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A B S T R A C T

The dynamics of a thin ruthenium film irradiated by femtosecond extreme UV laser pulses is studied with a
hybrid computational approach, which includes Monte Carlo, two-temperature hydrodynamics and molecular
dynamics models. This approach is capable of accurate simulations of all stages of material evolution induced by
extreme UV or X-ray photons: from nonequilibrium electron kinetics till complete lattice relaxation. We found
that fast energy deposition in a subsurface layer leads to a two-level ablation: the top thin layer is ablated as a
gas–liquid mixture due to expansion of overheated material at near and above critical conditions, whereas a
thicker liquid layer below is ablated via a cavitation process. The latter occurs due to a thermo-mechanically
induced tensile pressure wave. The liquid ablating layer exhibits unstable behaviour and disintegrates into
droplets soon after detachment from the rest of the target. Our simulations reveal basic processes leading to
formation of specific surface morphologies outside and inside the damage craters. The calculated ablation
threshold, crater depth and morphological features are in quantitative agreement with the experimental data,
which justifies the applicability of our hybrid model to study laser-induced material damage.

1. Introduction

The rapid development of free electron lasers (FELs) leads to a
continuous increase of the pulse intensity at such facilities. Recent re-
ports claim the achievement of sub-micron focusing of the light down to
a 50 nm spot size, which will result in an on-target peak intensity above
10 W/cm20 2 [1,2]. Such an extreme intensity can transfer irradiated
materials into highly excited non-equilibrium states that are still not
fully understood [3]. Apart from the target itself, the optical elements at
the FEL facilities can be illuminated with high radiation doses as well,
which can lead to irreversible changes and degrade their performance.
Numerous experimental studies of damage of the materials relevant to
the extreme ultraviolet (XUV) and X-ray optics were performed to

determine failure conditions of the optical elements [4–14].
One of the common damage mechanisms occurring after irradiating

matter with ultrashort pulses of moderate to high intensity is laser
ablation [15]. Apart from the fundamental interest in the context of
warm dense matter studies [3,16–18], the phenomenon of laser abla-
tion has been widely utilized in many applications such as pulsed laser
deposition [19], laser-induced breakdown spectroscopy [20], laser
propulsion [21], laser printing [22], surface micromachining [23] and
nanoparticles production [24]. The latter includes applications in
plasmonics [25], catalysis [26] and biomedicine [27].

Different applications of laser ablation require a different final
outcome of the ablation process, for example, different size, shape and
structure of the produced nanoparticles, or different morphology of the
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surface nanostructures. Such a sensitive control of the ablation process
can only be achieved if all physical mechanisms involved in the inter-
action of high intensity ultrashort laser pulses with matter are quanti-
tatively understood. For that, the dedicated experimental studies should
be supplemented with reliable computational models.

The complex nature of light-matter interaction involves various
physical processes occurring on a broad temporal scale. In order to
describe the full timescale of material evolution under laser irradiation,
from the initial excitation to the final material removal during the ab-
lation process and relaxation of the irradiated target, one typically has
to apply hybrid computational schemes. Hybrid simulation techniques
combine several models into a unified approach to efficiently describe
various sub-problems within the complex problem studied. They in-
clude, for example, multiscale techniques [28,29], and similar ap-
proaches [30].

Combinations of the two-temperature-based models (TTM [31–33]
or two-temperature hydrodynamics [34]) with the molecular dynamics
(MD) method are commonly used to describe ultrafast laser ablation of
metals [35–38]. For semiconductors, a modification of the classical
two-temperature model has been applied to take into account the non-
constant density of conduction band electrons and valence band holes
[39,40]. The combination of such a density dependent TTM with the
MD was used to study the interaction of femtosecond laser pulses with
Si targets [41,42]. Another approach which combines a Monte Carlo
(MC) method with MD was applied to simulate melting, ablation, and
solidification in Si induced by laser pulses with different duration [43].

Hybrid schemes that include two-temperature-based parts usually con-
sider the electronic system to always be in a thermodynamic equilibrium, so
that it can be described with an electronic temperature. In case of metals,
such an approximation is typically valid if the photon energy is low (in-
frared and optical range), so that only the conduction band electrons are
excited, and their thermalization is fast (on the femtosecond timescale).
However, it was experimentally shown [44,45] and theoretically verified
[46,47] that the electron gas in a metal excited with an optical or infrared
femtosecond lasers can stay out of equilibrium for a few hundred fs up to
the picosecond timescale. Such behaviour of the excited electronic system
can limit the applicability of the two-temperature-based models to time-
scales above ~1 ps only. In order to overcome this limitation, a full Boltz-
mann collision integral approach can be used to investigate a transient
evolution of a non-equilibrium electron distribution function [48], which
demonstrates that, generally, equilibration within the electronic system of a
metal occurs faster when increasing the fluence of a femtosecond optical
pulse.

Absorption of higher energy XUV or X-ray photons (~10 eV and
higher) results in a non-equilibrium electron kinetics that cannot be
neglected. The X-ray induced electron cascades in matter can be effi-
ciently simulated with Monte-Carlo-based (MC) models [49–51].

To have a more complete understanding of how X-ray irradiated
materials evolve, including both electronic and atomic systems, one
may use hybrid approaches. For instance, in the work [52] the authors
used the X-RIM code to model the X-ray FEL (XFEL) interaction with
ruthenium and silicon at the damage threshold intensity. The code links
the calculations of the radiation field in the material with the hydro-
dynamics (HD) simulations. One should note that the HD part of the
model limits it to the elastoplastic regime only. As another example, a
hybrid approach XTANT (X-ray-induced Thermal And Non-thermal
Transition) [30] simulates material evolution taking into account non-
equilibrium electron distribution, non-adiabatic electron–ion energy
exchange, transient electron band structure, atomic potential energy
surface evolution, and atomic motion, within one interconnected
model. The complexity of parallel calculations of various physical
processes restricts the model to a timescale up to ~100 ps and system
size up to ~1000 atoms.

In our previous work [53], focused on the effect of different energy
of the incident photons on the early stage of ruthenium (Ru) target
evolution, we reported on our combined MC–HD approach. This

approach was capable of reliable simulations of material evolution only
during the early picosecond stage after irradiation, but was not able to
simulate significant lattice modifications on a longer timescale. A
combination of HD with MD was also developed previously (see Ref.
[34] for example), but it did not take into account nonequilibrium
electron kinetics, hence was not applicable in case of photon energies
sufficiently high to induce electron cascades.

In this work, to overcome these limitations and to cover all stages of
material response to irradiation, we combine the mentioned approaches
together. Thus, a new hybrid model with a significantly extended ap-
plicability is implemented, which is a combination of Monte Carlo,
hydrodynamics and molecular dynamics. This model simulates the
material evolution from photoabsorption (~100 fs) to complete re-
laxation and formation of the final damage morphologies (~1–10 ns).
The in–house parallel MD code with the highly adaptive load balancing
algorithm [54,55] allows to consider large systems with a highly non-
uniform mass distribution and a number of atoms above 108.

The model is applicable in a wide range of photon energies from
XUV to hard X-rays. An extension down to optical or NIR photon en-
ergies is possible with a replacement of the MC module with a TTM-
based approach if applicable, or with a Boltzmann kinetic equation in a
general case. The applicability of the MC–HD part of the model in the
case of 800 nm laser light was demonstrated in [53]. Any metal can be
considered if the required parameters that describe the physical prop-
erties of a metal in the one- and two-temperature states are known.

We apply our model to study the dynamics of a Ru thin film under
femtosecond extreme UV laser irradiation in the intensity regime below
and above the ablation threshold. Ru is chosen as a material that can be
used as a grazing incidence mirror in the XUV and hard X-ray regimes
[8,9,11]. We focus on the atomistic picture of material evolution, be-
cause it provides us with the detailed understanding of physical pro-
cesses responsible for material damage, and gives us access to the direct
comparison of simulation results with the experiment. The specific ir-
radiation conditions that we use to verify our model are dictated by the
single-shot damage experiment performed at the femtosecond XUV
free-electron laser in Hamburg (FLASH [56]) that was reported in Refs.
[11,57].

The parameterization of the model to be applied for a particular
material (Ru in our case) is based on reproducing the known mechan-
ical and thermophysical properties of the material, as will be discussed
below in detail. No knowledge of the results of the light-matter inter-
action experiments is required as input data. Therefore, our model can
be used not only to describe the existing experiments, but also to pre-
dict the results of the future ones.

2. Hybrid computational model

The femtosecond duration of the laser pulses allows one to separate
the physical processes involved in the light-metal interaction in time
[58]. Three characteristic stages can be identified. (i) Absorption of
light and the following non-equilibrium electron kinetics. During that
stage, if the photon energy is sufficiently high, photo- and secondary
electrons created upon photoabsorption propagate in a metal and create
electron cascades [50]. The cascading process depends on the photon
energy and material properties and continues until all excited electrons
become slow and can be considered as thermalized in the conduction
band [53]. At the end of this stage electrons are at high temperature,
while ions are still cold. (ii) Two-temperature (2T) state of the irra-
diated metal. At this stage the target can be represented as consisting of
electronic and ionic subsystems, both in local thermal equilibrium, with
the corresponding individual temperatures Te and Ti. The 2T stage lasts
as long as Te is considerably different from Ti. During that stage, the
absorbed laser energy, stored in the thermalized electrons, diffuses into
the depth of the material, while simultaneously interacting with the
ionic subsystem, which results in heating of the latter. If the char-
acteristic heating time is faster than the time required for a material to
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mechanically react to it by expanding, the heating is effectively iso-
choric. This situation is usually referred to as stress confinement regime
[36,59]. As a result, thermo-induced stresses are generated. (iii) The 2T
stage proceeds into the one-temperature (1T) stage after thermal
equilibrium between electrons and ions is reached (T Te i). The evo-
lution of the material, started in the 2T stage, continues. If the laser
fluence is sufficiently high, such evolution typically includes melting,
cavitation, ablation and recrystallization processes. Electrostatic pro-
cesses such as Coulomb explosion are unlikely to occur in metals at
moderate fluences [60] and therefore are not considered in this work.

