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Metal ablation by picosecond laser pulses: A hybrid simulation
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We investigate picosecond laser ablation of metals using a hybrid simulation scheme. Laser energy input into
the electron system and heat conduction within it are modeled using a finite-difference scheme for solving the
heat conduction equation. Atom motion in the near-surface part~72 nm! of the sample is modeled using
molecular dynamics. Energy transfer between the electronic and atomic subsystems due to electron-phonon
coupling is taken into account. For the special case of 0.5 ps UV laser irradiation of copper, we investigate the
fluence dependence of the ablation yield, the temperature and pressure evolution in the target, and the ablation
mechanism.
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I. INTRODUCTION

Under intense laser irradiation, solid surfaces may e
atoms or clusters ~droplets!. This process—called
ablation—is used in several applications, such as in la
modification of surfaces ~drilling, cutting, surface
patterning!.1 The emitted material is also used for a thin-fil
growth technique called pulsed laser deposition.2 While pre-
viously, often conventional nanosecond lasers have b
used for ablation, it has now become clear that ablation w
ultrashort pulses—in the picosecond or femtoseco
regime—is advantageous for several applications. Thus
the case of metals with their large heat conductivity, picos
ond pulses are reported1 to give rise to well-reproducible
ablation results, sharp cutting edges, and reduced drople
mation.

Laser light is absorbed in metals by the conduction-ba
electrons. After fast thermalization of the laser energy in
conduction band~within a few femtoseconds! electrons may
quickly diffuse and thereby transport their energy deep i
the target. At the same time, electrons transfer their energ
the target atoms; this process is controlled by the elect
phonon relaxation time, which is—strongly materi
dependent—in the order of a fraction of a picosecond
several tens of picoseconds. In consequence, the atoms
up, and the lattice may melt and eventually undergo a ph
transition to the supercritical liquid or gaseous state and
late.

The conventional theoretical approach to laser ablation
metals is based on the so-called two-temperature mode3 It
is based on the coupled temperature evolution of the e
tronic and atomic subsystems. It has been used to des
satisfactorily the damage threshold, the melting of the ma
rial, and the size of the heat-affected zone.4–6 However, it is
only poorly suited to describing the ablation process prop
the latter is characterized by strong superheating, pres
effects, and the phase transition in the solid to a supercrit
or gaseous state.7,8A modeling of these effects makes a mo
complete description of the atomic subsystem mandat
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which includes the equation of states, phase transition,
pressure effects.

In the present article, we base our description of
atomic system therefore on a molecular-dynamics simu
tion, in which all the above effects are inherently include
By coupling the molecular dynamics to the heat conduct
equation for the electronic temperature, we obtain a hyb
simulation scheme which covers all necessary degree
freedom characteristic for the laser ablation of metals.
use this simulation method to describe the 0.5 ps laser a
tion of copper as a prototypical example.

II. METHOD

A. Heat conduction

We use a one-dimensional description of the laser abla
process, such as it applies at early times in the center of
laser focus, i.e., as long as lateral heat conduction can
neglected. We simulate the metal over a depth scaleL
5400 nm. In an inner zone, extending from the surface
x50 to a depthl 572 nm, we use a molecular-dynamic
simulation to describe the atomic motion; cf. Fig. 1. In t

FIG. 1. Schematics showing the system and our solut
scheme. The electronic system is simulated using a finite-differe
scheme~FD!. The laser irradiates at normal incidence and depo
energy in the electron system according to the source termQ(x,t).
The atomic system is treated by a molecular-dynamic scheme~MD!
down to a depthx5 l and beyond that by a continuum approa
~FD!. Electronic and atomic systems are coupled by electr
phonon coupling.
©2002 The American Physical Society04-1
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SCHÄFER, URBASSEK, AND ZHIGILEI PHYSICAL REVIEW B66, 115404 ~2002!
rest of the system,l ,x,L, we describe the atomic syste
using the heat conduction equation for the atomic temp
ture Ta ,

Ca

]Ta

]t
5g~Te2Ta!. ~1!

