
falls below the critical number. The atoms in the deactivatedhat the effect of ballistic electrons can be incorporated into
cells are included in the nearest active cell if they are located TM by substituting the optical penetration deftp in the
within a distance equal to a half the size of a cell from thesource term, Eq(5), by an effective laser energy deposition
active cell. depth defined by both optical absorption and ballistic energy

The step of the spatial discretization in the finite differ- transportL,+L;,, whereL,, is the ballistic range. An addi-
ence(FD) integration of Eq.(3) can be estimated based on tional correction should be introduced in the source term for
the  von Neumann stability  criterion, Atrp  system with sizes comparable to the effective energy depo-
<0.5(AXpp)°Ce(Te)/Ke(Te,T)), for the values of the heat sition depth??3842
capacity and thermal conductivity giving the smallest time The energy exchange between the two parts of the com-
step. The maximum time step that can be used in the finitbined model is schematically illustrated in Fig. 2. In the case
difference integration is typically smaller than the values ofof a bulk sample irradiated by a laser put$&° the MD
the time step used in the integration of the MD equations ofmethod is used only in a topmost surface region of the target,
motion, Eq.(4). Therefore, the time steps in the two parts of where active processes of laser melting and ablation are tak-
the combined model are chosen so that one MD time stemg place, whereas the diffusion equation for electron tem-
would correspond to an integer number of finite differenceperature is solved in a much wider region affected by the

where
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. | PR P | — | — | — o1+ | diction of a uniform rise of the electronic temperature for
z

thicknesses smaller than the ballistic range has been con-
| A A S A A | I ! firmed in a series of pump-probe measurements of transient
reflectivity performed for Au films of different thicknesses,
from 10 nm up to 500 nm® The reflectivity changes are
consistent with the assumption of a homogeneous electronic
temperature increase for films with thicknesses of 100 nm or

FIG. 2. (Color online Schematic representation of the combined less. The effect of ballistic energy transport is nedligible in
continuum-atomistic model. The evolution of the electron tempera- ' 9y P 9ig

ture is described by a nonlinear differential equat{dy. (3)], Ni, and the source term, E¢p), with the optical penetration

whereas the atomic motions are described by the MD method witl€Pth of 13.5 nm is used in the simulations of laser irradia-

additional forces that account for the energy exchange due to théon of Ni films. . _ . .
electron-phonon couplingEq. (4)]. Spatial discretization in the The range of laser fluences used in the simulations is cho-
continuum modeltypically ~1 nm) and size of the atomistic region sen so that the lowest fluence would be close to the threshold
are not drawn to scale. Nonreflecting boundary conditions are defor the complete melting of the irradiated film, whereas the
scribed in Refs. 58 and 79. highest fluence would lead to disintegration of the film.
) ) Thus, the range of absorbed fluencé&s,—=(1—R)F, is

thermal conduction from the absorbing surface layer. In or{om 430 J/md to 1117 J/rR for Ni films and from 130 J//
der to avoid reflection of the pressure waves propagating, 955 3/m for Au films.
from the irradiated surface, the dynamic boundary condition e material constants used in the description of the elec-
tha’g mimics the mtergctl_o_n of the_ atoms |n8the boundarytron subsystem, Eq3), are as follows? For Ni, Co= 7T,
region with the outer “infinite elastic mediun?® should be ith — 1065 Jm3K-2 K =K. T /T ith K
applied at the bottom of the MD region. Simulations pre-""""% = 7= m ’ e=Wole/T) Wit 0

el ' . =91Wm 'Kl G=3.6x10"Wm 3Kl For AuC
sented in this paper are performed for free-standing thin_ T with —,713 T3K2 G=21x 101 W ‘3K‘1e
metal films and free boundary conditions are applied at both ¥ 'e with y= m P e m :

surfaces of the film. Periodic boundary conditions are im-/An expression used to describe the dependence of the elec-

posed in the directions parallel to the free surfaces. Thesgon thermal conductivitK, on the electron and lattice tem-
conditions simulate the situation in which the laser spot diPeratures in Au as well as justification of the choice of the
ameter is large compared to the depth of the laser energgPProximations used for Ni and Au are given in Appendix B.
deposition so that the effects of the edges of the laser beam All the thermal and elastic properties of the lattice, such
can be neglected. as the lattice heat capacity, elastic moduli, the coefficient of
The hybrid approach, briefly described above, combineghermal expansion, melting temperature, volume and entropy
the advantages of the two-temperature model and the MOf melting and vaporization, as well as the dependence of
method. The two-temperature model provides an adequa{gese characteristics on temperature and pressure, are defined
description of the laser energy absorption in the electroni®Y the interatomic interaction, described in this work by the
system, energy exchange between the electrons and phonofi§)bedded-atom methd&AM) in the form and parametri-
and fast electron heat conduction in metals, whereas the MBation suggested by Johnson and co-worke#.series of
method is appropriate for simulation of nonequilibrium pro- liquid-crystal coexistence simulations are performed to deter-
cesses of lattice superheating, melting, and ablation. In thigline the pressure dependence of the equilibrium melting
paper we apply the model for investigation of the micro-temperature, whereas a series of constant-pressure—constant-
scopic mechanisms of laser melting and disintegration ofemperature simulations are used to determine the equations

thin metal films. Parameters of the systems used in the sim@f state of the model materialsee Secs. V and VI
lations are described below. The initial MD system used in the simulations of laser

irradiation of Ni films is an fcc crystal composed of 56 800
atoms with dimensions 3.533.53x50.14 nm and periodic
boundary conditions imposed in the directions parallel to two
(100 free surfaces. A similar computational cell is used for
Au (100 films, with 48800 atoms and dimensions of 4.09
Simulations presented in this paper are performed for 50<4.09xX49.92 nm. Before applying laser irradiation, all sys-
nm Ni and Au free-standing films irradiated with laser pulsestems are equilibrated at 300 K.
of different pulse widths, from 200 fs up to 200 ps. The two  The result of the application of the combined TTM-MD
target materials are chosen to investigate the effect of thenethod to a 50 nm Ni film is shown in Fig(ld). While the
strength of electron-phonon coupling on laser-induced protemperature profiles are similar in Figsialand 1b), the
cesses. The rate of the energy transfer from hot electrons #dD description gives a much more realistic representation of
the lattice is much slower in Au as compared to Ni and, athe lattice response to laser heating, including thermal expan-
the same time, the depth affected by the ballistic energgion, overheating, melting, and disintegration, as discussed in
transport is significantly larger in Au. Since the effective la-the following sections. The size of the relative temperature
ser energy deposition depth in Au is estimated to be largefluctuations in Fig. {b) is determined by the number of at-
than 100 nnt? a uniform energy deposition throughout the oms in cells within the MD system, for which temperature is
50 nm Au film is used in the simulations. A theoretical pre- calculated,\/<(AT)2>/<T)~1/ Nei-8” The size of the fluc-

Non-reflecting, heat-
conducting boundary ~J
condition

et

IV. COMPUTATIONAL SETUP FOR SIMULATIONS
OF LASER INTERACTION WITH THIN Ni
AND Au FILMS
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phase is determined based on the local order parameter, de-
E"=E +EM+E+E, fined in Appendix C, whereas the latent heat of melting is
calculated from the internal energy plots, Fig. 6, as discussed
in Sec. V B. Figure 3 shows that the total energy is conserved
following the laser energy deposition occurring during the
= first 200 fs. Initially all the laser energy is deposited into the
energy of electrons and then, withir20 ps, is transferred to
the thermal energy of the atomic motion. The fast tempera-
ture increase leads to the buildup of the compressive pressure
e in the middle of the irradiated filnjsee Sec. Yand induces
E acoustic vibrations of the film. The vibrations gradually dis-
sipate into heat, which is reflected in a gradual transfer of
energy fromE; to Eg‘. This energy transfer does not lead to
0 a the increase of the thermal enerd}', since it is offset by
—" the transfer of energy frorﬁ;h to E,,. The time dependence
0 25 50 75 100 .
Time (ps) of the energy of meltingk,,,, reflectg the two-step char.acter
of the melting process. A fast melting 6f80% of the film
FIG. 3. (Color onling Energy redistribution in a 50 nm Ni fim that takes place from-10 ps to~25 ps is followed by a
irradiated with a 200 fs laser pulse at an absorbed fluence of 43thuch slower melting of the remaining part of the film. A
J/nm?. The thermal energies of the electroig, and the atoms, detailed analysis of the melting mechanisms is performed in
the energy of the collective atomic motion due to the elastic vibrathe next section.
tions of the film, Eg, the energy that went to the latent heat of
melting, E,,, and the total energy of the syster‘ﬁ}"‘:Ee+Eg1
+ES+E,, are shown. Energies are normalized to the total energy
absorbed by the filmE"*'=F,, S, whereSis the surface area of the
MD system and-,,¢is the absorbed laser fluence.