Developing a model to describe laser pulse interaction with a metal,
we exploit the time separation of the whole process into three distinct
stages, determined by fast electron response to an ultrashort laser pulse
irradiation, then by electron diffusion and electron-ion energy ex-
change, and finally by slow evolution of the ionic system, respectively.
We use three different models, one for each stage, and combine them
into one hybrid approach. Due to the femtosecond duration of the laser
pulse, it is possible to model the physical processes at each stage se-
quentially [58]. The model scheme is presented in Fig. 1 and will be
described below in more detail.

2.1. XCASCADE(3D)

The photoabsorption and the following non-equilibrium electron
kinetics are modeled with the asymptotic trajectory classical MC code
XCASCADE(3D) [51]. The target is represented as a homogeneous ar-
rangement of atoms with a density corresponding to the chosen mate-
rial. The photoabsorption cross sections, electron scattering cross sec-
tions and the ionization potentials of the target, taken from the
EPICS2017 databases [61], are described in the atomic approximation.

The MC code accounts for the following processes: photoabsorption
by valence and core–shell electrons, Auger recombination of created
deep holes with release of Auger electrons, propagation of photo- and
secondary electrons, and both inelastic (impact ionization) and elastic
scattering of electrons on neutral atoms. All photo- as well as secondary
electrons are traced until their energy falls below a predefined cutoff
energy. Electrons with energies below this cutoff, as well as holes cre-
ated in the valence atomic levels, are considered as thermalized elec-
trons in the conduction band of the metal. The spatio-temporal energy
density of these thermalized electrons forms a heat source for the two-
temperature hydrodynamics (2T-HD) code [53].

As it was shown in previous studies, an electronic system of a solid
under femtosecond XFEL irradiation follows the so called “bump-
on–hot-tail” distribution [62,63]: the majority of low-energy electrons

is almost in thermal equilibrium, with the minority of the highly excited
electrons forming the high-energy out-of-equilibrium tail of the dis-
tribution. In our approach, the nonequilibrium cascading of high-en-
ergy electrons is modeled with the XCASCADE(3D) code, whereas the
low-energy (thermalized) electrons are treated with the 2T-HD code. A
possible deviation of the low-energy electrons from the Fermi–Dirac
distribution is not taken into account. This would require dedicated
simulations with, e.g., the Boltzmann equation [48]. It is expected that
within the bump-on–hot-tail distribution, such deviations are small
[63].

The applicability of the XCASCADE(3D) code is limited to the flu-
ence regime when the density of cascading electrons is considerably
lower than the atomic density. In that case, the electron-atom scattering
is dominant, while scattering among excited electrons can be neglected.
We checked that this condition was fulfilled for all the fluences con-
sidered in this work: the electron density does not exceed 1% of the
atomic density. There are no plasma effects at the level of excitation
considered here. All electron cascades evolve in solid state Ru, and they
finish long before any phase transition occurs.

An a posteriori analysis of our results suggests that during the cas-
cading time, the irradiated material properties used in the XCASCADE
(3D) simulations do not significantly change. That justifies a coupling
between XCASCADE(3D) and 2T-HD within a scheme without feed-
back, when the output data from the MC simulations are passed one-
way into the 2T-HD model as the input (source term), see Fig. 1.
Therefore, the XCASCADE(3D) code can be applied to model the cas-
cading processes in the irradiated target even at high fluences at which
structural damage is expected on a later timescale, if the cascading time
is sufficiently short.

2.2. Two-temperature hydrodynamics and equation of state

The hydrodynamic behaviour of the material in the 2T stage is
modeled with our Lagrangian 2T-HD code [34,53]. The code simulates
the evolution of material properties, namely density, pressure, mass
velocity, and electron and ion temperatures, induced by the heat source
obtained with the XCASCADE(3D) calculations.

The 2T equations of state that govern the thermodynamics of Ru,
together with the 2T thermal conductivity and the electron–phonon
coupling factor, are taken from our previous work [64], where these
properties were obtained from ab initio calculations. The equations of
state are currently obtained only for the solid phase of Ru, which means
that melting and evaporation are not taken into account in the 2T stage.
These processes are naturally described with the MD code, although we

Fig. 1. Basic processes and corresponding simulation techniques used in our hybrid model.
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cannot guarantee completely reliable simulation of them during the 2T
stage. However, this stage in Ru lasts for a relatively short time
(2–3 ps), ending before significant melting and material ejection occur,
so the possible inaccuracy in the description of the 2T stage is insig-
nificant. More details on that are described in Section 3.2.

We include electron pressure Pe into the 2T-HD code. The total
pressure = +P P Pi e is responsible for material movement. At the border
with vacuum, according to our boundary conditions the total pressure is
always zero, so =P Pe i at the Ru-vacuum interface. This means that
the outermost Lagrangian particle (LP) at any moment of time has to
adjust so that this boundary conditions is fulfilled. Typically, the out-
ermost LP stretches significantly into vacuum to guarantee zero total
pressure at the boundary. Such a boundary condition is realistic at
moderate fluences, when the formation of dense plasma and vapour can
be neglected during the time when the electron pressure is strong.

We carry out the 2T-HD calculations until the end of the 2T stage
when the thermal equilibrium between the electronic and ionic systems
is reached:T Te i within the entire Ru thickness. The total pressure and
the ion temperature depth profiles at the end of the 2T-HD simulation
are stored. After that, we run the MD code starting again from the
absorption of a laser pulse. The initial conditions of the MD code and
the parameters simulating Monte Carlo pseudo-electrons (MD-MC ap-
proach [54]) are adjusted to reproduce the stored hydrodynamic pro-
files at the end of the 2T stage. With such a scheme, we guarantee that
with the MD simulations we arrive at the correct state of excited ma-
terial predicted with the 2T-HD. Synchronized with the 2T-HD after the
electron–ion equilibration is reached, the MD-MC code continues alone
and describes further material evolution until complete relaxation. The
details of this scheme applied to Ru are described in Section 3.2 and
Appendix A.

The subsequent material evolution in the 1T regime is modeled with
our classical MD code that simulates atomic motion, while the elec-
tronic heat conductivity is taken into account within the Monte Carlo
formalism (MD-MC approach) [54].

2.3. Molecular dynamics combined with MC electrons

Material evolution in the 1T state is modeled with the classical MD
method [54,55]. Classical MD by default takes into account only the
atomic system, whereas free electrons are not considered. Electron heat
conductivity plays a very important role in the context of laser damage
of metals, and thus has to be included into the model. Combination of
continuous TTM with MD is one of the ways to do that [35]. In our work
we use a different approach to include electron heat conductivity into
the classical MD scheme, namely the MC method described in detail in
Ref. [65].

Instead of real quantum electrons we introduce classical pseudo-
particles with a mass not related to the effective electron mass in the
material. These particles can ‘hop’ between moving neighbouring
atoms, whose motion is simulated with the MD method. For simplicity,
we will refer to these particles as ’pseudo-electrons’, although they are
not real electrons and are introduced solely as a method to solve heat
transfer in a complex 3D geometry of the evolving target. Each host
atom has one MC pseudo-electron, which has its own momentum, but
its position is always allocated on its host atom. It guarantees the charge
neutrality in the combined electron-atom system at any conditions,
simplifying the simulations. A randomly chosen pair of pseudo-elec-
trons allocated at neighbouring atoms swaps over their hosts with a
certain rate, which is a free MC parameter that has to be defined in
order to reproduce the experimental thermal conductivity. Such
swapping of pseudo-electron momenta results in a diffusion of thermal
energy on a mobile atomic network, which can reproduce heat con-
duction in a moving material having a complex geometry with voids.
After each hop, a pseudo-electron exchanges energy with its new host

atom via a collision, enabling electron-atom energy coupling.
Our MC model is parameterized with two fitting parameters: the

mass of pseudo-electrons and the exchange rate. The latter is used for
both swapping and electron–ion collision rates. The details of the
parametrization procedure are described in the Appendix A.

To reliably simulate the atomic motion, one has to use the MD in-
teratomic potential most suitable for the problem under investigation.
In the context of light-matter interaction at high intensities, the in-
teratomic potential must properly reproduce the material properties at
extreme conditions, namely at high temperatures and under strong
pressures. For that purpose, we developed the Ru interatomic potential
in the framework of the embedded atom model (EAM) using the stress-
matching method [66,67]. The procedure is described in Appendix B,
and the interatomic potential itself is available in the Supplementary
Material.