The electron system is described over the whole simula
volume 0,x,L by a heat conduction equation for the ele
tron temperatureTe ,

Ce

]Te

]t
5

]

]x
Le

]Te

]x
2g~Te2Ta!1Q~x,t !. ~2!

Here,Ce (Ca) denotes the specific heat andLe (La) the heat
conductivity of the electron~atom! system. The coefficientg
embodies the coupling between the two subsystems by
electron-phonon coupling. Equations~1! and~2! are identical
to the two-temperature model.3 The source term

Q~x,t !5
Fa

t

1

l
e2x/l, 0,t,t, ~3!

represents the laser energy deposition into the electron
tem. Here,l denotes the laser penetration depth,t the laser
pulse length, and

Fa5~12R!F ~4!

the laser intensityabsorbedin the target. HereF is the
~nominal! laser intensity, andR is the target reflection coef
ficient. We assume the laser to irradiate at normal inciden

In the present paper, we shall concentrate on copper a
target material. Here, the laser penetration depthl514 nm
is rather independent of the laser wavelength betw
10 mm and 250 nm.1 We shall fix the laser pulse duratio
t50.5 ps since experimental ablation data9,10 are available
here. Laser fluencesF in the regime between 100 an
450 mJ/cm2 will be investigated. Under these fluences, t
reflection coefficient has been assumed asR50.6.9

The specific heat data of copper are taken asCe5gTe ,
g596.6 J/m3 K2, and Ca53.53106 J/m3 K. Literature
values6,11–14 on g vary between 0.1 and 231017 W/K m3;
however, in a recent compilation,15 the value used by us, 1
31017 W/K m3, has been adopted as the most reliable va

The coefficient of the electron heat conductivit
Le(Te ,Ta), is subject to considerable uncertainty, since
depends on the local electronic and atomic temperatures
implemented the functional form4

Le5a
~ue

210.16!5/4~ue
210.44!ue

~ue
210.092!1/2~ue

21bua!
, ~5!

whereua5Ta /TF , ue5Te /TF , andTF58.123104 K is the
Fermi temperature of Cu. This expression has been argue
be valid over a wide range of temperatures, in particular a
when Te approaches~or exceeds! the Fermi temperature.4

The two coefficients have been set toa5377 W/K m and
b50.139 by the following procedure.

Expanding Eq.~5! for small temperatures we may com
pare to the well-known low-temperature expression16
11540
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Le5L0

bTe

aTe
21bTa

. ~6!

Here, L05Le (Te5300 K,Ta5300 K) is the electronic
heat conductivity at room temperature,L05400 W/K m.
The coefficientsa and b describe electron-electron an
electron-atom collision frequencies, respectively. Followi
the method of Ref. 16, they have been determined from
experimental data of Ref. 17 asa51.753107 /s K2, andb
51.9831011 /s K. The comparison of the low-temperatu
behavior of Eqs.~5! and ~6! gives the values ofa and b
quoted above.

Initially, at t50, the whole system is at 300 K. As boun
ary conditions for Eq.~2! we use energy-reflecting bound
aries]T/]x50 at the ends of our simulation volume,x50
and x5L. These boundary conditions thus stipulate th
electrons cannot give energy away to the vacuum abovx
,0. Furthermore, these conditions allow for energy cons
vation as an easy check for the entire hybrid simulation;
below. They are realistic atx5L, sinceL has been chosen s
large that there the temperature remains close to 300
throughout the simulation. Atx50, they are used here as
first approximation and will be further investigated in th
future.

