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Incidence of energetic laser pulses on a metal foam may lead to foam ablation. The processes
occurring in the foam may differ strongly from those in a bulk metal: The absorption of laser light,
energy transfer to the atomic system, heat conduction, and finally the atomistic processes — such
as melting or evaporation — may be different. In addition, novel phenomena take place, such as
a reorganization of the ligament network in the foam. We study these processes for the example
of a Au foam of average porosity 79 % and average ligament diameter of 2.5 nm, using molecular
dynamics simulation. The coupling of the electronic system to the atomic system is modeled by
using the electron-phonon coupling, g, and the electronic heat diffusivity, e, as model parameters,
since their actual values for foams are unknown. We show that the foam coarsens under laser
irradiation. While k. governs the homogeneity of the processes, g mainly determines their time

scale. The final porosity reached is independent of the value of g.
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I. INTRODUCTION

The theoretical understanding of laser ablation by ul-
trafast pulses has reached a mature level of understand-
ing [1-3]. This applies both to metallic and insulating
surfaces; however, the situation in metals is particularly
transparent. Visible or ultraviolet laser light is absorbed
by the conduction electrons, which can transport the
energy further away from the surface by diffusion; by
electron-phonon coupling the energy is conveyed to the
atomic system. Melting, evaporation and ablation pro-
cesses can then occur in the atomic system.

Molecular dynamics (MD) simulations have demon-
strated a high capability of modeling the materials pro-
cesses occurring in a metal after irradiation, since ther-
mal heating, the action of tensile and compressive pres-
sures, and phase transformations (melting, evaporation)
are automatically included in the description of the ma-
terial as soon as an appropriate interatomic interaction
force has been included [4]. The dynamics of the elec-
tron system and its coupling to the atoms is treated with
the so-called two-temperature model (TTM), which de-
scribes the electron dynamics with the help of a heat
diffusion equation [4, 5].

Surface nanostructuring induced by laser ablation has
been investigated [6], but up to now mostly flat metal
surfaces have been investigated and the modeling of laser
irradiation on nanostructured surfaces has been limited
[7]. An extreme case of such nanostructures is provided
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by metallic nanofoams. Their geometry is characterized
by their porosity, which describes the global fraction of
space occupied by atoms, and by the ligament diameter,
which characterizes the nanoscale of the material.

The mechanical behavior of foam material may differ
strongly from that of a bulk metal [8]; but several ex-
perimental results can be explained by MD simulations
[9, 10]. However, the behavior of the excited electronic
system in the irradiated foam poses several interesting
problems. Ballistic and diffusive motion of the electrons
(heat conduction) is hampered by the foamy structure,
both due to geometric constraints (transport occurs only
in the ligaments) and due to an increase of scattering pro-
cesses at the ligament walls. Theoretical assessments for
the dependence of the ligament diameter on the heat dif-
fusivity are available [11], but not for the entire foamy
structure. A second issue is related to the electron-
phonon coupling; since both electron and phonon density
of states change in the ligaments and in the entire foam
structure [12], electron-phonon coupling is expected to
change as well [13]. However, here, to our knowledge, no
theoretical prediction could be obtained.

In the present study, we explore the heating of a metal-
lic foam by an ultrashort laser pulse using MD simulation
for the example of a Au foam. In view of the uncertain-
ties of the parameters describing the electron system and
its coupling to the atoms, we treat the electron-phonon-
coupling, Sect. IITA, and the electronic heat diffusivity,
Sect. IIT C, as model parameters, which we change freely
in order to observe their effects on the ablation behav-
ior. Results on structural changes will be discussed in
Sect. ITII B.



II. METHOD

Foam construction starts from the observation that at
any given time, local temperatures in a liquid will not
coincide with the global (average) temperature; we use
the isotherms to define non-simply connected structures
that can be used as a model for a foam structure. Further
details of the method are outlined in [14]. This method
allows us to construct films of predefined porosity with
values between 25% and 85%. The foam used in the
present study has a porosity of p = 79 %. The average
ligament size is around 2.5 nm.