Post-mortem analysis of the experimental ablation craters in the Ru/
Si target showed that the damage is confined to the Ru layer, with no
visible damage to the Si substrate at the studied fluences [57]. To avoid
unnecessary difficulties when using separate interatomic potentials for
Si atoms and for Ru-Si interaction at the interface, we model the Si
substrate with a layer composed of Ru pseudo-atoms, which are ar-
ranged in the same crystal structure as the original Ru film. The mass of
the Ru pseudo-atoms is modified to reproduce the acoustic impedance
of the Si substrate. This technique provides a correct description of the
pressure wave reflection from the Ru-substrate interface (the mechan-
ical properties of Si are reproduced), although the thermal properties of
our model Si, which we will refer to as a “substrate”, should be adjusted
separately. A similar approach was successfully used to model the Ni-
on-glass system [68]. The correct thermal conductivity in the substrate
is achieved by adjusting the MC pseudo-electron exchange rate para-
meter in the MD box region that corresponds to the substrate.

The effect of thermal boundary resistance of the Ru-substrate in-
terface was tested by changing the probability of MC pseudo-electrons
exchange through the interface. We found no significant effect of the
heat transfer through the interface on the dynamics of material evolu-
tion.

The MD-MC calculations are performed for a system of 50 nm thick
hexagonal close-packed (hcp) Ru on a substrate, composed of Ru
pseudo-atoms. The periodic boundary conditions are applied in two
lateral directions (x and y). The in-depth size Lz of the MD simulation
box is taken to be 150 nm (50 nm Ru and 100 nm substrate). Non-re-
flecting boundary conditions at the bottom of the substrate are applied,
which means that the pressure wave that arrives at the bottom of the
simulation box is completely absorbed by the boundary to mimic bulk

Fig. 2. Comparison of temperature and pressure profiles calculated with the 2T-
HD and the MD-MC methods, which illustrates the procedure of linking these
two methods in our hybrid scheme. The absorbed fluence is =F 40 mJ/cmabs

2.
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material.
The following additional procedure is introduced in order to accu-

rately simulate the thermal conductivity in the finite size substrate.
First, we perform a calculation with a simulation box of small lateral
sizes Lx and Ly and large in-depth size × ×L : 8 8 650 nmz

3. The peri-
odic boundary conditions are applied in x and y lateral directions. The
velocity u t( ) and temperature T t( ) history of a Lagrangian particle (LP)
in the layer 150 152 nm is recorded. After that, we perform a new
calculation with an × ×8 8 150 nm3 box, where the LP history from the
previous step is used for the bottom boundary. We check that the
temperature and pressure depth profiles in the top 150 nm are the same
in these two calculations. Finally, a calculation with desired Lx and Ly
and with =L 150 nmz is performed using the LP time history. With such
an approach we ensure that we can mimic a thick Si substrate. Not only
the pressure wave is absorbed at the bottom of the simulation box, but
also the thermal conductivity in a large system ( =L 650 nmz ) is prop-
erly reproduced using a smaller system ( =L 150 nmz ).

3. Simulation results

3.1. Non-equilibrium electron kinetics

We performed simulations of XUV (92 eV or 13.5 nm), 100 fs FWHM
laser pulses interaction with the Ru-on-substrate target using our hybrid
model. We considered grazing incidence of the XUV pulses ( °20 with
respect to the surface), since this condition was used in the experiment
[57] that we aim to compare our results with, see Section 4. The cor-
responding photon penetration depth is 3.5 nm, and the surface re-
flectivity is 68%.

First, the photoabsorption and the electron cascades kinetics are
simulated with the XCASCADE(3D) code. In previous papers [53,57,69]
we studied the spatio-temporal characteristics of electrons in XUV-ir-
radiated Ru at the ablation threshold fluence. In particular, it was
shown, that the cascading process in Ru induced by 92 eV photons was
extremely fast (<1 fs) and the cascading electrons on average travel a
very short distance of about 1 2 nm before the thermalization, see
Figs. 5 and 6 in Ref. [57]. The amount of energy that escapes from the
surface via photo- and secondary electrons was calculated to be ~9%.

Therefore, the cascading process in the 92 eV case is not significant,
although for higher photon energies the non-equilibrium electrons can
play a crucial role in the damage processes [53].

3.2. Two-temperature hydrodynamic evolution

The 2T evolution of Ru is simulated with our 2T-HD code. We run
the 2T-HD code until the end of the 2T stage when the thermal equi-
librium between electrons and ions is reached. After that, the MD-MC
simulation takes over, ensured that its state at the end of the 2T stage
corresponds to the state predicted with the 2T-HD. Adjusting the MD-
MC parameters it is crucial to reproduce the shape of the 2T-HD profiles.
The amplitudes of the profiles are determined by the absorbed fluence.

In general, the procedure of adjusting the initial conditions and the
MC parameters (see A) of the MD-MC code to match the output of the
2T-HD should be performed for all considered fluences. However, in the
case of Ru, the shape of the 2T-HD profiles weakly depends on fluence.
This is due to the fact that the thermal diffusivity k C/e e of Ru is almost
constant at high electron temperatures (electron thermal conductivity
ke and heat capacityCe both linearly increase with electron temperature
in high temperature region, see Ref. [64]). Additionally, the electron-
phonon coupling factor weakly depends on electron temperature [64].

The weak dependence of the shape of the 2T-HD profiles on fluence
is also supported by the experiment, where the crater depth (which is
connected to the heat affected zone and pressure profile) is constant in a
large central region of the damage crater (see Fig. 12 below). This fact
allows us to perform the procedure of fitting the shape of the MD-MC
temperature and pressure profiles to the 2T-HD ones only once. Ob-
tained for one fluence, the same parameters are used for all MD-MC
calculations in this work. To minimize the effect of melting, which is
not taken into account in the 2T-HD code, we use the lowest considered
fluence of =F 40 mJ/cmabs

2 for the fitting procedure. The time = 3 ps,
when the two codes are linked, is chosen as the time when thermal
equilibrium is reached, T T(z) (z)e i .

The 2T-HD profiles T (z)i and P (z)zz at =t 3 ps are shown in Fig. 2,
where they are compared with the same profiles obtained with the MD-
MC code. The 2T-HD electronic and ionic temperature profiles are close
to each other along the entire Ru thickness, which demonstrates the

Fig. 3. Mass distributions obtained with the MD-MC calculations. The evolution of the Ru-on-substrate target irradiated with a 100 fs XUV laser pulse is shown for the
absorbed fluences of (a) =F 45 mJ/cmabs

2 and (b) =F 60 mJ/cmabs
2. Only the top parts of Ru that are subjected to structural modifications are shown.
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establishment of thermal equilibrium. In the fitting procedure of the
MD-MC profiles to the 2T-HD ones, we used only the region z 10 nm.
That is because the top part of Ru <z 10 nm is considered as molten:

> +T T Ti m h in that region, = =T H C/ 746 Kh m i . Here =H 4.7·10 J/mm
9 3

is the latent heat of melting and =C 6.3·10 J/m /Ki
6 3 is the ion heat

capacity at the melting temperature [70]. Since melting is not included
in the 2T-HD, the temperature and pressure profiles in the liquid region
may contain inaccuracies, therefore we do not use this region in the
fitting procedure.

There is a good agreement between the 2T-HD and the MD-MC
profiles in the region z 15 nm. The difference in the top region

<z 15 nm can be due to the following reasons. As just mentioned
above, melting is not taken into account in the 2T-HD, but is naturally
included in the MD-MC code. It is known, that melting can influence the
amplitude of the pressure wave, but as one can see, this effect is small in
Ru. The speed of sound is higher in the solid phase, which can explain
the deeper position of the 2T-HD pressure minimum compared to the
MD-MC one. Another reason for the different positions of the pressure
minima can be due to the electron pressure, which is taken into account
in the 2T-HD, but is not included in the MD-MC calculations. The ex-
istence of a strong electron pressure in the 2T-HD approach due to the
high electron temperature during the first 1 2 ps can result in the
formation of a tensile wave (negative pressure) sooner than in the MD-
MC code.

Overall, the difference between the 2T-HD and the MD-MC profiles
is small, which demonstrates a successful linking of the two codes. A
possible inaccuracy, resulting from the fact that (i) phase transitions are
not included into the 2T-HD code and (ii) electronic pressure is not
included into the MD-MC code, is minimized with our fitting procedure;
so it should not affect the following long-time scale material evolution
that we focus on in this work.

The XCASCADE(3D) and 2T-HD calculations at the ablation
threshold are used to tune the parameters of the MD-MC code, so that
with the MD-MC calculations we enter the 1T stage of material evolu-
tion in a correct way.

Below we present the results of a series of MD-MC calculations for
different fluences in the pre- and above ablation regimes in order to
study the evolution of the Ru target on an atomistic level. We aim to
identify and describe the physical processes responsible for different
regimes of Ru laser-induced damage.

3.3. Fluence dependent atomistic picture of material evolution

In this section we report the results of our MD-MC simulations on
the dynamics of a 50 nm Ru film exposed to single 100 fs FWHM XUV

laser pulses of various fluences. The size of the MD box used is
× ×128 32 150 nm3. It contains ~46 million atoms. The lateral dimen-

sions ×128 32 nm2 are chosen to be sufficiently large, so that the
maximum size of the features that we obtain in our simulations for all
considered fluences is smaller than the size of the box. The procedure of
mimicking a thick Si substrate in the depth direction (via Ru pseudo-
atoms) was described above. The periodic boundary conditions are
applied in x and y lateral directions. Each simulation is performed with
a top-hat shape of the laser pulse.