B. Molecular dynamics and coupling to electrons

The molecular-dynamics~MD! simulation is standard. We
use a many-body interatomic interaction potential of t
embedded-atom type.18,19We employ a~100! copper crystal-
lite, which has been initially relaxed to 300 K. The simul
tion volume has a square lateral area ofA52.169
32.169 nm2, containing 72 atoms per monolayer; its dep
is 400 ML, i.e., 72 nm. By using laterally periodic bounda
conditions, we can thus simulate the response of the mat
in the center of the laser spot. For a detailed study of p
nomena that occur on a larger lateral space scale—suc
the determination of the size distribution of dropl
emission—the use of a broader simulation crystallite
necessary.20

Electronic energy is coupled to the atoms by adding
velocity-proportional force to the equation of motion of ea
atom.21 Thus the equation of motion of atomi reads

M
d2r i

dt2
52¹r i

V~$r j%!2
g

Ca

Ta2Te

Ta
M

dr i

dt
, ~7!

whereV is the total potential energy of the atomic system
given by the many-body interaction potential andM is the
atom mass. In the coupling term, the electron temperatureTe
enters as calculated from Eq.~2!.

The molecular-dynamics simulation also allows us to d
termine the local temperaturesTa , which are needed for
solving the electron heat conduction equation,~2!. To this
end, we average the kinetic energies of all atoms in a ce
4-2
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We solve the heat conduction equations using a stan
finite-difference scheme.22 We found a cell width of 1 nm a
convenient compromise between accuracy and computa
speed.

At the deep end of the molecular-dynamics simulatio
x5 l , we use the so-called nonreflecting bounda
conditions.23 These have been developed in molecul
dynamics simulations of the laser ablation of orga
materials,20,24,25and are necessary to prevent a reflection
the pressure wave traveling from the laser-irradiated sur
inwards into the target. In short, this is achieved by match
the impedance of a boundary zone to the impedance of
MD volume; thus the boundary zone atoms respond to
passage of the pressure wave by letting it pass through
boundary without reflection. The wave is thus effectively a
sorbed. Without such a boundary condition, the press
wave is reflected back towards the surface, leading to a
facts in the ablation behavior.20

We note that any possible effects of the boundary con
tion on the thermal energy in the system are confined wit
a depth ofDx5A2Dt near the boundary. With a therma
diffusivity26 of D51 nm2/ps and a duration of the simula
tion of t550 ps, any such effect would be restricted to t
lower 10 nm of the material and thus has no influence on
ablation behavior.

Molecular-dynamics simulations and the finite-differen
scheme for the solution of the heat conduction equati
work on different time scales. The time step for the mole
lar dynamics is around 1 fs, while that for the finit
difference scheme is taken smaller thanCe(Dx)2/(2Le)
>36310218 s. We synchronize these two simulations
performing in each molecular-dynamics time step the nec
sary number of finite-difference time steps.

III. RESULTS

A. Energy dissipation in the metal

In the following, we shall first consider irradiation wit
F5170 mJ/cm2 intensity. We display the energy balanc
during the first 50 ps in the simulation in Fig. 2. Here we u
a decomposition of the total energyEtot in the hybrid simu-
lation of the form

Etot5Ee1Ea
MD1Ea

FD5P~ t !, ~8!

whereEe is the energy of the electronic system,Ea
MD the

atomic energy as calculated from the molecular dynamic
including kinetic and potential energy terms—andEa

FD de-
notes the thermal energy of the atomic system in the reg
l ,x,L; in all these contributions, the energy att50, i.e.,
corresponding to 300 K, has been subtracted. The ti
accumulated energy input by the laser is denoted by

P~ t !5H AFa

t

t
, 0,t,t,

AFa , t.t.

~9!

Figure 2 shows that we cannot achieve strict energy c
servation, but observe fluctuations and energy loss in
11540
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order of 5%. This is due to the hybrid nature of our code a
in particular to the~nonthermal part of the! energy of the
pressure pulse propagating out from the MD zone; furth
more, we may have some energy loss due to the nonrefl
ing boundary conditions of the molecular-dynamics zone.
are confident that the small energy loss visible in Fig. 2 d
not influence the ablation characteristics of our specimen

Electrons deliver their energy to the atomic system wit
time scale of aroundte-p57 ps, as can be read off from th
initially linear decay of the electron energy in Fig. 2. Th
time may be compared with the estimategTe/2g, which is
obtained from the heat conduction equation~2! for times t
.t by neglecting heat conduction and settingTe
525 000 K, the electron surface temperature att5t; this
estimate gives 12 ps. The larger part of the energy goes
the surface near zonex, l . Around 40% of the electron en
ergy is converted to thermal atom motion deeper inside
target. We note that heat conduction of the atomic sys
plays only a rather minor role in this process; the ene
found in the atomic system at depthx. l has been deposite
there by fast-diffusing electrons.