0.8

0.6

Energy (V)

0.2

V. LASER MELTING AND DISINTEGRATION
OF Ni FILMS

The initial discussion of the redistribution of the absorbed
tuations can be reduced by increasing the lateral size of thiaser energy and the mechanisms of laser melting is given
MD system or the step of spatial discretization used in thepelow for a simulation performed for a 50 nm free-standing
finite difference integration of Eq3), Fig. 2. The step of Ni; film irradiated with a 200 fs laser pulse at an absorbed
spatial discretization used in this work &xgp=1nm, and  fluence of 430 J/rh This fluence is chosen so that we have a
the average number of atoms in a cell is 1159 and 996 for thgomplete melting of the film by the end of the simulation.
initial Ni and Au films, respectively. _ _ The laser energy absorption by the conduction band elec-

The time step in the finite difference integration of Eq. {rons, fast electron heat conduction, and gradual energy
(3), Atrp=1.25fs for Ni andAtp=0.025 fs for Au, and the  ransfer to the lattice vibrations due to the electron-phonon
time step in the integration of the MD equations of motion, coupling are reflected in Fig(l), where the evolution of the
Eq. (4), Atyp=2.5fs, are chosen so that the von Neumanrg|ectronic and lattice temperatures at the front and rear sur-
stability criterion and the synchronization requirementtaces of the film is shown. The laser energy absorption re-
Atyp=nAtgp are satisfied, and the total energy in the com-gyits in a sharp increase of the electronic temperature near
bined model is conserved with the maximum energy drift ofthe jrradiated front surface. The fast temperature-dependent
less than 0.3% during any of the simulations discussed in thigjectron heat conduction leads to the redistribution of the
paper. The energy balance in a combined TTM-MD simulaeposited energy within the film as reflected by the rise of
tion is illustrated in Fig. 3 for the simulation, for which the the electronic temperature near the rear surface of the film.
surface temperatures are shown in Fip) 1The total energy  The process of the energy redistribution within the electronic
of the entire system is shown along with contributions fromsystem is occurring simultaneously with a more gradual en-
the thermal energy of the electroris,, the energykinetic gy transfer to the lattice vibrations due to electron-phonon
and potentigl associated with the thermal motion of the at- coupling. As can be seen from Figgbland 3, most of the
oms,Ey', the energy(kinetic and potentialof the collective  energy is transferred to the lattice within5 ps, whereas
atomic motion due to the elastic vibrations of the film in- complete equilibration between the hot electrons and the lat-
duced by the fast laser energy depositiBfy, and the energy tice takes up to 20 ps. The energy transferred to the lattice
that goes to the latent heat of meltirigy,,. Both Eg‘ andE;  splits into three parts in Fig. 3, the energy of the thermal
include contributions from the kinetic and potential energiesmotion of the atoms, the energy of melting, and the energy of
of the MD system, and the approximate separation of théhe collective atomic motion associated with elastic vibra-
MD energy into the energies of the thermal and collectivetions of the film. The latter part is associated with the relax-
motion is based on the virial theoréffiThe energy spent on ation of the laser-induced pressure and decreases with in-
melting is determined by multiplying the fraction of the lig- creasing laser pulse duratidsee later in this sectignor
uid phase in the system at any given time by the latent heatecreasing strength of the electron-phonon couplisee
of melting of the model material. The fraction of the liquid Sec. V).
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--------- = T K energy to the latent heat of melting. A transient decrease of
50 |y wﬁ i i ] temperature due to the melting can be seen in Fig), 4
o 1750 . :
j . where the beginning and the end of the melting process are
40 shown by the dashed and solid lines, respectively. The
£ BNl [ 1500 dashed line goes through the regions in the film where 10%
£ 30 ] of atoms have a “liquidlike” environmentas defined by the
= 1250 local order parameter, described in Appendjx@hereas the
S ] solid line connects the regions where 90% of atoms belong
= ' [ 1000 to the liquid phase.
10 F | Third, the elastic vibrations of the irradiated film caused
' 750 by the relaxation of the laser-induced pressure have a signifi-
ok YT L I cant effect on the temperature evolution in the film. Strong
[ i |G R 500 electron-phonon coupling in nickel leads to the steep rise of
0 25 50 75 100 the lattice temperature during the firsc ps after the laser
(@) Time (ps) pulse[Figs. 1 and #4a)]. The time of the lattice heating is

shorter than the time needed for the film to expand in re-
sponse to the corresponding thermoelastic stresses and, in the
central part of the film, the heating takes place under the
condition of inertial stress confinemefit®® The heating un-

der the condition of stress confinement results in the buildup
of high, up to 6 GPa, compressive pressifay. 4b)]. Re-
laxation of the compressive pressure leads to the expansion
of the free-standing film with tensile stresses concentrating
in the central part of the film. The following, gradually dis-
sipating oscillations of the film can be described as propaga-
tion of two pressure waves trapped within the film that
change their signs from compressive to tensile and vice versa
at each reflection at the free surfaces. The dissipation of the

L —————

i
0 25 50 75 100 the energy of the collective atomic motidg;, to the energy

oscillations is reflected in the gradual energy transfer from
(b) Time (ps) of the thermal motion of the atomg!", as can be seen from

Fig. 3. The energy of the film oscillations decreases from
FIG. 4. (Color online Contour plots of lattice temperatufe) ~15% of the total energy deposited by the laser pulse at 15

and pressuréb) for simulation of laser melting of a 50 nm Ni film ps down to less than 10% by the time of 150 ps. A direct
irradiated with a 200 fs laser pulse at an absorbed fluence of 43@orrelation between the pressure and temperature variations
Jin?. Solid and dashed lines show the beginning and the end of thgy the film is apparent from comparison of Figdagand
melting process. RectanglésandB in (a) show the areas of the  4(h). Compression leads to the temperature increase whereas
film anq times for which snapshpts are shown in Figs. 8 and gexpansion corresponds to cooling. With the neglect of vis-
respectively. The laser pulse is directed alongyttexes, from the cosity and dissipation of the energy of the elastic waves and
bottom of the contour plots. considering the compression and expansion of the solid and
) ) liquid parts of the film as isentropic processes, the tempera-
A. Analysis of the temperature evolution ture variation with pressure can be estimated from classical
The temporal and spatial evolution of the lattice temperathermodynamics,
ture and pressure in the irradiated film is shown in the form

of contour plots in Fig. 4. The motion of the front and back (dT/9P)s=VTalCp. (6)
surfaces of the film corresponds to the initial thermal expan-
sion of the film, followed by gradually dissipating oscilla-  In order to integrate this equation, we have to determine

tions. The complexity of the temperature plot, Figa4re-  the pressure and temperature dependences of the heat capac-
flects the interplay of several processes that are responsibiy Cp, volumeV, and the volume coefficient of thermal
for the lattice temperature evolution. expansione in both solid and liquid states. These depen-
First, the energy transfer from hot electrons to the latticedences are calculated for the model EAM Ni material in a
leads to the initial temperature increase. A relatively smallseries of constant-pressure—constant-temperature simula-
thermal diffusivity and strong electron-phonon coupling intions. The results of these simulations are shown in Figs. 5
Ni (as compared to other metalsads to a rapid transfer of and 6, where the temperature dependences of the volume and
the absorbed energy to the lattice and the development of iaternal energy of the system are shown for different pres-
temperature gradient within the 50 nm film during the firstsures. The volume ploté~ig. 5 allow us to calculate the
10 ps of the simulatiofiFig. 4(a)]. volume coefficient of thermal expansiong=/(1/V)
Second, the onset of melting leads to a decrease of th&(dV/dT)p, for different temperatures and pressures. The
lattice temperature due to the transfer of a part of the thermahternal energy plotgFig. 6) provide us with the pressure
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FIG. 5. The temperature dependence of the volume of the EAM