Fig. 1 shows the structure of the nanofoam we use.
It has a thickness of 130 nm and a square cross section
of side length 13 nm. Periodic boundary conditions are
applied at the lateral sides, while the top and bottom
surfaces are left free. Au atoms fill up the foam such that
the ligaments have a single-crystalline structure with top
and bottom surfaces aligned along the (100) crystal axis.
We relax the samples to a temperature of 300 K and the
average pressure 0.

The TTM solves the continuum equation for the
electronic system coupled to an MD simulation of the
atomic system. The MD simulation is performed using
LAMMPS [15] with a time step of At = 1 fs. This
time step is sufficiently small to allow for a sta-
ble integration of Newton’s equation of motion
[4].The interaction between Au atoms is described by the
embedded-atom-method potential as proposed by Foiles
et al. [16] using a cut-off distance of r. = 4.94 A. This
potential satisfactorily describes elastic and ther-
mal properties of Au such as elastic constants,
surface energies and sublimation energy.

The space and time dependence of the electron tem-
perature, T,, is described by the heat diffusion equation,

Ceag;e =V (kVT.) —g[T. —T,] +®. (1)
Here C¢, k. and g are the electronic heat capacity, heat
conductivity, and electron-phonon coupling, respectively.
All of these quantities are functions of the electronic
temperature. C, and g are provided in Ref. 17, while
w = koT./T, with ko = 0.1998 eV/(psKA) [18]. The
atom temperature T, (r, t) is calculated from the MD sim-
ulation as a local average over a sphere with a radius
taken as the cut-off radius of the potential [19, 20].

We assume the laser pulse to have a Gaussian time
distribution with maximum at time ty = 1 ps and width
o =0.2 ps:
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The source term ®(r,t) in Eq. (1) is given by

®(r,t) = Eonof(t)e ¢/, (3)

where ng = 0.0589 A=3 is the equilibrium target atom
number density. FEy is the energy that a surface atom

receives from the laser pulse; we use here the value £y = 5
eV/atom; the surface energy density is ¢ = FEong =
0.295 eV /A3,

For a bulk material, the coordinate ¢ would simply
measure the depth below the surface; for our case of a
strongly inhomogeneous foam, ¢ measures the thickness
of solid material between the point, where ®(r,t) is eval-
uated and the surface. This recipe assumes that no laser
energy is absorbed in the voids, but only in the ligaments
of the foam. The absorption length A assumes the value
168 A [21].

Eq. (1) is solved using a three-dimensional finite-
difference scheme with a cell size of Az = 4.08 A, corre-
sponding to the lattice constant of Au, and a time step
of the order of 10717 s [5]. The number of atoms in each
cell is monitored; if the atom density decreases below 1/6
of the solid density, ng, the electronic heat diffusivity is
set to zero in this cell [7].

We apply the velocity-scaling method to exchange en-
ergy between the atomic and electronic system [22]. The
amount of energy density put into the atomic system ev-
ery time step is Ae = g[T, — T,]At, where At is the time
step of the MD simulation. Energy is only put into ther-
mal atomic motion, using the recipe provided in Ref. 22.

The simulation is run until 200 ps after irradiation.

The two main parameters characterizing the electronic
system and its coupling to the atomic system are the
electron-phonon coupling constant g and the electron
heat diffusivity, k.. While the values in bulk Au are
well known [17], the values in nanomaterials such as a
Au foam may differ strongly from these and are not well
known. We therefore use scaling factors G = 0.1, 1, 10
to model the electron-phonon coupling constant

gsim = Gy (4)
and k£ = 0.1, 1 to model the electron heat diffusivity,
Keim = KkKe. (5)

Note that only smaller electron heat diffusivities than the
bulk values are considered since small ligaments will have
reduced diffusivities.

The rendering of structures is performed with OVITO
[23].