B. Time evolution of temperature and pressure

Figure 3 displays the~atomic! temperature and pressur
distributions in the top 60 nm of the laser-irradiated mater
Local temperatures have been calculated from the MD d
as the local average of the atomic kinetic energies in a~local!
center-of-mass system; analogously, pressures have bee
termined from the virial.27 The temperature evolution show
a steady increase within 10 ps to the maximum tempera
of about 1600 K. For comparison we note that the elect
temperature reaches a maximum ofTe525 000 K immedi-
ately at the end of the laser pulse,t50.5 ps. The atom tem
perature is quite homogeneous within the solid. The lo
fluctuations observed in the figure reflect the highly noneq
librium state of the material under the energy density s

FIG. 2. Energy balance in the entire hybrid simulation, for
fluence ofF5170 mJ/cm2. Energies are normalized to the tot
absorbed energyFaA. Etot : total energy.Ee : energy in electron
system.Ea

MD : energy in the atomic system, as calculated by m
lecular dynamics; here all kinetic and potential energies are ta
into account.Ea

FD : energies in the atomic system at a depthl ,x
,L below the surface as calculated by the finite-difference sche
In this plot, the energies of timet50 have been subtracted.
4-3
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plied by the laser and would only disappear after consid
able spatial and temporal averaging. Note that, in particu
the laser penetration depthl514 nm is irrelevant to the tem
perature profile. This is due to the swift electron diffusio
which completely smears out the laser energy deposition
file, Eq. ~3!. Note that due to the thermal expansion, t
material expands out into the vacuum, into the region
negativex.

It is seen that at 10 ps the top 60 nm are above the me
temperature of Cu,Tm51358 K. However, an analysis o
the snapshots from the simulations indicates that at 10 ps
melt zone extends only 20 nm down from the surface a
even at 30 ps, only to roughly 40 nm; the rest of the mate
became temporarily superheated without losing its crys
line structure. We note that superheating of metals has b
observed in experiment28,29 and also in previous MD
simulations.21

In our simulation, melting, as a first-order phase tran
tion, with its induced atomic disorder and the concomita
volume expansion@cf. also Fig. 4~a! below#, starts at the
surface and propagates into the crystal. This so-calledhetero-
geneousmelting process has been observed experiment
under fs laser irradiation of semiconductors li
germanium30 with melt-front velocities up to 103 m/s. A
melt-front velocity of the order of 1 –23103 m/s can also be
deduced from the data given above from our simulation.

FIG. 3. Depth distribution of the temperature~a! and the pres-
sure~b! at various timest after laser irradiation. The melting tem
perature of Cu,Tm51358 K, has been indicated. Positive press
denotes compressive stress; negative values denote tensile s
Gaps occur in the data~at t550 ps) where no material is prese
~after ablation!.
11540
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are not aware of experimental measurements of the m
front velocities in metals. The contrasting case of las
induced homogeneousnucleation in the bulk of a super
heated crystal does not appear to have been obse
experimentally up to now. Theoretical reasoning advocate
to compete with heterogeneous melting only for superhea
beyond 30%–50% of the melting temperature.31

The pressure is routinely calculated within the molecul
dynamics simulation from the virial; positive pressures d
note compressive stress, negative pressures tensile s
Figure 3~b! shows that a compression wave with maximu
amplitudes on the order of 7 GPa travels into the solid. In
aftermath, a region of tensile stress follows. It reaches m
mum stresses around24 GPa. These stresses exceed
dynamic tensile strength of the material and lead to a tea
of the specimen~spallation!.