Ni material. The results are shown for zero pressure for both solid F|G. 6. The temperature dependence of the internal energy of
and liquid phases irie) and for several different pressures for the the EAM Ni material. The results are shown for zero pressure for
solid phase inb). The dependences are used to calculate the volhoth solid and liquid phases i@ and for several different pres-
ume coefficient of thermal expansion at different temperatures andures for the solid phase {h). The dependences are used to calcu-
pressuresq = (1/V)(dV/dT)p, and the volume change of melting, |ate the heat capacity at different temperatures and pressDges,
Vi, as indicated infa). The vertical dashed line ife) shows the  =(yH/4T),, as well as the latent heat of meltingH,=AU,,
equilibrium melting temperature of the EAM Ni at zero pressure. PAV,,, and the entropy change of melting,S,,=AH,,/T,.

The vertical dashed line ifa) shows the equilibrium melting tem-

and temperature dependence of the heat capa@iy, Perature of the EAM Ni at zero pressure.
=(dH/dT)p. The knowledge ofCp(T,P), «(T,P), and
V(T,P) allows us to integrate Eq6). The results of the thermal energy to the latent heat of melting, and the tempera-
integration are shown in Fig. 7, where the isentropes aréure variations related to the relaxation of the laser-induced
shown for the crystal phase by dashed lines for several initigpressure. The temperature and pressure evolution, in turn,
values of entropy. For a pressure variation frens to 5  defines the kinetics and the mechanisms of laser melting dis-
GPa, observed in Fig.(8), the range of the temperature cussed in the next section.
variation of ~200 K is predicted for the isentropic
expansion/compression for both cryst&lig. 7) and liquid
(not shown phases, in agreement with the temperature varia-
tion observed in Fig. @). Turning to the analysis of the mechanisms of laser melt-
The analysis performed above indicates that the compleing, we can see from the dashed and solid lines separating
temperature evolution in the irradiated film is defined by thethe liquid- and solid-state regions in the contour plots shown
interplay of the fast energy transfer from the excited elecin Fig. 4 that the melting process occurs in two steps. An
trons to the lattice vibrations, transfer of a part of the latticeultrafast melting of~80% of the film occurring within~15

B. Mechanisms of laser melting
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FIG. 7. (Color onling Conditions of equilibrium and nonequi-
librium melting observed in simulations performed for the EAM Ni
material. Black diamonds correspond to the conditions obtained in
liquid-crystal coexistence simulations. Solid line shows the melting
curve calculated from the Clapeyron equation. The four lower
dashed lines are isentropes plotted for the crystal phase for four __, i e g
different values of entropy. Black triangles connected by the black 15 20 25
dashed line correspond to the maximum overheating of the crystal Distance from the initial surface (nm)
observed in simulations performed with three-dimensional periodic
boundary conditions. Blue and red circles correspond to the condi- FIG. 8. (Color onling Snapshots from simulation of a 50 nm Ni
tions leading to the onset of homogeneous melting in the simulafilm irradiated with a 200 fs laser pulse at an absorbed fluence of
tions of laser irradiation of 50 nm Ni films at absorbed fluences of430 J/nf. Snapshots are taken at times and locations marked by
430 J/inf and 1117 J/f respectively. The conditions for the onset rectangleA in Fig. 4(@). Atoms are colored according to the local
of homogeneous melting are realized along the dashed lines in Figerder parameter—red atoms have local crystalline surroundings,
4 and 10 for the whole depth of the film in the simulation performedblue atoms belong to the liquid phase. In these and other snapshots
at 1117 J/irh and up to the depth of 35 nm in the simulation per- the atomic positions are averaged over 100 MD integration time
formed at 430 J/f The circles are connected by lines in the order steps(0.25 pg in order to reduce the effect of thermal oscillations
of increasing depth under the surface. of atoms.

ps is followed by a much slower melting of the remaining surface at a temperature ef1650 K, it proceeds at signifi-
crystalline region near the back surface of the film that takegsantly lower temperatures that, in the central part of the film,
more than 100 ps. The irradiated side of the film starts tdoecome as low as-1300 K. This observation can be ex-
melt ~10 ps after the laser pulse, when the temperatur@lained based on the pressure dependence of the equilibrium
reaches~1650 K, significantly above the equilibrium melt- melting temperature. A series of liquid-crystal coexistence
ing temperature of 1439 K, determined for the EAM Ni from MD simulations has been performed at different pressures to
a liquid-crystal coexistence simulation at zero pressure. Durdetermine the equilibrium melting temperatdfeln these
ing the following 15 ps a big part of the film melts and only simulations a system of coexisting liquid and solid phases is
a small layer near the back surface remains in a crystallinallowed to evolve toward the equilibrium state while the en-
form. Although, at first sight, the melting seems to proceedergy of the system is conserved. If the temperature of the
by propagation of a melting front from the irradiated surface,system is initially above the equilibrium melting tempera-
a closer look at a series of snapshots of the atomic-levelre, part of the solid phase melts, consuming the latent heat
structure of a region undergoing ultrafast meltiti€ig. 8 of melting and reducing the temperature. If the initial tem-
reveals a more complex picture characteristic of homogeperature is lower than the equilibrium melting temperature,
neous melting. Small liquid regions appear and grow aheadrystallization of a part of the system leads to the tempera-
of the “melting front,” leading to a very high apparent ture evolution toward the equilibrium melting temperature
“melting front” propagation velocity of~4000 m/s. from below. Simulation results, shown by diamonds in Fig.
From the temperature contour pldtig. 4@)] we see that 7, predict a nearly linear dependence of the melting tempera-
although the homogeneous melting starts near the irradiatedre on pressure. This prediction is in good agreement with
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calculations based on the Clapeyron equatiah]/dP],,
~AV,/AS,, where the volume change and entropy of
melting, AV, and AS,,, are determined from the tempera-
ture dependences of the volume and internal energy calcu-
lated as shown in Figs.(8 and Ga), respectively. For the
model EAM Ni material, the values of volume change and
entropy of melting at zero pressure are found toé,,
=0.46 cni/mol andAS,,=AH,,/T,=10.06 J/K mol, com-
parable to the experimental values for NAVE®
=0.32 cni/mol and ASZ*'=9.94 J/K mol/* In simulations

we find that bothAV,, and AS,, decrease with increasing
pressure, leading to a weak nonmonotonous pressure depen
dence of the slope of the coexistence line with an average
value of[dT/dP],,~45 K/GPa.