III. RESULTS
A. Influence of electron-phonon coupling

First we explore the effect of the electron-phonon cou-
pling g on the evolution of the irradiated foam. Fig. 2a
shows how quickly electronic and atomic temperatures
equilibrate; the data show temperature averages over
the entire film. The electron temperature increases un-
til the end of the laser pulse and then decreases as en-
ergy is transferred to the atom system. Atom tem-
perature monotonically increases; the final temperatures



amount to around 4000 K in all cases. However, the
time when equilibrium is reached, tequ, depends strongly
on the electron-phonon coupling. For the standard value,
G =1, it is tequ = 40 ps, while this value decreases to
tequ = 4 ps for the tenfold increased electron-phonon cou-
pling. For the smallest value of g used, no equilibrium is
established until the end of our simulation (200 ps). Thus
a dependence tequ < ¢! may be read off these data.
These numbers are in agreement with a simple estimate
of electron-phonon equilibration in laser-irradiated met-
als; assuming a homogeneous energization with energy
density €, these predict [4]

tequ =V 2’760/9 (6)

Here ~ is the prefactor of the electronic specific heat in
the linear approximation, C, = 7., which amounts to
67.6 J/m? K? for Au [17]. For the standard value of
g =3x10" W /m?® K [17], Eq. (6) predicts tequ = 84
ps, which is of the same order but a factor of 2 above our
simulation results. The deviation is due to a combination
of several effects: (i) g increases with temperature; (ii)
the energy density €y decreases with depth; both factors
lower tequ.

The spatial profiles, taken at a time of 5 ps, are shown
in Fig. 2b. They demonstrate a qualitatively similar dis-
tribution; this is plausible since the spatial dependence is
mainly governed by the electron heat diffusivity, which is
identical in all cases. However, the temperature contrast
between front and back side is smaller for the cases of
small g.

This is caused by a self-amplifying process: since g
is an increasing function of atom temperature, as soon
as high temperatures are reached, electrons couple even
more effectively to phonons and the heating rate in-
creases. For low g, also energy transfer to phonons is
slower, and hence electronic heat diffusion has more time
to homogenize the profile.

Fig. 3 shows snapshots of the foams at 5 and 100 ps
after irradiation. Let us first discuss the results at 5
ps. The foam with the lowest electron-phonon coupling
shows a rather homogeneous state of the material at 5
ps. Density contrasts are strong, evaporation has not yet
started, and also the film coarsening induced by melting
is not yet pronounced. On the other extreme, the G = 10
foam shows strong inhomogeneities in its evolution; evap-
oration on the front side is already pronounced, while it
is absent on the rear side. Foam fragmentation and dis-
solution has already started on the front side; there the
density difference between remaining condensed material
and the gas phase is strongly decreased. Here it is also
evident that the melting transition does not contribute
to the process, as the temperatures are so high that the
material immediately is heated above the critical point
of the liquid-gas phase transition — 7400 K [24] — and be-
comes supercritical. The evolution for the standard case,
G =1, is intermediate between these two cases.

At 100 ps, evaporation has also started in the G = 0.1
foam. The condition of the metal in the surface-near

part has now become indistinguishable from the stan-
dard case, G = 1, and the case of high electron-phonon-
coupling, G = 10; a mixture of large clusters of low den-
sity and gas has developed. This situation is typical for
high-fluence ablation [25]. At the rear side, evaporation
from both foams has started, while the pore structure is
still clearly discernible.

An evaluation of the pressure (not shown) demon-
strates strong compressive thermoelastic pressures in the
first 5 ps after irradiation, reaching values of up to 1 GPa.
In particular for the largest value of the electron-phonon-
coupling, we also observe tensile pressures developing in
the near-surface region; these are caused by the rapid ex-
pansion and are related to the dissolution of the structure
to a mixture of gas and large clusters. However, already
at 6 ps the pressures have relaxed to values of the order
of 100 MPa and fluctuate strongly in the specimens.