C. Ablation

Figure 4~a! assembles the temperature and density pro
at t532 ps after laser irradiation; this is about the time wh
ablation sets in, and a large cluster tears off at a depth
around 200 Å. The pressure distribution at this time w

e
ess.

FIG. 4. Depth distribution of temperature and density:~a! for a
laser fluence of 170 mJ/cm2 at t532 ps, immediately after ablation
occurred;~b! for a laser fluence of 400 mJ/cm2 at t535 ps, where
multiple spallation is visible. Density has been normalized to
solid-state densityn0. The melting temperature of Cu,Tm

51358 K, has been indicated. Gaps occur in the data where
material is present~after ablation!, i.e., where the vacuum separat
the emitted large clusters.
4-4
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FIG. 5. ~Color! Atomistic view of part of the laser-irradiated solid, at a timet532 ps, immediately after ablation occurred. Cross secti
through the simulation volume~height 60 Å, width 21 Å, thickness 10 Å! are shown at various times after laser irradiation. Atoms
colored ~a! according to their local temperature, in units of the melting point of copper,Tm51358 K, and~b! according to their local
pressures, in units of the bulk modulus,B5137 GPa. The local temperature of an atom is defined as the average kinetic energy of all
around the central atom within a radius of 6.2 Å~cutoff of the interaction potential!, in the center-of-mass system. Analogously, loc
pressures are defined as an average over the atomic virials.
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included in Fig. 3. Temperature has its maximum close to
surface, but decreases inwards with a gradient of aroun
K/Å. The depth where spallation occurs is marked by a sh
decrease in density. At this point, a pronounced local ten
pressure develops~Fig. 3!, while the temperature locally
strongly increases. These features are characteristic o
spallation process, where the breaking of bonds lead
strong attractive forces~tensile pressure!, while potential en-
ergy is converted to kinetic energy~heat!. Due to the thermal
expansion, melting, and the unloading of the pressure w
the density in the surface near region has decreased to ar
85% of the solid density,n050.081 Å23. This compares
well with the density of molten Cu, 0.89n0.32 Note that the
target material has expanded in this time out to around
Å; this corresponds to an average speed of 4–5 Å/ps.

Figure 5 gives an atomistic view of the irradiated so
during ablation. We see how a large cluster contain
11540
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12 000 atoms breaks free from the solid. The breakup occ
at a position where strong tensile pressures concentrate.
leads to a consecutive breaking of bonds between ato
such that finally only a narrow bridge between the bulk m
terial and the ablating cluster remains. The bridge is fina
broken at around 35 ps. Note that as a consequence, a
pressive wave travels away from the spallation point, wh
is well visible in the ejected cluster. The local production
heat is particularly pronounced when the small bridge
tween bulk and cluster tears. Then temperatures strongly
ceeding the melting temperature arise. In the terminology
recent theoretical studies on the laser ablation of orga
materials,20 this ablation occurs in the so-called stress co
finement regime. We note that ablation did not appear at
time when the tensile wave passes but rather in its afterm

Simulations performed for higher laser fluencesF essen-
tially follow the characteristics described above. We give
4-5
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SCHÄFER, URBASSEK, AND ZHIGILEI PHYSICAL REVIEW B66, 115404 ~2002!
few quantitative details for 400 mJ/cm2 irradiation. Here the
maximum electron temperature at the surface amount
45 000 K. The maximum temperatures achieved in
atomic system are 4000 K, and the atomic temperatu
spread out quite homogeneously inside the solid; cf. Fig
Maximum pressures amount to114 and25 GPa. Ablation
already sets in at 25 ps, but the solid tears at several po
more or less simultaneously, as displayed in Fig. 4~b!. This
results in a higher ablation yield, 35 nm/pulse, and a dis
bution of clusters emitted rather than a single cluster.
note that our results for the large fluences need to be ta
with some caution since the ablation depth is at 50% of
MD simulation volume.