The temperature and pressure conditions leading to the
onset of the ultrafast homogeneous laser melting are shown
in Fig. 7 by blue circles. The conditions for the onset of
homogeneous melting are calculated along the dashed line in
Fig. 4 for the depth under the irradiated surface up to 35 nm.
The circles are connected by a line in the order of increasing
depth under the surface. At all pressures, the homogeneous
melting starts under conditions of overheating above the
liquid-crystal coexistence line. The overheating required for
initiation of the homogeneous melting in this simulation is
found to range from less than 1.D5to 1.187,,. These val-
ues of overheating are significantly lower then the highest
temperature at which no homogeneous melting is observed
in constant-pressure simulations performed with three- _ 1 —
dimensional periodic boundary conditions. A series of such ZI‘DOistance from t4hse initial surfagg(nm)
simulations has been performed for different pressures, and

the observed temperatures required to melt the system, gig 9. (Color onling Snapshots from simulation of a 50 nm Ni
(1.21-1.25),,, are shown by triangles connected by afiim irradiated with a 200 fs laser pulse at an absorbed fluence of
dashed line in Fig. 7. The temperatures at which melting130 J/nf. Snapshots are taken at times and locations marked by
takes place in a system with no external boundaries and irectangleB in Fig. 4(a). Atoms are colored according to the local
ternal defects correspond to the limit of thermal stability oforder parameter—red atoms have local crystalline surroundings,
the crystal latticB and can be considered as the maximumblue atoms belong to the liquid phase.

possible overheating achievable in a system. The maximum

overheating of~1.25T,, is observed at pressures from 0 to pared to isentrope$dT/dP],,>[dT/dP]s (Fig. 7). There-

10 GPa, whereas a gradual decrease of the overheating dowére, an adiabatic expansion of a region of the liquid-crystal
to 1.21 GPa at-5 GPa is observed for negative pressurescoexistence facilitates melting and induces the advancement
The reasons for the discrepancy between the maximum ovegf the melting front.

heating and the one required for the initiation of homoge-
neous melting under laser irradiation conditions are dis-
cussed in Sec. VII.

Aregion near the back surface of the irradiated film is not  An increase of the laser fluence leads to a faster homoge-
affected by the ultrafast homogeneous melting discussedeous melting of the entire film, eliminating the possibility
above, and a much slower conventional heterogeneous mefor a slower heterogeneous melting by liquid-crystal inter-
ing takes place. A thin crystalline layer with two well-defined face propagation. Temperature and pressure evolution in a
crystal-liquid interfaces is observed in a snapshot taken at 36imulation performed with the same pulse duration as in the
ps after the laser pulse in Fig. 9. The subsequent snapshatsnulation discussed above, 200 fs, but with more than twice
show that two melting fronts are propagating from the backhigher laser fluence of 1117 Frare shown in Fig. 10. From
surface of the film and from the homogeneously melted parthe dashed and solid lines that mark the beginning and the
of the film, leading to a gradual decrease of the size of thend of the melting process we see that the melting starts near
crystalline region and complete vanishing of the crystallinethe front surface at-4 ps after the laser pulse and is over at
layer by the time of~115 ps after the laser pulse. The het- ~11 ps. The visual analysis of the snapshots from the simu-
erogeneous melting is also affected by the pressure varidation (Fig. 11) suggests that homogeneous melting proceeds
tions. The decrease in the thickness of the crystalline regioby nucleation of more numerous liquid regions that are
typically coincides with the expansion of the region. This issmaller in size as compared to the lower fluence simulation
related to the steeper slope of the coexistence line as confFig. 8. The growth and coalescence of the liquid regions is

C. Melting and disintegration at higher laser fluences
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70 E P, GPa FIG. 11. (Color online Snapshots from simulation of a 50 nm
E B 0* i » Ni film irradiated with a 200 fs laser pulse at an absorbed fluence of
60 a2 y G I“i l 12 1117 J/ni. Snapshots are taken at times and locations marked by
50 5 s ’ 10 rectangleA in Fig. 10@). Atoms are colored according to the local
= 40 4 — order parameter—red atoms have local crystalline surroundings,
£ g .
e 5 E —— 6 blue atoms belong to the liquid phase.
%_ 20 E 4 reaches its maximum of12 GPa at-5 ps[Fig. 10b)]. The
2 2 maximum pressure is twice higher then the one observed in
10 B == the simulation performed at a lower fluence of 430%J/Rig.
0F - ﬂ 2 4(b)]. In both simulations the relaxation of the compressive
10 i | M; " 4 pressure leads to the expansion of the film and generation of
g i " the tensile stresses. In the case of the higher fluence, how-
T T T T e ever, the tensile stresses are sufficient to cause disintegration
0 10 20 130 40 50 60 of the film into two large pieces and one small piece moving
(b) Time (ps) apart from each other, as indicated by the two white gaps that

develop in the contour plots shown in Fig. 10 afteBO ps.

FIG. 10. (Color online Contour plots of lattice temperatute) | he disintegration interrupts the electronic heat conduction
and pressuréb) for simulation of laser melting of a 50 nm Ni film @mong the pieces of the film and the final temperatures of the
irradiated with a 200 fs laser pulse at an absorbed fluence of 111ffont and the back pieces of the film are different by more
Jin?. Solid and dashed lines show the beginning and the end of thEan 500 K. One more consequence of the disintegration pro-
melting process. Rectanglésand B in (a) show the areas of the CESS iS a strong asymmetry between the maximum compres-
film and times for which snapshots are shown in Figs. 11 and 125ive and tensile pressure observed in Fighl0Apparently,
respectively. The laser pulse is directed alongythaxes, from the ~ the dynamic strength of liquid Ni does not exceed 6 GPa and
bottom of the contour plots. higher tensile stresses cannot be supported, leading to the

void nucleation.
also faster in simulations performed at higher fluences and it The atomic-level picture of the disintegration process is
takes only~3 ps for a region shown in Fig. 11 to melt. shown in Fig. 12. A number of voids appear in the central

From the pressure plot in Fig. () we see that in the part of the film at~18 ps, the time when the tensile stresses
middle of the film the melting takes place at high compres—+each their maximum valud&ig. 10b)]. Some of the voids
sive pressure. The pressure-temperature conditions for thsllapse, others grow, coalesce, and eventually lead to the
onset of the homogeneous melting in this simulation aredisintegration of the film. Note that there are no gas-phase
shown by red circles in Fig. 7. The circles are located in theatoms observed inside the growing voids, indicating that the
region of compressive pressure and many of them are clogaocess of void nucleation and growth is not related to boil-
or even above the dashed line, which shows the maximuring but has a mechanical nature. Photomechanical processes
possible overheating achievable in a system. These can lsaused by the relaxation of the laser-induced pressure and
explained by the fact that at the time of melting the rate ofleading to disintegration of finite-size absorbers or damage/
the energy transfer from the hot electrons to the thermal mospallation of a surface region of an irradiated bulk target
tion of the atoms is still very high and the temperature calhave been 20bserved in experiméftas well as in MD
culated along the dashed line in Fig. 10 comes out highefimulations:®"
than the one that is actually needed to initiate homogeneous
melting.

The compressive pressure that builds up in the central part The character of the melting and disintegration processes
of the film due to the conditions of the stress confinemenin irradiated films is in a big part defined by the rate of the

D. The effect of pulse duration on melting mechanisms
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FIG. 12. (Color onling Snapshots from simulation of a 50 nm c a0
Ni film irradiated with a 200 fs laser pulse at an absorbed fluence of g
1117 J/m. Snapshots are taken at times and locations marked by ;8 20
rectangleB in Fig. 10@@). Atoms are colored according to their
potential energyred color corresponds to a high potential energy of 10
—2.5 eV, blue color corresponds to a low energy-o4 eV, the
cohesive energy of the EAM Ni fcc crystal is 4.45)eV 0 .
laser energy deposition into the thermal energy of atomic w ° 100 200 300 400 500

motion. The rate of lattice heating in short-pulse laser irra- T R

diation is defined by two factors, the strength of the electron-
phonon coupling and the laser pulse duration. A comparison
of the results obtained for Ni with the ones presented in the
next section for Au allows us to discuss the role of the

strength of the electron-phonon coupling, whereas the role of
the pulse duration is investigated below in a series of simu-
lations performed for Ni films.

The temperature contour plots are shown in Fig. 13 for
simulations performed for the same laser fluence of 438 J/m
as in the simulation discussed in Secs. V A and V B, but with
longer laser pulses of 50, 100, and 150 ps. In a clear contrast
with the simulation performed with a 200 fs laser pulBa.