We conclude that the value of the electron-phonon cou-
pling governs the time dependence of the materials ef-
fects; to a lesser degree it also influences the energy ho-
mogenization in the sample, since in Au, g increases with
temperature.

B. Porosity

After irradiation, the film structure changes; we quan-
tify it using the concept of porosity. In order to define
porosity, a distinction has to be made between the con-
densed phase (solid or liquid) and the vacuum or gas
phase. We use the criterion that the gaseous phase is de-
fined by an atom number density below n = 0.024 A~3;
this value was determined from inspection of the density
plots. Porosity, p, is defined as

‘/cond

p=1-—7, (7)
where V is the volume of the specimen, and Vonq is the
part of the volume filled by condensed matter. The de-
termination of V,o,q requires to trace out the surface of
irregularly shaped volumes; this is accomplished with the
help of the so-called alpha-shape method [26, 27] imple-
mented within the Crystal Analysis Tool (CAT) [28-30].
The identification of the surface requires the use of a
‘probe sphere’ rolling over it; its radius has been set to
the values of 0.4 and 0.5 nm, somewhat larger than the
nearest-neighbor distance in Au. The difference between
the resulting porosities for the two radii is used to define
error bars in our determination of p.

Fig. 4 displays the time evolution of the porosity in the
film for the three electron-phonon couplings investigated.
In all three cases, film coarsening is observed, that is
a reduction in porosity. This feature is already visible
in the snapshots, Fig. 3; it is caused by the action of
surface tension in the molten phase which compactifies
the ligament structures, and tends to close small void
structures.



In all three cases, the porosity finally reached assumes
similar values (within the error bars) of around 0.7.

Porosity changes monotonically for the smallest value
of the electron-phonon coupling, G = 0.1. In the other
cases observed, voids are quickly filled by evaporated gas
atoms and clusters; this tends to complicate the porosity
analysis. In particular, in the early phase after irradi-
ation — up to 50 ps after irradiation — the analysis is
dominated by fluctuations. However, at later times, all
curves show the same trend featuring a decreasing poros-
ity which leads to the same final saturation value.

We also tried to measure void sizes in the irradiated
film. However, due to the irregular structures of the
voids, no clear trend in the evolution of void sizes could
be determined.

We conclude that porosity decreases due to film melt-
ing; the value of the electron-phonon-coupling induces
different transient behaviors connected to the time scale
of phase changes (melting and evaporation).

C. Influence of electronic heat diffusivity

Up to now we used the standard value of the electron
heat diffusivity, &k = 1, Eq. (5), which applies to bulk Au
samples. However, the electron heat diffusivity in thin
ligaments is expected to be smaller than in bulk samples
[11]; we explore the effect of a decreased diffusivity with
a simulation for a tenfold smaller value, £ = 0.1, but for
the standard value of the electron-phonon coupling.

Fig. 5 demonstrates the influence of the heat diffusivity
on the spatial profile of the atom temperature in the irra-
diated slab at times of 5 and 100 ps after irradiation. The
larger electron diffusivity leads to a more efficient homog-
enization of the temperature in the film; this is apparent
at both times studied. Since the laser absorption length
is only 168 A, at the early time, electron diffusion could
not yet homogenize the temperature even for the higher
(bulk) value of the diffusivity, temperatures have equili-
brated for £ =1 at 100 ps. For k£ = 0.1, at this time the
backside of the film is still considerably cooler (around
3000 K) than the front side (around 5500 K).

Fig. 6 compares the film structures at a time of 100
ps after irradiation. Strong changes in the film structure
are visible in the front side. Due to the higher temper-
atures still present there for the smaller heat diffusivity,
the foam structure has strongly dissolved to a gas cloud
consisting of atoms and larger clusters; this picture of
material fragmentation is reminiscent of spinodal decom-
position occurring when matter is brought in the vicinity
of the critical temperature of the liquid-gas phase tran-
sition and has been observed previously in the atomistic
simulation of laser irradiation (bulk) metals [4, 25, 31].