D. Comparison to experiment

Figure 7 assembles the ablation yields for a series
simulations performed with varying laser intensitiesF on
copper; each simulation lasted 50 ps. We observe a ra
sharp ablation threshold of around 170 mJ/cm2. This is in
good agreement with the experimental data, which repo
threshold fluence of 170 mJ/cm2 for 0.5 ps ablation by a 248
nm laser9 and 140 mJ/cm2 for 0.15 ps laser at 780 nm.10 As

FIG. 6. Comparison of atomic temperatures in the solid at
510 ps after laser irradiation forF5170 and 400 mJ/cm2 irradia-
tion.

FIG. 7. Ablation yield vs fluence for 0.5 ps laser irradiation
copper.s: experiment by Nolteet al. ~Ref. 10!, at a wavelength of
780 nm.n: experiment by Preusset al. ~Ref. 9! at a wavelength of
248 nm.h: simulation results.
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soon as ablation sets in, the ablation yield is rather const
24–30 nm/pulse. It only increases at fluences beyo
350 mJ/cm2, where the yield doubles.

At the fluences studied in this paper—at and sligh
above the ablation threshold—we found spallation~or me-
chanical failure! to be the relevant ablation mechanism. As
consequence, the ablation products consist mainly of la
chunks of matter or droplets rather than of monatomics
small clusters. This feature does not appear to have b
reported in the literature. While energy spectra of emit
~monomeric! ions have been measured,33–35 the analogous
experimental determination of theneutralcomponent, and in
particular its mass distribution, still awaits measurement.
note, however, that Sokolowski-Tinten and co-workers36–38

measured high-contrast optical interference patterns~Newton
rings! after fs laser ablation of both semiconductors and m
als at fluences comparable to those of our study. These
terns were interpreted to be due to a highly coherent em
sion of the ablated material; they are thus compatible w
the coherent emission mechanism~spallation! reported in the
present study.

A quantitative comparison to experimental data sho
that our yields are a factor of between 3 and 5 too high. T
may be due to the fact that experimental data were take
an average over many laser shots; for example, Nolteet al.10

report that they took the measurement after several hun
pulses which were shot at a frequency of 1 kHz at the tar
These authors also report that they observe a decrease i
ablation yield for a larger number of shots. In contrast, o
simulation pertains to a single shot to a well-defined crys
line surface. The irradiation-induced surface modificati
may change the optical parameters of the specimen
hence, the absorption.

IV. DISCUSSION: MECHANISM OF ABLATION

As we can see from the snapshots given in Fig. 5,
material ejection in the simulation proceeds through
separation of a large surface layer of material,;20 nm in
size, from the bulk of the irradiated sample. A similar pr
cess of material ejection has been previously observed
MD simulations of the laser ablation of molecular syste
and has been attributed to the photomechanical eff
caused by laser-induced stresses.20,25,39It has been discusse
that the magnitude of the laser-induced stresses and the
of the associated photomechanical effects in the materia
moval become significant when the time of the laser pu
duration,t, is shorter than the time of mechanical equilibr
tion of the absorbing volume,ts .20 This condition, termed
inertial or stress confinement, can be expressed ast<ts
;Lp /c, wherec is the speed of sound in the irradiated m
terial andLp is the characteristic length of the laser ener
deposition. In the case of a metal target irradiated with
sub-ps laser pulse, the relevant parameters are not the
pulse duration and the optical penetration depth, but the t
and length scales of the energy transfer from the electro
subsystem to the thermal energy of atomic vibrations. Th
scales are defined by the electronic heat conductivity and
strength of the electron-phonon coupling. For the syst
4-6
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considered in the present work, we can estimate the tim
the equilibration to bete-p;7 ps and the characteristic siz
of the heated region to beLp;100 nm. The time needed fo
relaxation of the laser-induced thermoelastic stress can
then estimated asts;Lp /c519 ps. Here the valuec
554 Å/ps has been used which has been measured in
simulation to apply under our conditions of laser irradiatio
c is larger than the speed of sound in the@100# direction in
Cu, c544 Å/ps. Thus the condition for the stress confin
ment is satisfied, aste-p<ts .