4) the relaxation of the laser-induced pressure does not play e S e TN
any significant role in the simulations performed with the 0 100 200 300 400 500
longer pulses. The conditions for the stress confinePhéht © Time, ps

are not satisfied in these simulations, there is no significant
pressure buildup in the central part of the film, and the film
undergoes a gradual expansion rather than elastic oscillations
observed in Fig. 4. Accordingly, the picture of the tempera-
ture evolution is less complex and is mainly defined by only
two factors, the energy trans_fer from the excited electrons to FIG. 13. (Color online Contour plots of lattice temperature for
the thermal energy of atomic motion and the transfer of &jmyjations of a 50 nm Ni film irradiated by laser pulses with three
part of the lattice thermal energy to the latent heat of meltingifterent pulse durationga) 50 ps,(b) 100 ps, andc) 150 ps. All

The latter is reflected in a temporal temperature decreasgmulations are performed at an absorbed fluence of 438 Siotid
right after the melting curves in Fig. 13. and dashed lines show the beginning and the end of the melting

In all of the three simulations, both homogeneous ancprocess. The laser pulse is directed alongytizees, from the bot-
heterogeneous melting mechanisms have been identifieebm of the contour plots. The regions where homogeneous nucle-
The regions of the film where homogeneous nucleation oftion of the liquid phase is observed are marked by the dashed
the liquid phase is observed are marked in Fig. 13 by dashealals.

500 750 1000 1250 1500 1750
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FIG. 14. (Color onling Time dependence of electron and lattice aii

temperatures at the front and back surfaces of a 50 nm Au film
irradiated with a 200 fs laser pulse at an absorbed fluence of 130
Jim?. The dashed line shows the melting temperature of the EAM

Au.

ovals. In simulations performed with 50 and 100 ps laser
pulses, homogeneous nucleation is observed in relatively 1
large regions near the front surface of the irradiated film. A 10
much slower melting of the regions near the back surface of ]
the films proceeds by propagation of two crystal-liquid inter- 0
faces from the back surface of the film and from the homo-
geneously melted part of the film. Velocity of the melting b)
front propagation in heterogeneous melting depends on the
overheatingsee Sec. Vil and varies from~180 m/s in the . )
central parts of the films te-60 m/s at the very end of the FIG. 15. (Color opllne) C_:ontour plots of_Iattlce temperatu(a)_
melting process. In the simulation performed with the 150 ps_and pressur_éb) for simulation of laser melting of a 50 nm Au film
pulse, the melting starts at250 ps by a propagation of the |rrad|ateq with a 200 fs _Iaser pulse at an _abgorbed fluence of 130
liquid-crystal interface from the front surface. As the melting J/n?. Solid and dashed lines show the beginning and the end of the
front propagates with velocity of-130 m/s, a few liquid meiing process. The rectangle(@ shows the area of the film and
regions nucleate and grow at a depth-c—12 nm at—290 tlmes for which snapshots are shown in Fig. 16. The laser pulse is
ps. leading to an apparent jump in the melting front. Nodlrected along thg axes, from the bottom of the contour plots.
homogeneous nucleation of the liquid regions is observed in

a simulation performed with a 200 ps laser pulket faces of the film are indistinguishable. The energy transfer to
shown. the lattice vibrations due to the electron-phonon coupling is

slower in the Au film(Fig. 14 as compared to that of the Ni
film [Fig. 1(b)]. Most of the energy is transferred to the lat-
tice within ~15 ps, whereas complete equilibration between
the hot electrons and the lattice takes up to 50 ps.
Simulations performed for gold films illustrate the effect  The lattice temperature evolution inside the film is shown
of a weaker electron-phonon coupling on the melting pro-n Fig. 15a). The temperature increases throughout the film
cess. This effect can be seen in Fig. 14, where the evolutionp to the time of~50 ps. The pressure contour plot shows
of the electronic and lattice temperatures at the front and regressure oscillations similar to the ones observed in Riy. 4
surfaces of the irradiated film is shown for a simulation per-for Ni. The pressure oscillations, however, are much weaker
formed at a laser fluence of 130 Fiand pulse duration of in Fig. 15b) as compared to Fig.(8), and they have only a
200 fs. Similarly to the simulation for Ni illustrated in Figs. moderate effect on the temperature variations in Figa)l5
1, 3, 4, 8, and 9, this fluence is chosen to be close to th&he reason for the weakness of the pressure oscillations ob-
threshold for a complete melting of the film. A weak served in Au films is related to a relatively slow rate of the
electron-phonon coupling and the ballistic energy transporenergy transfer from hot electrons to the thermal energy of
by excited electrorié*3lead to a homogeneous heating of the atomic motion. For laser pulses shorter than several tens
the 50 nm Au film. As a result, the electron and lattice tem-of picoseconds, the rate of the lattice heating is limited by
perature lines plotted in Fig. 14 for the front and back surthe weak electron-phonon coupling and only partial stress

VI. LASER MELTING AND DISINTEGRATION
OF Au FILMS
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FIG. 17. (Color online Conditions of equilibrium and nonequi-
librium melting observed in simulations performed for the EAM Au
material. Black diamonds correspond to the conditions obtained in
liquid-crystal coexistence simulations. The solid line shows the
melting curve calculated from the Clapeyron equation. Black tri-
angles correspond to the maximum overheating of crystal observed
w— A —— in simulations performed with three-dimensional periodic boundary

10 15 20 o5 conditiogls, withdthedblgclr dashed Iinedbeingr]] a Iinejl'r.fit to| thgdatta

. Lo points. Blue and red circles correspond to the conditions leading to
Distance from the initial surface, nm melting in simulations of laser irradiation of 50 nm Au films at
FIG. 16. (Color onlin@ Snapshots from simulation of a 50 nm 2aPsorbed fluences of 130 Jhand 955 J/rfy respectively. The con-

Au film irradiated with a 200 fs laser pulse at an absorbed fluencdlitions for the homogeneous nucleation of liquid regidoisie and

of 130 J/nf. Snapshots are taken at times and locations marked b{fd circles as well as for the heterogenous growth of the liquid
a rectangle in Fig. 1®). Atoms are colored according to the local €9'0NS by melting front propagatidblue circle$ are shown. The

order parameter—red atoms have local crystalline surrounding€onditions correspond to the dashed lines in Figs. 15 and 18.
blue atoms belong to the liquid phase.

1

liquid-crystal coexistence temperatuieslid line in Fig. 17
as well as the temperatures that correspond to the limit of
confinement can be achieved in 50 nm Au films even withcrystal stability(dashed line in Fig. I7for a range of pres-
very short laser pulses. The meaning of the partial stressures that are realized in the simulations. The temperature
confinement is apparent from Fig. 15—the period of the elasand pressure conditions leading to the onset of melting in the
tic vibrations of the film is~43 ps and the film has an simulation discussed above are shown in Fig. 17 by blue
opportunity to expand while the thermal energy of the latticecircles. Unlike the blue circles in Fig. 7 that correspond to
is still increasing. the conditions for homogeneous melting and do not include
Analysis of the mechanism of melting in the simulation the part of the system where heterogeneous melting takes
illustrated by Fig. 15 shows that the melting involves nucle-place, the blue dots in Fig. 17 are calculated along the whole
ation of three liquid regions inside the film and propagationdashed line shown in Fig. 15 and show the conditions lead-
of several melting fronts from the three liquid regions anding to the homogeneous nucleation of the liquid regions
the two free surfaces of the film. The atomic-level picture ofalong with the conditions at the liquid-crystal interfaces in
the nucleation and growth of one of the liquid regions isthe heterogeneous melting. Most of the dots in Fig. 17 are
shown in Fig. 16. By the time of 200 ps only two narrow located between the two lines, with the highest density near
crystalline regions still remain in the filitiFig. 15. Continu-  the coexistence line. Therefore, melting is taking place pre-
ation of the simulation for a longer time shows that the crys-dominantly under conditions of a moderate overheating.
talline region located closer to the front surface of the flmSome of the dots are located below the coexistence line,
disappears at-250 ps, whereas the one located closer to thavhich can be explained by the temperature variations in the
back surface remains indefinitely, as the temperature of thélm due to the elastic vibrationd=ig. 15. As a result of the
film settles down at the equilibrium melting temperature oftemperature variations the region of the liquid-crystal inter-
the EAM Au, 963 K. face can undergo a transient moderate undercooling below
Using an analysis similar to the one discussed in detail fothe equilibrium melting temperature.
Ni in Secs. VA and VB, we determine the equilibrium  The absence of strong stress confinement in the case of
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60 FIG. 19. (Color online Snapshots from simulation of a 50 nm
50 Au film irradiated with a 200 fs laser pulse at an absorbed fluence
o of 955 J/nf. Snapshots are taken at times and locations marked by
40 ‘F‘f}"‘g rectangleA in Fig. 18. Atoms are colored according to the local
E i order parameter—red atoms have local crystalline surroundings,
_E" 30 blue atoms belong to the liquid phase.
& 20 o " .
= liquid regions. The conditions for this ultrafast phase trans-
formation are shown by the red circles in Fig. 17. All the
0 circles are located above the absolute limit of crystal stabil-
ity. At these high overheatings the crystal collapses into a
-10 : . o .
disordered state almost instantaneously, within a time com-
-20 ' ‘2'5‘ = '5'0‘ = ‘7'5‘ ‘ parable to 10—20 periods of atomic vibrations. This time
(b) Ti needed for the transformation of the crystal structure to the
Ime; ps disordered liquid state is, probably, the minimum time re-