In contrast, the higher temperatures in the rear part
of the foam for k£ = 1 lead to more massive evaporation
from the back side.

The influence of the lowered value of the heat conduc-
tion on the porosity is included in Fig. 4. The initial be-

havior parallels that of the standard case, G =1, k = 1;
however, the porosity values stay high and do not de-
crease below p ~ 0.74. This decreased coarsening is in
agreement with the inhomogeneous temperature profile
for low heat conductivities, Fig. 5, which leaves the back
part of the film unchanged while the front part suffers
strong evaporation, see the snapshots of Fig. 6.

IV. SUMMARY

Laser irradiation of metallic foams is still poorly under-
stood, since the behavior of the electronic system after
irradiation may deviate from that of a bulk metal. Thus,
the heat diffusivity of electrons is assumed to be smaller
than in the bulk, due to restrictions of electronic motion
in the ligaments. Also the electron-phonon coupling may
be changed; here, however, it is not clear whether it is
enhanced or decreased with respect to bulk values. We
therefore performed simulations within the framework of
the TTM to explore the influence of these two parameters
on ablation from laser irradiated foams.

Our results demonstrate that the magnitude of the
electron-phonon coupling is decisive for the time scale
within which energy is transferred to the atomic sys-
tem, and hence the speed of melting and evaporation
processes. To a lesser degree it also influences the energy
homogenization in the sample, since in Au, it increases
with temperature. Heat conduction, on the other hand,
mainly determines the homogeneity of the energy pro-
file in the specimen. While a low heat diffusivity may
localize the irradiated energy near the front surface and
increase ablation there, a high value may transport en-
ergy quickly to the back side and enhance the processes
there.

The final porosity reached is independent of the value
of the electron-phonon coupling; it depends, however, on
the heat conduction in that low heat conductivities lead
to smaller changes of the porosity.

The modeling of ablation processes in foams within the
TTM is hampered in particular by the difficulties of solv-
ing the electron heat conduction equation in three dimen-
sions in a strongly inhomogeneous system. Future work
will concentrate on identifying the influence of porosity
and ligament thickness on the ablation behavior, explore
the dependence of the processes on the absorbed laser
energy, and attempt to extend the simulations to other
metals.

Metallic nanofoams display heat conductivities that
are only a few times smaller than for bulk samples. How-
ever, semiconductor and oxide nanofoams may have ther-
mal conductivities that are more than one order of mag-
nitude lower than in the bulk [32]. TTM models have to
be modified to be applicable to semiconductors [33], but
large changes in ablation may be expected.
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FIG. 1: Snapshot showing the foam structure immediately before irradiation. Color codes density (in units of A™%),

see color bar. Top surface is at the right and rear surface at the left. The structure is repeated periodically in the lateral
directions.
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FIG. 2: Electron and atom temperatures in the foam for three values of the electron-phonon coupling constant G. (a) Time

evolution of spatially averaged temperatures. Line: electronic system; symbols: atomic system. (b) Space dependence of the
atomic temperature at time ¢ = 5 ps.



0.06

0.03

0.00

(b)

FIG. 3: Snapshots of the foam at time (a) ¢ = 5 ps and (b) ¢t = 100 ps for G = 0.1 (top), G = 1 (middle), and G = 10 (bottom).
Color codes density (in units of A~2), see color bar. The laser irradiates from the left side.
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FIG. 4: Temporal evolution of porosity in the foam.
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FIG. 5: Space dependence of the temperature at time (a) ¢ = 5 ps, (b) 100 ps. Data are for a simulation with standard
electronic heat diffusivity, & = 1, and with a reduced diffusivity, & = 0.1. Standard electron-phonon coupling, G = 1, was

assumed in both cases.

FIG. 6: Snapshot of the irradiated foam (reduced electronic heat diffusivity) at time ¢ = 100 ps. Top: standard electronic heat
diffusivity, £ = 1. Bottom: reduced diffusivity, k = 0.1. Standard electron-phonon coupling, G = 1, was assumed in both cases.