We start with a relatively low absorbed fluence of 45 mJ/cm2. The
corresponding mass distributions at different times are shown in Fig. 3
(a). The laser pulse comes from the top. The time =t 0.5 ps corresponds
to the moment when the maximum intensity of the laser pulse is at the
Ru surface.

The transfer of the absorbed energy from the electronic system to
the lattice results in ultrafast melting of the top Ru layer. The maximum
molten depth of 14 nm is reached at =t 20 ps. The ultrafast heating in
the stress-confinement regime induces a strong compressive pressure
wave at the front Ru surface. The time evolution of the thermo-induced
pressure wave is shown in Fig. 4. The frontal compressive wave CWF
propagates into the depth of the target and is followed by a tensile wave
TWF. It propagates in the molten Ru with an increasing amplitude. A
rupture occurs when the amplitude of this tensile wave is sufficient to
overcome the tensile strength of the material. Comparing the mass
distributions with the pressure profiles, one can see that a cavitation
zone is created in liquid Ru as a result of propagation of the frontal
tensile wave TWF. The cavitation threshold, i.e. the minimum fluence
required to produce a cavity, is found with separate MD-MC calcula-
tions to be ~30 mJ/cm2.

When the compressive waveCWF reaches the Ru-substrate interface,
it is partially transmitted through the interface (CWT wave) and is
partially reflected back with a change of sign (TWR wave), see Fig. 4.
Although large in amplitude, this reflected wave does not cause da-
mage, as one can see from the mass distributions in Fig. 3 (a), since it
propagates in the solid material, which has a higher strength than a
liquid. There is no experimental data on the tensile strength of Ru at
high strain rates, but our simulations indicate that it is above 20 GPa for
solid Ru. The tensile strength of liquid Ru can be estimated from the
pressure profiles in Fig. 4 and is about 5 10 GPa at a temperature of
~5000 K and a strain rate ~8·10 1/s10 . Identification of the exact value of
the tensile strength is beyond the scope of the present work, since it is
difficult to trace at which conditions the first cavity is formed.

One can see from the mass distributions in Fig. 3 (a) that the fluence
of 45 mJ/cm2 is not sufficient to cause ablation. The cavitation zone
collapses due to the surface tension, which is strong in Ru (see Ref. [71]
and Appendix B). The resolidification front that arrives from the depth
freezes the target with small subsurface cavities at about 160 ps.

Fig. 3 (b) shows simulation results at the absorbed fluence of
60 mJ/cm2. Unlike the previous case, ablation of the top thin layer of Ru
is observed. It is important to note that ablation starts at the fluence
twice higher than the cavitation threshold (see Discussion 5). The
higher fluence creates a stronger pressure gradient and, hence, higher
velocity of the top liquid layer – sufficient to cause ablation. Another
factor in favour of ablation is a higher temperature of the top layer,
which reduces the tensile strength. The propagation of the tensile wave
into the depth causes a cavitation zone below the ablated thin layer.
The produced cavities emerge during the stretching of the cavitation
zone. At a time of about 200 ps only two large cavities remain and start
to collapse (not shown).

Ablation of a larger amount of material occurs at higher fluences, as
shown with the mass distributions in Fig. 5. At 90 mJ/cm2 the early
stage of material evolution is similar to the previous case of 60 mJ/cm2:
ablation of the top thin layer and the formation and stretching of the
cavitation zone below. The difference to the previous case is that now
the cavitation zone does not collapse, but is stretched significantly until
the binding material between the ablating layer and the remaining

Fig. 4. Evolution of pressure in the Ru-on-substrate target irradiated with a
100 fs XUV laser pulse. The absorbed fluence is =F 45 mJ/cmabs

2. The blue da-
shed line indicates the position of the melting front at =t 10 ps.
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target breaks at about 300 ps. The ablated liquid layer disintegrates into
two large droplets of about 25 30 nm size.

The pressure evolution in the target during the first 13 ps after the
absorption of 90 mJ/cm2 is shown in Fig. 6. The amplitude of the frontal
tensile wave TWF decreases with increasing temperature and, hence, is
lower compared to the case of 60 mJ/cm2. The tensile strength of the
material also decreases with temperature. So, although the tensile
pressure is weaker, it is sufficiently strong to create a cavitation zone in
the near surface region below the ablated top layer. This cavitation
zone is labeled C1 on the density map at =t 15 ps, shown in the inset in
Fig. 6.

As discussed above, the compressive wave partially reflects from the
mechanically softer substrate (the acoustic impedance of Si is smaller
than that of Ru) and, as a result, the reflected tensile wave TWR

propagates from the interface back to the surface. The superposition of
the two tensile waves, +TW TWF R creates a second cavitation zone C2
deeper than the first one. Both cavitation zones are clearly observed on
the density profile at =t 15 ps, shown in Fig. 6 with a dashed line.
Further material evolution results in stretching of the first cavitation
zone and collapse of the second one. The density map at =t 50 ps in
Fig. 5 (a) shows the stretched cavitation zone C1 and the remainders of
the cavitation zone C2 in the form of a few small cavities.

A similar pressure evolution (not shown) and, hence, similar abla-
tion process occurs in the case of 120 mJ/cm2 of absorbed fluence, see
the mass distributions in Fig. 5 (b). A minor difference between the
90 mJ/cm2 and the 120 mJ/cm2 is that in the latter case the cavitation
zone gradually grows into the depth of the sample following the pro-
pagation of the frontal tensile wave. No distinct two layers of cavitation

Fig. 5. Mass distributions obtained with the MD-MC calculations. Evolution of the Ru-on-substrate target irradiated with a 100 fs XUV laser pulse is shown for the
absorbed fluences of (a) =F 90 mJ/cmabs

2, (b) =F 120 mJ/cmabs
2 and (c) =F 225 mJ/cmabs

2. Only the top parts of Ru that are subjected to structural modifications are
shown. Movies of mass distribution and symmetry parameter evolution from these simulations can be found in the Supplementary Material. The symmetry parameter
distinguishes between solid and liquid phases, so melting and recrystallization dynamics can be traced.
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are observed. Another difference between these two cases is that the
ablating layer does not disintegrates into droplets in the case of
120 mJ/cm2, but stays intact. That may be an effect of periodic boundary
conditions that can stabilize the ablating layer. We investigate the be-
haviour of the ablating layer in Section 3.4.

A different situation is realized at the highest considered absorbed
fluence of 225 mJ/cm2, Fig. 5 (c). Due to the extremely high atomic
temperature of 20 30 kK reached in the thin subsurface region of Ru
during the first few ps after absorption, the pressure remains strictly
positive until the frontal compressive wave is reflected from the Ru-
substrate interface, see the pressure profiles in Fig. 7. The superposition
of the waves +TW TWF R creates sufficiently strong tensile pressure and
the cavitation zone is formed at a depth of about 20 nm. This cavitation
zone is clearly observed on the density map shown in the inset of Fig. 7.
The cavitation zone grows in the direction shown with a white arrow.

As one can see from Fig. 5, Ru under femtosecond XUV exposure
exhibits two-level ablation in a wide range of fluences near and well
above the ablation threshold. The top few nm layer ablation is followed
by ablation of a thicker layer. As shown above, the latter occurs due to
the tensile wave, either purely by the frontal one or by the super-
position of the frontal and the reflected one.

The mechanism responsible for the thin top layer ablation depends
on the fluence. For low fluences 60 90 mJ/cm2 the frontal tensile
wave results in cavitation and ablation of the top material. Even low
stresses produced by the tensile wave are sufficient for rupture, since
the significantly heated liquid has a low tensile strength. For higher
fluences, the pressure is strictly positive during the first few ps, whereas
the ejection of material has already begun. This means that ablation of
the top thin layer occurs not via thermo-mechanical cavitation, but due
to the expansion of the liquid which phase state runs from an initial
high-temperature state towards the subcritical or supercritical ther-
modynamic state. Expansion to a subcritical condition may result in the
formation of gas–liquid mixture ejecta via overheating and fast ex-
plosive boiling of the hot liquid [72]. The supercritical ablation consists
in a continuous formation of hot gas ejecta without phase separation
into vapour and liquid [73].

To illustrate different mechanisms of top layer ablation we show the
atomistic configuration of the top Ru part at =t 20 ps in case of

=F 120 mJ/cmabs
2, see Fig. 8. Three characteristic regions can be

identified: hot gas of Ru atoms in the top part (supercritical ablation),
hot gas–liquid mixture (subcritical ablation), and cavitation zone cre-
ated by the tensile wave. The corresponding temperature and density

profiles are also shown. It is worth to note that the negative pressure is
generated only in the cavitation zone and causes the deceleration of
material there.

The critical parameters of Ru modeled with the EAM interatomic
potential are extracted from separate MD-MC calculations using the
phase coexistence method. The results are = =T P14500 K, 0.19 GPac c
and = 1.1 g/cmc

3. The atomic temperature of the Ru top surface rises

Fig. 6. Evolution of pressure in the Ru-on-substrate target irradiated with a
100 fs XUV laser pulse. The absorbed fluence is =F 90 mJ/cmabs

2. The density
profile at =t 15 ps is shown with the dashed line on the same graph. The
density map at =t 15 ps is shown in the inset. The two cavitation zones, C1 and
C2, are clearly visible and are formed with the frontal tensile wave TWF and
with the superposition of the frontal and the reflected waves +TW TWF R, re-
spectively.