) _ quired for the thermal melting.
FIG. 18. (COlOI’ On“ne Contour plOtS of lattice temperatu(’a) After the meltlng at~10 ps, the temperature continues to

and pressuréb) for simulation of laser melting of a 50 nm Au film increase and at-25 ps exceeds the boiling temperature of

irradiateql with a 200 fs _Iaser pulse at an _abgorbed fluence of 95 old [Fig. 18@]. The compressive pressure that builds up in
Jin?. Solid and dashed lines show the beginning and the end of th

. . e central part of the film due to the conditions of the partial
melting process. RectanglésandB in (a) show the areas of the stress confinement reaches a maximum value-8fGPa at
film and times for which snapshots are shown in Figs. 19 and 2010 ps and drives the expansion of the overheated film, lead-
respectively. The laser pulse is directed alongttexes, from the ing to the generation of the tensile stresses at a tir"ne of
bottom of the contour plots. 25-35 pqFig. 18b)]. The maximum tensile stresses do not
exceed—2 GPa and are much smaller then the maximum
laser irradiation of 50 nm Au films makes it difficult to compressive stresses. The overheated material, however,
achieve the conditions for disintegration of the film. The cannot support any significant tension and responds to it by
pressure oscillations are not strong enough to induce phot@eneration of several low-density regions and eventual dis-
mechanical disintegration of the film up to the fluences afntegration(Fig. 20. The atomic-level picture of the disinte-
which the final temperature of the irradiated film signifi- gration process shown in Fig. 20 is different from the one of
cantly exceeds the boiling temperature of the material. They Ni film illustrated in Fig. 12. The latter has the character of
temperature and pressure evolution in a simulation pera mechanical disintegration of a liquid undergoing fast ex-
formed at the lowest fluence at which disintegration of thepansion and there are no gas-phase atoms inside the growing
film is observed, 955 J/fnis shown in Fig. 18. By the time voids. In Fig. 20 material is overheated significantly above
of 10 ps the temperature exceeds the limit of crystal stabilitthe boiling temperature and disintegration is accompanied by

and the whole film melts within-2 ps, as illustrated by the the onset of boiling and release of the gas-phase molecules.
shapshots shown in Fig. 19. The liquid and crystal regions

that can be identified during the phase transformatsmap-

shot at 10 psare not well defined and the melting process
can be described as a simultaneous collapse of the crystal A comprehensive computational study of the fast non-
structure rather than homogeneous nucleation and growth @fquilibrium processes induced in 50 nm metal films by a

VIl. DISCUSSION AND SUMMARY
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FIG. 21. The velocity of the melting front propagation in het-
erogeneous melting of an EAM Ni crystal as a function of tempera-
ture. The line is only a guide to the eye. The maximum velocity of
the melting front propagation corresponds to the temperature above

L L which an onset of homogeneous melting is observed.
10 20 30
Distance from the initial surface, nm ings, up to~1.15T,,, the velocity of the melting front
) , ) propagation increases linearly with temperature. A faster in-
FIG. 20. (Color onling Snapshots from simulation of a 50 nm raage of the melting front velocity is observed at higher
s s o e st oo e mperatures and the maximum velosty of the melin fon
- ) . }Sropagation is found to be-600 m/s at T=1.23T,
rectangleB in Fig. 18. Atoms are colored according to their poten- — 1770 K. Above this temperature we observe homogeneous
tial energy(red color corresponds to high potential energy—# Y L. - .
eV, blue color corresponds to low energy-68.5 eV; the cohesive nucle_atlon of liquid regions in the bulk of the crystal anq the
energy of the EAM Au fcc crystal is 3.93 8V velocity of the melting front propagation cannot b(_a defined.
The value of the maximum velocity of the melting front
short-pulse laser irradiation is performed for a range of irrafpropagation suggests that only the heterogeneous melting
diation conditions and two target materials, Ni and Au. Threeprocess can be expected to take place in a 50 nm Ni film
distinct mechanisms of laser melting have been identified inrradiated by a laser pulse with duration of several tens of
the simulations, namely, homogeneous melting by nucleatiopicoseconds or longer. In the laser melting simulations, how-
and growth of liquid regions inside the crystalg., Fig. 8, ever, we observe homogeneous nucleation of the liquid phase
heterogeneous melting by propagation of liquid-crystal interin increasingly smaller regions near the front surface of the
faces(melting fronts from the external surfaces or homoge- film for laser pulse durations up to 150 p8ig. 13. This
neously nucleated liquid regions.g., Figs. 9 and )6and observation can be related to a significantly smaller over-
ultrafast, within~2 ps, collapse of the crystal structure over- heating that is needed to induce homogeneous melting in
heated above a temperature that corresponds to the limit déser melting simulations as compared to the constant-
crystal stability(e.g., Fig. 19. The process of ultrafast ther- pressure—constant-temperature simulations with three-
mal melting is observed at high laser fluences, when th&imensional periodic boundary conditions. Indeed, in Fig. 7
amount of the deposited laser energy significantly exceedall the blue dots corresponding to the conditions for homo-
the one needed for a complete melting of the film. geneous laser melting are located below the dashed line, cor-

At lower laser fluences, the relative contribution of the responding to the conditions for homogeneous melting in the
homogeneous and heterogeneous mechanisms of laser malonstant-pressure simulations. The reduced crystal stability
ing is defined by the rate of the lattice heating. One carin laser melting simulations can be explained by the strong
expect that the contribution of the heterogeneous meltingressure gradients transiently realized in the irradiated films
should increase as the heating time approaches the timand the associated complex stress conditions. Moreover, for
needed for the melting fronts propagating from the externaf typical laser spot diameter of 10—1@®n the fast relax-
surfaces to pass through the irradiated film. The velocity ofition of the laser-induced pressure can only proceed in the
the melting front propagation as a function of the overheatdirection normal to the surface. This uniaxial expansion and
ing above the equilibrium melting temperature has beerassociated anisotropic lattice distortions can additionally re-
measured for the EAM Ni material in a series of large-scaleduce the lattice stability against the initiation of melting. The
constant temperature simulations performed at zero pressureonditions of the lateral confinement in short-pulse laser ir-
The results, shown in Fig. 21, indicate that at small overheatradiation are correctly reproduced by the periodic boundary