Under stress confinement the lattice temperature incre
proceeds under nearly constant volume conditions, leadin
the buildup of high compressive thermoelastic pressure.
pressure buildup can be seen in Fig. 3~b!, where the spatial
distribution of the local hydrostatic pressure in the irradia
sample is shown for different times. A maximum compre
sive pressure as high as 7 GPa is reached below the surf
few ps after the end of the laser pulse. In Fig. 3~b! we see
that at 5 ps the compressive pressure follows the tempera
profile in the bulk of the sample and is decreasing near
surface due to the onset of an unloading pressure wave.
unloading wave that propagates from the surface of
sample leads to the development of tensile stress, whic
increasing with depth under the surface. In the case of
elastic material response, the tensile component would
crease with depth and would reach a maximum value eq
to the compressive component at approximately the lengt
the atomic temperature increase. In the simulations p
formed at laser fluences above the ablation threshold flue
however, the tensile pressure exceeds the dynamic te
strength of the material and causes mechanical fractur
spallation. The amplitude of the tensile component of
pressure wave is determined in this case by the dyna
tensile strength of the material and can be significantly low
than the amplitude of the compressive component. In p
ticular, for the simulation performed at a laser fluence
170 mJ/cm2, a maximum tensile pressure of24 GPa has
been reached at a depth of;20 nm under the surface, cau
ing the spallation and ejection of a layer or cluster of ma
rial, as shown in Fig. 5. Although the tensile component
the pressure wave becomes even higher as the wave p
gates into the sample, it does not cause spallation or vis
damage deeper in the sample.

Similar observations have been reported for organic m
terials, where the position of the spallation plane is found
be located closer to the surface as compared to the d
where maximum tensile stress is reached.20,39 This observa-
:/

s.

iz

11540
of

be

the
;

-

se
to
e

d
-
e a

re
e
he
e
is
e

n-
al
of
r-
e,
ile
or
e
ic
r
r-
f

-
f
pa-
le

a-
o
th

tion has been attributed to the strong temperature de
dence of the ability of the material to support tens
stresses.20,39 The tensile strength of the material heated
the laser irradiation decreases significantly as the temp
ture increases. The depth of the photomechanical dama
determined therefore by the balance between the tensile p
sure that is increasing with depth and the decreasing the
softening due to the laser heating. In simulations perform
with higher laser fluences spallation at multiple spallat
planes is observed, reflecting the higher thermoelastic p
sure and the high temperature of the surface region. Note
since the mechanical stability of the surface region
strongly affected by the laser heating, analytical predictio
on the depth of the spallation planes that are based onl
the analysis of the thermoelastic response of the he
material40 cannot be directly applied for the quantitative d
scription of the simulation results.

V. CONCLUSIONS

We performed a hybrid simulation to study picoseond
ser ablation of metals. A finite-difference scheme impleme
the two-temperature model, incorporating laser energy
sorption into the electronic system and fast electron dif
sion. A molecular-dynamics simulation models atomistica
the processes in a surface near zone, including naturally p
sure effects, phase transitions, and other equation-of-stat
fects.

Ablation is triggered by the passage of the unload
wave, which follows the inwards traveling compressi
wave induced by the thermal expansion of the irradiated
terial. Tensile stresses of 4 GPa are reached in the examp
170 mJ/cm2, 0.5 ps laser irradiation of copper. Ablation o
curs by the breakage~spallation! of the target at a depth o
around 20 nm. The ablation threshold is at 170 mJ/cm2, in
good agreement with experiment. The ablation rate is b
factor of 3–5 higher than in the experiments. At intensitie
times the ablation threshold, the ablation yield strongly
creases by the process of multiple spallation. This mec
nism is characteristic of the so-called stress confinemen
gime of laser ablation.
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