Fig. 7. Evolution of pressure in the Ru-on-substrate target irradiated by a 100 fs
XUV laser pulse. The absorbed fluence is =F 225 mJ/cmabs

2. The density profile
at =t 15 ps is shown with the dashed line on the same graph. The density map
at =t 15 ps is shown in the inset. The cavitation zone is formed with the su-
perposition of the frontal and the reflected waves +TW TWF R. The white arrow
shows the direction of the expansion of the cavitation zone with time.

Fig. 8. Top panel: phase structure of material flow at =t 20 ps induced by
=F 120 mJ/cmabs

2. The atoms are coloured according to their potential energy.
The leading expanding gas on the left is produced in supercritical expansion of a
top hot layer with a thickness of 1 2 nm. It follows by a two-phase gas–liquid
zone formed via fragmentation of a hot liquid expanding along a subcritical
adiabat. This zone is followed by a dense foam-like material formed via cavi-
tation of relatively cold liquid stretched by the negative pressure. Only the last
zone is subjected to deceleration and a Rayleigh-Taylor instability may develop
here, see Section 3.4. Bottom panel: the corresponding temperature and density
profiles.
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above 16 kK during the first few ps after the absorption of 120 mJ/cm2,
while the density drops below 2 g/cm3, which confirms that both sub-
critical and supercritical ablation mechanisms are possible. A similar
situation is realized for higher fluences.

3.4. Dynamics of ablating layer

Fig. 5 suggests that the thick ablating layer exhibits inconsistent
behaviour with increasing fluence. With our MD-MC simulations we
found that the layer stays stable at fluences of 120 and 150 mJ/cm2,
whereas for other considered fluences (lower as well as higher) it dis-
integrates into liquid droplets. In this section we investigate possible
reasons of unstable evolution of the ablating layer.

3.4.1. Rayleigh-Taylor instability
It is known that development of Rayleigh-Taylor instability (RTI)

can induce fragmentation of ablating material [74]. Such a phenom-
enon may occur when a more dense liquid (Ru in our case) is expanding
into a less dense environment (vacuum or vapour in our case) and is
being affected by a strong deceleration. The deceleration of the target
surface is produced by a subsurface pressure gradient directed towards
the vacuum, which generates a corresponding force directed to the bulk
of the target. Just after absorption of a laser pulse, the pressure under
the surface has a large positive value which produces the pressure
gradient directed to the target, and thus this gradient causes expansion
of the material and acceleration of the surface. Then, the subsurface
pressure decreases, and if it drops below the vapour pressure above the
surface, the pressure gradient changes its sign and begins decelerating
the target surface. The sign change of the subsurface pressure gradient
is clearly visible in Fig. 7, where it happens after 9 ps.

Such a decelerating pressure gradient results from two sources.
First, it is a result of stretching of a continuous subsurface material at an
early stage of the expansion. Then, after cavitation of the stretched li-
quid, it also results from the tension of the foam-like material in the
cavitation zone that may pull the ablating layer back to the target
during a long time until the foam ruptures. It is clear that the cohesive
forces of continuous liquid are much stronger than the capillary forces
in the foam, which results in a huge deceleration at the early stage of
expansion and a relatively small deceleration after cavitation.

To investigate whether the RTI plays a role in Ru ablation, we
analyze the velocity of the ablating layer in the case of

=F 120 mJ/cmabs
2. At each time step we record the velocity of the top

material at a density level of 6 g/cm3, which is an average density in the
ablating layer. Knowing the velocity, we calculate the deceleration of
the layer. The results are shown in Fig. 9. Please note that z axis is
directed in the depth of Ru, hence the negative sign of velocity directed
to the vacuum. An enormously strong deceleration of the top material is

observed during the first 15 20 ps. Further stretching of the cavitation
zone weakens the force that pulls the ablating layer back, since the net
cross-section surface line of cavities in the binding foam-like material
decreases due to the reduction of the number of cavities and increase of
their sizes.

To check if such a large deceleration acting on the ablating layer
over a short timescale is sufficient to cause the RTI development, we
calculate the characteristic RTI growth rate :

=t g t k k( ) At ( ) / .3 (1)

Here g t( ) is deceleration, =k 2 / is the wave number of the surface
profile perturbation with wavelength that may develop due to the
deceleration, At is an Atwood number, which is equal to 1 in the case of
vacuum, is the surface tension, and is the density of the liquid Ru
layer. The expression (1) is taken from [75] with the viscosity of liquid
Ru not taken into account ( = 0). Here we only aim to get an esti-
mation of and obtain a qualitative criterion for the RTI development.
The average density of the ablating layer is 6 g/cm3. For the surface
tension we take = 1.6 J/m2 at =T 5000 K, see Appendix B. The latter
is the average temperature of the ablated layer at the considered
timescale.

As a criterion of the RTI strength we use exponential amplification
in the linear perturbation amplitude in the quasi-classical approxima-
tion [74]:

= ( )a t a t t dt( )/ ( ) exp ( ) .
t

t
0

1 (2)

Here a t( )0 is a small nanometer-scaled amplitude of the initial pertur-
bations, and integration starts from the onset time t1 when the boundary
between the subcritical and cavitation zone is formed, see Fig. 8. In our
case it is around 5 ps. Only starting from this time the RTI can develop.
The amplification is calculated for different perturbation wavelengths
and is shown in Fig. 10. The maximum allowed wavelength is equal to
the largest MD box dimension, 128 nm in our case. The amplification
stops to increase at the moment when the surface tension dampens
the perturbation for the considered (root expression in (1) becomes
zero). One can see that for all considered the amplification of the
initial perturbations with nano-scaled amplitudes is below a factor of 4,
which is not sufficiently large to cause fragmentation of the ablating
layer.

The perturbation = 10 nm is considered with the aim to explain
the development of liquid jets at the border of the ablating surface at
the early stage of ablation, see, for example, Fig. 5 (a) at =t 50 ps. Such
stretched liquid jets is not a typical feature of explosive boiling. The
lateral size of these jets is around 10 nm. As one can see from Fig. 10,
such a perturbation is short-lived and is damped by the surface tension

Fig. 9. The time dependence of the velocity and deceleration of the ablating
liquid layer calculated for the case of =F 120 mJ/cmabs

2, see Fig. 5 (b).
Fig. 10. RTI amplifications of small perturbations with different wavelengths.
Amplifications are saturated after the deceleration drops below =g k / /At2 .
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after 12 ps. The value of surface tension is taken to be = 1.03 J/m2,
which corresponds to =T 7000 K. The resulting amplification is below a
factor of 2, which is insignificant.

The stretching of the liquid jets at the border of the ablating surface
can be explained by the difference in the velocity between the ablating
surface, which is strongly decelerated, and the velocity of the jet at-
tached to it.

In the study of gold ablation into water, for example, amplification
of 50 and higher was required for the RTI to play a noticeable role, see
Fig. 31 at =t 297.6 ps and corresponding amplification in Fig. 30 in the
Ref. [74]. Such a large amplification is achieved because of a long ac-
tion of deceleration onto the gold-water boundary. In contrast, stronger
deceleration of Ru ablating into vacuum, considered in this work, acts
over a very short time, not sufficient for the RTI to develop. When gold
ablates into vacuum, which is also considered in Ref. [74], the RTI does
not develop due to a large thickness (large inertia) of the ablating layer
and a low surface tension of gold (low tensile strength of binding foam).
But in the case of Ru, even with the factors favourable for the RTI de-
velopment, namely small thickness of the ablating layer and high sur-
face tension, the effect of the RTI is insignificant. Other possible reasons
of layer disintegration will be discussed in the next section.

3.4.2. Nonuniform fluence profile
As was already mentioned, the periodic boundary conditions ap-

plied in lateral directions can affect the evolution of the ablating layer
by stabilizing it. To reduce a possible size effect, we performed a cal-
culation with an increased MD box size. We increase Lx to 512 nm, so
the resulting MD box has a size of × ×512 32 150 nm3 and contains ~183
million atoms.

Moreover, instead of a top-hat fluence profile we use

= +F x F F F x L( ) ( )cos ( / ).e p e x
2 (3)

Such a profile provides a peak fluence Fp in the center of the MD box
and Fe fluence at the edges. A x Lcos ( / )x

2 function is chosen due to its
periodicity, which is dictated by the periodic boundary conditions, and
due to its similarity to a Gaussian function, which realistically re-
presents a spatial energy distribution in a laser pulse. With this simu-
lation we aim to investigate how a nonuniform fluence distribution
would affect the dynamics of the ablating layer.