I | |
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conditions in the directions parallel to the surfaces of thethe simulations, provides a detailed atomic-level description
film. As a result, our simulations suggest that homogeneousf fast nonequilibrium processes of laser melting and, at the
melting can be induced at significantly lower overheatingsame time, ensures an adequate description of the laser light
and a significantly larger range of irradiation parameters agbsorption by the conduction band electrons, the energy
compared to the predictions based on classical nucleatiofiansfer to the lattice due to the electron-phonon coupling,
theory*° and the fast electron heat conduction. Both homogeneous
The competition between the homogeneous and heterog@Nd heterogeneous melting mechanisms are found to be re-
neous melting mechanisms is mainly defined by the lasepPonsible for laser melting of thin metal films, with relative
pulse duration, as the electron-lattice equilibration times irffontributions of these mechanisms defined by the laser flu-
metals are typically much shorter than the ones needed f¢C€; Pulse duration, and the strength of the electron-phonon
heterogeneous melting. In contrast, the role of the lase/€OUPIiNg. The homogeneous nucleation of liquid regions in-

induced pressure in laser melting is defined not only by theide the crystalline material is assisted by anisotropic lattice

pulse duration, but also by the strength of the electrondistortions and stress gradients induced by fast laser energy

phonon coupling. The maximum values of the laser-induced€pPosition. The lattice distortions and stress gradients reduce

pressure are related to the condition of the stress confinemelfte Overheating required for the initiation of homogeneous

that, for 50 nm films, is satisfied for the times of the lattice Melting down to less thef~1.05T, and expand the range
heating up to~10 ps. In simulations performed for gold of pulse durations for which homogeneous melting is ob-

films the characteristic time of the energy transfer from theS€rveéd in 50 nm films up te-150 ps. Under conditions of
excited electrons to the lattice is longer20 ps, as com- inertial stress confinement, realized in the case of short
pared to nickel,~5 ps. As a result, the laser-induced ther- =10 PS laser pulses and strong electron-phonon coupling,
moelastic pressure is significantly weaker in the gold filmgthe dynamics of the relaxation of the laser-induced pressure
and the effect of the pressure variations on laser meltind!@S @ profound effect on the temperature distribution in the
mechanism is less pronounced even for the shortest, 200 f&radiated films as well as on both homogeneous and hetero-
laser pulses used in the simulations. Similarly, the pressurg€neous melting processes. At high laser fluences, signifi-
variations are small and do not play any significant role inc@ntly exceeding the threshold for melting, material can be
melting of Ni films irradiated with a laser pulse longer than 9uickly overheated above the limit of crystal stability, and an
25 ps. ultrafast, within ~2 ps, transition to the disordered state
The process of relaxation of the laser-induced pressure ifkes place simultaneously in the whole overheated region,
Ni films can lead to the generation of tensile stresses Sufﬁehmmatlng the possibility for the intermediate liquid-crystal
ciently strong to cause disintegration of the film. The proces§0€xistence state.
of disintegration proceeds by nucleation, growth, and coales-
cence of voids in the central region of an irradiated film, ACKNOWLEDGMENT
where the maximum tensile stresses are generated. The lower
pressure that can be generated in Au films is not sufficient to
induce photomechanical disintegration up to the fluences at®
which the disintegration process resembles that of an explo-
sive boiling/®~485263.7%f the film material assisted by mod- APPENDIX A: COUPLING TERM FOR ENERGY
erate tensile stresses. EXCHANGE BETWEEN TTM AND MD

The strength of the electron-phonon coupling also defines In the combined TTM-MD model the cells in the finite

whether a temperature gradient is established within a film 0Iiif'ference discretization are related to the corresponding vol-
a given thickness. The strong electron-phonon coupling in Ni P g

leads to the formation of a significant temperature gradienggqfﬁlzgfﬂtgﬁ] mz :\)//es;[:mei?r?eg::eelr?gfl Ia’g;'fhee:;rzrﬁ:ﬁgrneéf
within the first 10 ps following irradiation by a short laser 9 9y

T
pulse(Figs. 1 and 4 In contrast, in simulations performed atoms,K",

for gold films a weaker electron-phonon coupling and the oKT

ballistic energy transport _by excited electro_ns Iead to a ho- TI:_:E mi(ViT)Z/(3kBNce”): (A1)
mogeneous heating of a film of the same thicknésgs. 14 3kg

and 15. The initial temperature distribution affects the kinet- o | )

ics of the laser melting process. In particular, the homogeWhere the summation is performed over all M€ atoms in
neous melting of Ni films proceeds by nucleation and growt 9iven cell. In this definition, it is important to distinguish
of liquid regions in an area quickly expanding from the frontbetween the thermal velocities of the atorns, and the
surface, resulting in an apparent “melting front” propagation Velocities of the collective motion of atoms in a cell. For any
from the front surfacéFig. 4). In contrast, in Au films nucle- atom, the thermal velocity is defined @5=v; — V¢, wherev,
ation of the liquid regions proceeds stochastically throughouts the actual velocity of an atoi andv® is the velocity of
the film (Fig. 15. the center of mass of a cell to which atarbelongs.

In summary, the results of the simulations present a com- The energy exchange between the electrons and the lattice
prehensive atomic-level picture of the competing homogeis described in the model by two coupling termsG(T,
neous and heterogeneous mechanisms in laser melting. AT,) in the diffusion equation for electrori&q. (3)], and
combined atomistic-continuum computational model, used irgmiviT in the equation of motion of the atomg&q. (4)]. The

Financial support of this work was provided by the Uni-
rsity of Virginia through the new faculty start-up funds.
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latter term serves the same purpose as does the coupling tegRe used in the MD part of the modeéltyp=nAtrp, and
G(Te—T)) in the equation for the lattice temperature in TTM the electron temperature can change during one MD time
[Eg. (2)]. In order to define the coefficietin the coupling  step. Therefore, the actual implementation of the algorithm
term of Eq.(4) for each cell in the MD system, we have to involves averaging over a number of finite difference inte-
relate the coefficient to the rate of the energy exchange angration time steps that fits to one MD time step. The coeffi-
to make sure that this rate matches the one described by thgent £ is chosen so that the energy added(do removed
coupling termG(T.—T,) of the continuum equations. from) each cell of the MD system at each integration step,

Since the coupling term in E@4) is affecting the thermal  At,,;, would match the energy transferred between the elec-
velocities of the atoms, let us consider the rate of the thermatons and the lattice during steps of the finite difference
kinetic energy change in a given cell of the MD system,  integration,

d d « mi(v))? dv/ n
T i e AET= S MpOW(TET),  (AS)
dv, dve© ; - . . .
_ TV T which leads to the following expression f@rused in this
Z MiVi~gt E. Vi gt (A2) work:
Since the thermal velocities of atoms in a cell have random
directions, the second term in the above equation can be FEﬂzlAtFDGVN(T'é—TO ﬁiﬂzlGVN(Ti—'ﬂ)
neglected for sufficiently large cells. Therefore, using the z= —M° - = .
equation of motion[Eq. (4)] and defining the rate of the 2K 2K -

energy deposition/extraction in a cell of a volumg accord-

Ing to the electron-phonon coupling term, we have Finally, we would like to emphasize the importance of

d dv, making the distinction between the thermal and collective
aKT=Z miviTE=z VI (F+émv)) motion of atoms that has not been taken into account in
! ' earlier works*%° Scaling the total velocities of atoms can
introduce significant artifacts into the simulation results. As
=> VFi+£> m(v))2=GVy(T.—T)). (A3)  shown in Secs. V and VI, the relaxation of the laser-induced
! : pressure in the irradiated films leads to large acoustic vibra-

energy of the collective motion of atoms associated with
GVn(Te—T) EiViTFi these processes can be comparable to the energy of the ther-

SmvnZ S mv)2 (Ad)  mal motion_of atoms, as can be seen in Fig. 3. S(_:aling the
R R total velocities would artificially pump the energy into the

The second term in this equation is not related to the energgnergy of the acoustic vibrations, facilitate disintegration of

exchange with the electron subsystem of the model and is tH&e films, and accelerate any cluster that would form before

result of the constraint on the thermal kinetic energy intro-the equilibrium between the local electron and lattice tem-

duced by Eq(A3). This constraint prevents any temperatureperatures is reached. It is also essential to make the distinc-

fluctuations and limits the thermal kinetic energy variationstion between the thermal velocities and the velocities of col-

to the controlled energy deposition due to the electroniective motion of atoms in the definition of temperat{is.

phonon coupling. Actually, the second term in E44) cor-  (Al)], and pressure, defined in MD simulations through the

responds to a well-known Gaussian thermostat method fovirial equation.

constant-temperature simulatiof’sn our model we do not

want to prevent the natural temperature fluctuations in the\PPENDIX B: THERMAL CONDUCTIVITY OF Ni AND Au

system as well as temperature changes due to the phase UNDER CONDITIONS OF ELECTRON-LATTICE

transformationge.g., melting leads to the transfer of a part NONEQUILIBRIUM

of the kinetic energy to the latent heat of meltingherefore ] .

we omit the second term in E¢A4) and leave only the term  Due to the small heat capacity of the electrons in a metal,

that is responsible for the controlled energy deposition due t§radiation by a short, picosecond or femtosecond, laser pulse

the electron-phonon coupling: can lead to a large spike of the electron temperature within
the absorption region of the irradiated target, as can be seen,

GVN(Te—T)) GV(T—T)) for example, in Figs. 1 and 14. Therefore, the initial kinetics

= = m(v)2 - KT , (A5)  of the energy transport from the excited region deeper into

the bulk of the target, described in TTM by the heat diffusion
where the lattice temperature is defined by Bfl) and the  equation[Egs. (1) or (3)], can be strongly affected by the
coupling coefficient is recalculated at each MD integrationcharacter of the temperature dependence of the electron ther-
time step for each cell defined by the finite difference dis-mal conductivity. According to the Drude modé&lthe heat
cretization. As discussed in Sec. llI, the time step of the finiteconductivity is proportional to the electron relaxation time
difference integration of Eq4) is typically smaller then the 7., Ke=(1/3)v|2:CeTe. wherev is the Fermi velocity. The
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ing. A cutoff value of 0.04 is chosen for the local order parameter to
distinguish between the crystalline and disordered atomic configu-

rations.
FIG. 22. Electron heat conductivity in Au and Ni described by

different expressiongEgs. (B1)—(B3)]. The lattice temperature is
fixed at T,=300 K. Parameters used in the equations Kig
=318Wm 1K ! (Ref. 32, A=1.2x10"K 257!, B=1.23
X101 K 1s! (Ref. 79, C=353Wm 1K1, b=0.16 (Ref. 79
for Au, andK,=91Wm 1K™ (Ref. A=14x10°P K 2s7? L
Bc:: 1%21?10103 Kg’1 s for Ni. 'I'(heevail)’t?é of the con(s)iam fosr N} =3.69<10"s™* at Te=T,=300 K,) and the contribution

is calculated based on the model suggested in Ref. 80, whereas tﬁgm th,e elelctron-electron scattering is often neglected, re-
value of the constar for Ni is determined from fitting to Eqe2)  sulting in a linear dependence on the electron temperature,
in the low-temperature regime. The maximum electron tempera-

tures realized in the simulations discussed in this work are marked o Te
by the vertical dashed lines. Ke= Ko?l-

(b)

At electron temperatures significantly below the Fermi
temperature the contribution of the electron-phonon scatter-
ing dominates (e.g.,, A=1.2x10' K ?s! B=1.23
X 10" K~ 1s™? for gold”” and AT2=1.08< 10 s, BT,

(B2)

electron relaxation time is defined by the electron-electrorhis expression for the electron thermal conductivity is ap-
scattering timer., and electron-phonon scattering time propriate for low electron temperatures and is commonly
Te-phr UTe=1Tg ot 1/Te_ph:AT§+ BT,, whereAandB are  used in calculations performed with TTM, e.g., Refs. 29, 31,
constants! Assuming a linear dependence of the electron32, 35, 38, 39, and 54. It also results in a constant,
heat capacity on the electron temperat@gs= yT., the ex-  temperature-independent thermal conductivity under condi-
pression for the thermal conductivity can be written as tions of thermal equilibrium between the electrons and the
lattice. As the electron temperature approaches and exceeds

1

1

2

Ce

1

2

¥Te

Ke=

3

2
v FCeTe:

3YFATZ+BT, 3 FATZ+BT,

(B1)

the Fermi temperature Te=64200K for gold andTg
=136 000 K for nickef® the electron gas becomes nonde-
generate and the electronic heat conductivity starts to in-
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crease with temperature, approaching the depend&nce trafast laser melting is often challenging due to the complex
~-|-2/2, characteristic for a low-density plasma. Equationsnature of the melting process and the absence of well-defined
(B1) and (B2) fail to predict the high-temperature behavior plane liquid-crystal interfacege.g., Figs. 8, 11, and 19In

of the heat conductivity, and an alternative expression hathis work a distinction between the original fcc structure and

been suggested and argued to be valid for a wide range #e liquid phase is made with the local order parameter de-
temperature&® fined as°

2

92+0.16%4 92+ 0.4 S S i
(9% 6" (Ve +0.44 ;1 g,l exp(ige:rij)|

*(95+0.092Y4 95+ bd,)’

where 9,=T/Te=kgTe/Er, & =T,/Te=kgT|/Eg, Tr where the first summation witkis over a set of six vectors
and E¢ are the Fermi temperature and energy, respectively,dx} chosen so that exjef.r;;) =1 for any vector;; connect-
and C and b are parameters that can be determined froning atomi with atomj in the first- or second-neighbor shell
experimental data. For high electron temperaturss1, in a perfect fcc lattice, and the second summation \yiih
Eg. (B3) reduces to the dependence characteristic for a lowover all the atoms found within a cutoff distancg, from
density pIasmaKe~T2/2, whereas in the low-temperature atomi. The cut01°f_d|$tancaacut is chosen SO that.the first two
limit, 9,<1, Eq.(B3) reduces to EqgB1) and (B2). neighbor shells in a perfect fcc lattice are included. The
The dependence of the electron heat conductivity from th&hoice of the six vectorsgy} is not unique, and the follow-
electron temperature is shown in Fig. 22 for the metals ining Set of vectors was found to provide an optimum sensitiv-
vestigated in this work, gold and nickel, and for a fixed lat-ity of the method: q,=(47/ar)(1,0,0), 0= (47/a)
tice temperature of 300 K. A significantly lower Fermi tem- *<(0,1,0), 3= (47/a)(0,0,1), 0,=(47/as)(1,1,0), ds
perature of gold as compared to nickel results in the onset oF (47/25c)(0,1,1), ds= (47/ar) (1,0,1), whereay is the
deviations among the predictions of Eq&1)—(B3) at a  fcc lattice parameter. o
lower temperature. The highest electron temperature in simu- In order to reduce the effect of the thermal atomic vibra-

Ke=

ol
N| —

(B3) W=

Z+1

APPENDIX C: LOCAL ORDER PARAMETER FOR

lations performed for Ni films is 10500 K and the approxi- tions on the result of the structural analysis, the atomic po-
23300 K and the most general expression given by(Bg) ~ aged over the neighboring atoms, as suggested in Ref. 70,
Ni and Eg.(B3) with C=353Wm 1K ! b=0.16 (Ref.

above provides a quantitative measure of the “degree of
IDENTIFICATION OF LIQUID AND CRYSTAL REGIONS changes from 0 to 1 with a value oF,=0.04 chosen

mation given by Eq(Bz) is adequa’[e_ For simulations per- sitions used in the calculation &i are averaged Oyer 0.25
formed for Au films, the maximum electron temperature isPS. Moreover, the local order parameter was by itself aver-
should be used. Therefore, in this work we use [B@) with z
— —lp—1 in i i —
Ko=91Wm ~K™* (Ref. 32 in simulations performed for v, = q,i+j21 ‘I’j)-
7 Tr=64200 K (Ref. 76 in simulati f . . .
fOBr)’Aind F=64200K (Ref. 76 in simulations performed As shown in Fig. 23, the local order parameter defined
crystallinity” of the local atomic configurations that agrees
well with a visual analysis. The local order parameter
The identification of liquid and crystal regions in the in this work to distinguish between the liquid and crystal
atomic configurations produced in the simulations of ul-structures.
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