Such a more realistic representation of a laser pulse in our simula-
tions comes at the expense of losing accuracy in modeling non-re-
flecting boundary condition and in mimicking heat conduction in a
thick substrate. Due to a nonuniform fluence distribution, the history of
a LP will be different for different x coordinates. For simplicity, we use
the history of a Lagrangian particle (LP) at the averaged fluence for the
entire length of the simulation box. Since with this simulation we are
interested in the short-term dynamics of the ablating layer and not in
the recrystallization process, our simplified one-dimensional LP form-
alism should be sufficiently accurate to provide a reliable qualitative
picture of the ablation dynamics. The LP formalism is described above
in Section 2.3. The main novelty of our model is the ability to simulate
interaction of high energy photons with matter, preserving a large
spatiotemporal scale of the simulations. The applicability of the Monte
Carlo and hydrodynamics parts of the model to the cases of much
higher photon energy was demonstrated in the previous work [53].

The disintegration of the ablated layer can be a result of the inter-
play between various factors, such as surface tension and its tempera-
ture dependence, parameters of the cavitation zone, and thickness of
the ablating layer. The mass distribution at 150 ps shown in Fig. 11 il-
lustrates that the ablating layer is pulled back nonuniformly by the
remaining material in the cavitation zone, which is a possible source of
instability. Another possible explanation of the fragmentation into
droplets is the existence of cavities in the ablating layer.

With the simulations presented in Fig. 11 it is possible to get insights
into another important process – formation of the crater edge. The

evolution of the ablating layer can be described with the following
stages: (i) formation of the layer, (ii) expanding of the layer into va-
cuum, (iii) fragmentation that starts in the center and propagates to-
wards the edge, and (iv) recrystallization of the remaining part at the
edge. The interplay between the last two processes defines the final
structure of the crater edge, see the inset in Fig. 11 at =t 450 ps. Al-
though, as mentioned above, the process of recrystallization is not
modeled quantitatively accurate, this calculation provides us with a
qualitative description of the key processes leading to crater edge for-
mation.

In the following section we compare the results of our simulations
with the available experimental data obtained in single-shot damage
threshold experiments.

4. Fluence thresholds and damaged surface morphology

The single-shot damage experiments were performed at the free
electron laser in Hamburg (FLASH), where Ru polycrystalline films of
50 nm thickness on a single-crystal Si substrate were exposed to 100 fs
FWHM, XUV (92 eV or 13.5 nm) laser pulses with various fluence. The
detailed description of this experiment together with the post-mortem
analysis of damage craters is reported in [57]. The goal of this section is
a detailed explanation of the existing experimental data using our si-
mulations. First, we briefly recall the main experimental results.

The development of the damage morphology with increasing flu-
ence can be studied within a single damage spot. A high-resolution
scanning electron microscopy (HR-SEM) image of a typical crater pro-
duced in Ru is shown in Fig. 12 (a). Visible damage starts with in-
creased surface roughness near the edge of the crater (area 1). Inside
the crater, where ablation of material occurs, there are two character-
istic zones: a rough periphery (area 2) and a flat central part (area 3),
separated by a distinct crack. The roughness in area 2 gradually de-
creases towards the center of the crater, which is illustrated with an
AFM line profile, Fig. 12 (b), taken through the center of the damage
spot as indicated with a dashed line in Fig. 12 (a).

The peak incident fluence of the laser pulse that produced this crater
was measured to be ±374 75 mJ/cm2, which corresponds to

±109 22 mJ/cm2 of absorbed fluence, if one takes into account the
surface reflectivity (68%) and a calculated fraction of energy that es-
capes from the surface via photo- and secondary electrons (~9%) [57].
For convenience we continue our analysis only in terms of the absorbed
fluence. The ablation threshold was determined by Liu’s plot method
[76] to be = ±F 58 12 mJ/cmabl

exp 2. The flattening phenomenon in the
center also exhibits a threshold behaviour with a threshold fluence

= ±F 91 18 mJ/cmflat
exp 2. The crater depth in the flat area is constant and

is equal to 23 nm, see Fig. 12 (b).
A HR-SEM image of a damage spot produced with a peak fluence

±92 18 mJ/cm2, which is just at the flattening threshold, is shown in
Fig. 13. As one can see, no distinct flat area in the center of the crater
has developed yet.

In order to reveal the in-depth structure of a damage crater a
transmission electron microscopy (TEM) cross section is taken in the
area indicated with a dashed yellow line in Fig. 13. The TEM image is
shown in Fig. 14. One can see the undamaged part of the Ru film, the
edge of the crater, and the morphology inside the crater. The edge of
the crater is formed during the process of recrystallization of the re-
maining part of the ablating layer, see Fig. 11. The roughness of the
surface inside the crater decreases towards the center, where the local
fluence is higher, which is consistent with the AFM cross section in
Fig. 12 (b).

The results of the MD-MC simulations are shown in Fig. 14 together
with the TEM image in the same scale for a one-to-one comparison.
Note, that the simulations with the top-hat fluence profile and various
fluence levels are considered in this section, same as in Section 3.3. In
such a way we probe different positions along the damage crater, cor-
responding to a different locally absorbed fluence. Computation of the
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whole damage spot of several µm size is, of course, not possible to
accomplish in reasonable time with the available computer power.

The end results of the simulations are shown in Fig. 14, namely
completely recrystallized targets after the irradiation procedure. Only
the Ru part of the sample is shown with the MD-MC mass distributions,
the substrate is schematically shown with a grey rectangle. No visible
damage to the substrate was detected in all performed simulations. The
arrows approximately indicate the correspondence between the simu-
lation results and the experimentally determined morphology. The re-
sult with the highest considered fluence of 225 mJ/cm2 is shown for a
complete picture of the surface morphology evolution with increasing
fluence, but significantly exceeds the experimental fluence.

The pre-ablation regime with cavitation, =F 45 mJ/cmabs
2, see Fig. 3

(a), results in the formation of the surface with increased roughness
after the complete resolidification. The roughness and insignificant
swelling of the surface are caused by the small subsurface cavities that
got frozen by the resolidification front. That explains the surface mor-
phology outside the damage crater (area 1 in Figs. 12 and 13). The
existence of the frozen subsurface cavities after the irradiation of the
targets with a laser was also reported for other metals [77–79].

In the case of =F 60 mJ/cmabs
2 no significant ablation occurs, only a

thin top layer is removed, see Fig. 3 (b). That case can be considered as
just slightly below the experimentally detected ablation threshold. We
suppose that ablation of a thin few nm layer via sub- and supercritical
mechanisms discussed above is another contribution to the formation of
a rough surface outside the experimental crater.

The onset of the ablation of a thicker layer is detected for a fluence

=F 75 mJ/cmabs
2. The final frozen Ru surface for that case is shown in

Fig. 14. While a part of the material was ablated, the other part did not
overcome the surface tension, got pulled back to the surface and re-
mained frozen in the form of a large droplet with a size of about 30 nm.
Therefore, with our MD-MC simulations we define the ablation
threshold to be around =F 60 75 mJ/cmabl

MD MC 2, which is in a very
good agreement with the experiment.

A series of simulations with a fluence =F 90 150 mJ/cmabs
2 de-

monstrates the decrease of the frozen surface roughness with increasing
fluence. The average crater depth, extracted from the calculation of the
amount of removed material, increases from 11 nm for =F 90 mJ/cmabs

2

Fig. 11. Maps with mass distributions illustrating the ablation of Ru obtained with a large-scale MD-MC simulation. The fluence profile of an XUV 100 fs laser pulse is
taken according to expression (3) and is shown with a dashed line. The inset shows a symmetry parameter distribution with green colour corresponding to a solid
phase and red colour to a liquid phase. The bottom arrow shows the direction of the recrystallization front propagation. The top arrow illustrates that the rupture of
the liquid ablating layer propagates from the center towards the edge. The dynamics of these processes defines the final structure of the crater edge.

Fig. 12. (a) HR-SEM image of a single-shot damage spot produced in Ru with a 100 fs XUV FEL pulse. The peak absorbed fluence is = ±F 109 22 mJ/cmp
2. The labels

1,2 and 3 indicate the characteristic damage morphologies: increased roughness outside the crater, rough periphery and flat center inside the crater, respectively. The
dashed line indicates where the AFM line profile was measured. (b) AFM line profile illustrating the decrease of the surface roughness at the bottom of the crater from
the edge towards the center.

Fig. 13. HR-SEM image of a single-shot damage spot produced in Ru with a
100 fs XUV FEL pulse. The peak absorbed fluence is = ±F 92 18 mJ/cmp

2. The
labels 1 and 2 indicate the characteristic damage morphologies: increased
roughness outside the crater and rough surface inside the crater, respectively.
No distinct flat area in the center is detected. A dashed line indicates where the
TEM analysis is performed, see Fig. 14.
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to 22 nm for =F 150 mJ/cmabs
2, which is also in a very good agreement

with the experiment. The case of =F 150 mJ/cmabs
2 can be considered

as the onset of the flat central area (area 3 in Fig. 12), which serves as
our model estimation of the flattening threshold.

As one can see, our model overestimates the flattening threshold,
but provides an accurate description of the surface morphology trend
with increasing fluence. The deviation from the experiment in the limit
of high fluence may result from the lack of reliable knowledge of the Ru
parameters at sub- and supercritical conditions. Calculations made with
the EAM potential of Ru developed in this work (see Appendix B) may
overestimate the critical parameters of Ru, which, unfortunately, are
not known.

The highest considered fluence of =F 225 mJ/cmabs
2 demonstrates

the flat frozen surface. The crater depth of 22 nm agrees well with the
experimental value of 23 nm in the central part of the crater, see Fig. 12
(b).

The morphology of the bottom of the crater is determined by a local
absorbed fluence. Two key processes play a crucial role here: the hy-
drodynamic evolution of the top molten material and the rate of the
heat dissipation from the top hot region to the deeper cold part of the
material. For relatively low fluences, the characteristic time of hydro-
dynamic motion of ablating material is longer than the characteristic
time of its resolidification, which leads to the formation of the rough
bottom of the crater. For higher fluences, the characteristic time of
material ablation and smoothing of the remaining molten material by
surface tension is shorter than the characteristic resolidification time,
which leads to the formation of the flat frozen surface in the central part
of the crater. Dynamics of melting, ablation and recrystallization for
fluences =F 90abs , 120 and 225 mJ/cm2 is illustrated with the movies,
that can be found in the Supplementary Material.

5. Discussion

We reported simulation results on the dynamics of the Ru damage in
pre- and above ablation regimes induced by femtosecond XUV laser
pulses. The simulations were performed with our new hybrid compu-
tational scheme that overcomes several limits of the previous models
and is applicable in a wide range of laser parameters and materials:

• Photon energy from XUV to hard X-rays. Relativistic effects restrict

the photon energy to ~10 eV5 . To consider optical photon energy and
below, the initial MC part of our model must be replaced with a
Boltzmann kinetic equation, or a TTM-based approach if applicable.
• Fluence is restricted to a maximum value in the following way.
First, the fluence must not be too high, otherwise the density of the
excited electrons will become comparable to or higher than the
atomic density of the target, and XCASCADE(3D) will not be ap-
plicable. Second, in the HD and MD parts of the model, the equation
of state and interatomic potential, respectively, should properly
reproduce the material properties at sub- and supercritical condi-
tions when the fluence becomes considerably high, otherwise un-
realistic results can be obtained. Third, the fluence should stay
below the threshold for plasma formation. In this work, the highest
fluence =F 225 mJ/cmabs

2 can be considered at the limit of the
model applicability, since it already brings Ru to a supercritical
state. Further increase of the fluence requires dedicated studies.
• Pulse duration should be sufficiently short, so one can assume that
absorption of all the photons in a laser pulse occurs in the un-
modified target. The particular applicable values of the pulse
duration depend on the fluence. The higher the fluence, the sooner
the material is modified, the shorter the pulse duration should be.
For metals in the fluence regime near the ablation it is typically
restricted to ~1 ps.
• Any metal can be considered, as long as its 2T equation of state, 2T
thermal conductivity, electron–phonon coupling factor and intera-
tomic potential are known in a wide range of density, temperature
and pressure. In the context of ablation, the following properties are
important to reproduce with the MD interatomic potential: melting
temperature, stress–strain curve, surface tension and its dependence
on temperature (see Appendix B).

The main novelty of our model is the ability to simulate interaction of
high energy photons with matter, preserving a large spatiotemporal
scale of the simulations. The applicability of the Monte Carlo and hy-
drodynamics parts of the model to the cases of much higher photon
energy was demonstrated in the previous work [53].

The disadvantage of our approach is a lack of completely reliable
description of lattice evolution on an atomistic level during the first 3 ps
(as described in Sections 2.2 and 3.2). However, there are no significant
3D spatial and phase modifications in the material during that time, so

Fig. 14. Comparison of the MD-MC simulations with the experimental damage morphology obtained with a TEM cross-section. TEM image shows the vicinity of the
crater edge and the morphology inside the crater. The MD-MC results are shown below and represent the mass distributions of Ru at the end of the simulations, i.e.
when Ru is totally recrystallized. The substrate is shown schematically with a grey rectangle. The scale of the TEM image and the MD-MC results is the same, enabling
one-to-one comparison.
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the applicability of the 2T-HD model to describe that stage of material
evolution is justified. Improving this part of the model may be con-
sidered as a next step in our hybrid model development. As an alter-
native, the TTM-MD method (with the electronic pressure included
[37]) could be used, provided with the heat source from the XCASCADE
(3D). This method, although different in technical details, takes into
account the same physical processes, so similar results are expected.

Taking into account possible nonequilibrium behaviour of the ionic
system would require a different, significantly more complex approach
(such as e.g. Boltzmann kinetic equations) instead of two-temperature-
based formalisms, which would have a larger computational cost. It is
beyond the scope of the present work, since here we are mostly inter-
ested in the process of ablation and formation of the final frozen surface
structures.

The model was applied to the XUV irradiated Ru with the focus on
an atomistic picture of damage development, since such details of
femtosecond ablation dynamics of Ru were never studied before. The
parametrization of Ru in the 2T state [64] used in this work was ob-
tained via ab initio calculations and, to the best of our knowledge, is the
most accurate theoretical data on Ru in the studied context. The elec-
tron-phonon coupling factor exhibits a decrease with an increasing
electron temperature [64], similar to some other transition metals such
as iron, nickel and platinum [80]. The decrease is not significant
compared to a constant coupling factor (taken at =T 0e , for example),
and can only slightly influence the quantitative characteristics of the
ablation process. A reliable interatomic potential for Ru applicable for
various high-energy high-pressure studies was developed for the first
time (see Appendix B) and can be found in the Supplementary Material.

General mechanisms of femtosecond ablation that are common for
various metals were found to be responsible for XUV induced damage in
Ru, although with several non typical effects. We found that ablation
threshold is twice higher than the cavitation threshold, which is not
typical compared to the previously studied optically excited metals
such as Au [36] and Al [81]. For these metals with a large heat affected
zone and a thick ablation layer the cavitation and ablation thresholds
are close to each other. We interpret the large difference between the
two thresholds in our case as a result of a large surface tension of Ru
and a small heat affected zone (thin ablation layer).

According to our simulations, a two-level ablation occurs in Ru in a
wide range of fluences near and well above the ablation threshold. For
lower fluences in that range both levels are ablated due to a tensile
component of the generated pressure wave, whereas for higher fluences
the top thin layer is ablated via sub- and supercritical decomposition
into a gas–liquid mixture. Other studied metals typically exhibit abla-
tion of a relatively thick single layer via a thermo-mechanical me-
chanism (tensile wave) [36,59], whereas complex ablation of the top
material involving sub- and supercritical decomposition, also referred
to as phase explosion, with simultaneous cavitation in the deeper parts
is found only at fluences significantly higher than the ablation threshold
[81,82].

The two-level ablation in Ru even at relatively low fluence near the
ablation threshold occurs due to the high density of the absorbed en-
ergy in the surface layer during the initial stage of the Ru evolution.
Such confinement of energy transferred to the ionic subsystem of the
surface layer is realized due to (i) the irradiation conditions, namely
absorption of XUV light at 20° grazing incidence, which occurs in the
top 3.5 nm layer, (ii) the XUV induced electron cascades spreading the
energy only insignificantly, and (iii) the Ru thermal properties, namely
a relatively low electron thermal conductivity and a strong electro-
n–phonon coupling factor, which provides the transfer of energy from
electrons to the ions faster than the stress relaxation via expansion of
heated material. Altogether it creates a small heat affected zone with a
high temperature and pressure even at relatively low fluence near the
ablation threshold. One would need a considerably higher fluence to
reach a similar two-level ablation in materials where the heat affected
zone is large, such as Au or Al.

We showed that disintegration of the ablating layer is unlikely to be
caused by the development of a Rayleigh-Taylor instability, but is ra-
ther a result of a large surface tension of Ru, see Fig. 11. To get more
insight into this process, the dynamics of the ablation process can be
investigated with pump–probe experiments. It is known that one can
observe the transient Newton’s rings (NRs) during the ablation process
by using the time-resolved microscopy technique [83]. The NRs result
from the interference of light reflected from the ablating layer and the
remaining part of the target [84]. The existence of the NRs on a long
nanosecond timescale, known for example for such metals as Al, Au, Ti,
Ni [83,85], means that the ablating layer stays stable during that time.
On the other hand, the short lifetime of the NRs observed using a soft X-
ray probe was reported for W and Pt, and was attributed to the rapid
growth of the surface roughness of the ablating layer [86]. MD simu-
lations of Pt ablation showed disintegration of the ablating layer into
droplets [87], confirming the experimental findings. We suppose that
high surface tension in combination with small thickness of the liquid
ablating layer are necessary conditions for layer disintegration.

Dedicated experimental studies are required to complement the si-
mulation results presented in this work in order to get more insight into
the transient evolution of the ablating layer. Such pump–probe ex-
periments are outside the scope of the present paper.

The rigorousness of our simulations is illustrated with a quantitative
agreement with the previously reported experimental results [57] on
ablation threshold fluence, crater depth and fine details of the crater
damage morphology. For the first time, frozen (i.e. final) structures at
the bottom of the crater and their dependence on the absorbed fluence
level were described. It was shown that heat removal plays a key role in
the formation of these structures. Namely, in the case when heat re-
moval is hindered and Ru is in a melted state for a relatively long time,
there are no frozen structures at the bottom of the crater – the bottom is
smooth.

Our simulation with a nonuniform fluence profile explains the me-
chanism of the crater edge formation. The edge which appears as a rim
around ablation craters is observed practically in all laser ablation ex-
periments (see, for example, Fig. 12 (b) and Refs. [5,77,78]). Previous
explanation of the edge formation as a result of frozen subsurface
cavities is complemented with our analysis presented in Fig. 11. We
show that the edge can be formed during the recrystallization of the
remaining part of the ablated layer, after a detachment of a central part
of the layer. The mechanism of the crater edge formation defines its
position, which is important for quantitative measurements of the ab-
lation threshold by Liu’s plot method [76].

The results obtained in this work are of course sensitive to a parti-
cular choice of the thermo-mechanical parametrization of Ru in the
two- and one-temperature stage. The parameters used in the 2T-HD
calculations (the most important ones are temperature dependent heat
capacity, electron thermal conductivity and electron–phonon coupling,
see Ref. [64]) and the interatomic potential (see Appendix B) were
obtained from first-principal calculations, and, to the best of our
knowledge, are the most accurate data on Ru in the context of femto-
second laser ablation. A good agreement of our simulations with the
ablation experiment validates the parametrization used.

6. Conclusions

A new hybrid computational approach that combines Monte Carlo,
hydrodynamic and molecular dynamic models was developed and ap-
plied to study the dynamics of femtosecond XUV laser damage in Ru
thin films. The model is based on previously reported solutions and
extends its applicability to a wide range of irradiation conditions cov-
ering the full timescale of material evolution.

The studied irradiation parameters were chosen in accordance with
the previously reported single-shot damage experiments. Due to the
grazing incidence of the XUV laser pulses (small photon penetration
depth), insignificant XUV-induced electron cascading and Ru thermal
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properties (low thermal conductivity and large electron–phonon cou-
pling factor) the heat affected zone is small, resulting in a high energy
density in the surface region even for relatively low fluences. Such a
distribution of the absorbed energy results in a two-level ablation in a
wide range of fluence near and well above the ablation threshold.

Large scale atomistic simulations were carried out until a complete
resolidification of Ru is reached, which opens up a possibility of a direct
one-to-one comparison with the experimental results on damage crater
morphology. We achieved a quantitative agreement between the si-
mulations and the experiment in ablation threshold fluence, crater
depth and frozen structures on the bottom of the crater, and explained
the responsible damage mechanisms.
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Appendix A. Heat conduction with MC pseudo-electrons

We simulate electron heat conduction using the MC approach combined with the classical MD model. The MC model is parameterized with two
fitting parameters: the mass of pseudo-electrons (see description in Section 2.3) and the exchange rate determining both the pseudo-electron
swapping between neighbouring atoms and pseudo-electron–ion collision rates.

To define the pseudo-electron exchange rate, prior to the main simulations, the problem of heat transfer between two surfaces with different
constant temperatures >T T1 2 is simulated with the MD-MC method. Such a problem has a steady-state solution =T T T T L(z) z( )/1 1 2 , where L is
the distance between the two surfaces. Since the solution is time independent, the pseudo-electron mass and pseudo-electron–ion collision rate can
be arbitrary. Thus, the required experimental heat flux can be obtained by adjusting the single MC parameter of pseudo-electron exchange rate,
which fits the experimental thermal conductivity precisely at the given conditions. As was demonstrated in earlier works, such a method can
efficiently treat electronic heat conduction [54].

With the procedure described above we aim to reproduce the experimental thermal conductivity of Ru at the temperature close to the melting
point =T 2607 Km . That provides us with an accurate description of the melting and recrystallization front propagation, which is essential in order to
obtain the realistic final frozen surface structures in long timescale simulations. The experimental data available in the literature give the value

=k 79.6 W/m/Ke at =T 2500 K [88]. We choose the values for T1 and T2 to be 2600 and 2500 K, respectively, and L is 100 nm. The heat flux of
8·10 W/m10 2 for the given temperature gradient can be established by the pseudo-electron exchange rate of 1.8 fs 1.

The pseudo-electron mass m*e can be fitted after finding the exchange rate described above. This second MC parameter determines the energy
transfer between a pseudo-electron and an atom via their collision governed by the following expressions:

= + + +v v v nm m m v m m( * )/( * ),e e e a a a e a (A.1)

= + +v v v nm m m v m m( * * )/( * ),a e e a a e e a

where v v,e a and v v,e a are pseudo-electron and atom velocities in the laboratory system before and after an exchange event, respectively, and v is the
pseudo-electron-atom relative speed. The scattering unit vector n is assumed to be distributed isotropically and is provided by a uniform random
generator of directions. Such energy exchange conserves the total energy and momentum of the entire pseudo-electron-atom system.

The pseudo-electron mass is obtained within the procedure of linking the 2T-HD code with the MD-MC. The 2T-HD part describes the 2T regime
of material evolution, whereas classical MD is only applicable in the 1T regime. For that reason, we link the two parts of our hybrid scheme at the
moment of time = 3 ps, when the thermal equilibrium between electrons and atoms is reached (T Te i). The 2T-HD calculations are performed
prior to the MD-MC ones to obtain the ion temperature T (z)i and total pressure P (z)zz depth profiles at =t . In the MD-MC code the mass of the
pseudo-electrons and the initial heating profile (that mimics the distribution of absorbed laser energy) are adjusted in order to reproduce the T (z)i
and P (z)zz profiles obtained with the 2T-HD (see Fig. 2).

The resulting mass is =m m150e e, where me is the free electron mass. Please note that the obtained mass does not have the physical meaning of
the effective electron mass, since our MC pseudo-particles should not be considered as real electrons, as explained in Section 2.3. We also remind
here that the MC pseudo-electrons provide reliable description of the electron heat conductivity only during the 1T stage. The nonequilibrium
electron cascade stage is modeled with the XCASCADE(3D) code, while the electronic system in the 2T regime is accurately described with the 2T-HD
equations, where the band structure effects, such as different effective masses of s- and d-electrons are taken into account based on ab initio
calculations of thermal parameters described in Ref. [64].

Although, technically speaking, with the MD-MC code we obtain results in both time domains, 2T and 1T, the MD-MC code can provide a reliable
description of the material evolution only for t (see Fig. 1). Thus, from this time onward, the MD code replaces the 2T-HD in our simulation scheme.
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Appendix B. Embedded atom model potential for ruthenium

The stress-matching method [66,67] was used to develop an interatomic embedded atom model (EAM) potential for Ru which is capable to
reproduce correctly the response of a crystal to compression and stretching in a wide range of strains. The fitting database is built of the stress tensor
components =V P V( ) ( ) calculated with the density functional theory (DFT) method in a cold hcp lattice under continuous bulk and uniaxial
deformation along the c-axis.

To obtain the first-principles cold pressure curves of Ru and its c a/ ratio, DFT calculations were performed using the projector augmented wave
(PAW) method [90] with the Vienna ab initio simulation package (VASP) [91,92]. The PAW pseudopotential of “sv” type from the standard VASP
library, which takes into account two semicore electron bands s4 2 and p4 6 in addition to the valence electrons, was utilized with the Perdew-Burke-
Ernzerhof functional for VASP 5.4, see details and the calculated density of states in [64].

The highly accurate DFT calculations were performed with the energy cutoff of 800 eV and number of k-points × × Y21 21 generated according
to the Monkhorst–Pack scheme for sampling the Brillouin zone. Here the number Y takes values from 13 for the maximal ratio =c a/ 2.57 to =Y 28
for the minimal ratio =c a/ 1.18 in order to keep a constant grid step in the reciprocal space. The number of unoccupied levels was 18 per atom. The
hcp-lattice cell with two Ru atoms in periodical boundary conditions was used in the DFT calculations. To calculate the uniaxial pressure compo-
nents, a series of stepwise static calculations were performed for uniaxial strains along the c-axis. Figs. B.15 and B.16 show the obtained DFT data for
bulk and c-axis deformations.

The experimental bulk modulus of 310.9 GPa [94], equilibrium density of 12.45 g/cm3 with the lattice parameters of =c 0.4273 nm and
=a 0.27003 nm [95], and the cohesive energy 6.74 eV [96] of ruthenium were also included in the database. The fitting procedure involves also the

ratio c a/ as a function of the compression ratio.
The constraints of the monotonic behaviour of P V( ), including the requirement of an increase of the speed of sound with compression, as well as

the absence of solid–solid phase transitions from the stable hcp phase of Ru in a wide range of deformation were also applied in the fitting.
The high-order rational functions were used to represent the EAM potential consisting of a pairwise energy, charge density and embedding

energy. Fitting of potential coefficients was performed by minimization of a target function with the use of a downhill simplex algorithm combined
with a random walk in a multidimensional space of the fitting coefficients [67]. Figs. B.15 and B.16 show the cold pressure curves calculated by our
new EAM potential. It shows good agreement with the cold stress–strain curves from DFT in the wide range of deformations, and provides the

Fig. B.15. Two EAM potentials give almost identical cold pressure curves in bulk compression of Ru. Fitting of the pressure was bounded by <V V/ 1.20 . Dotted line
shows P V( ) at =T 0 K from the universal Rose’s equation of states [89].

Fig. B.16. Normal Pn and tangential Pt components of the pressure tensor obtained in uniaxial deformation along the c-axis using EAM potential. Fitting was bounded
by strains <V V/ 1.10 .
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melting points close to the experimental one =T 2607 Km , see Fig. B.17.
Fig. B.17 shows the experimental data [93] on the Ru surface tension dependence on temperature in the vicinity of the melting point and a linear

extrapolation to higher temperatures. The same dependence is calculated with our EAM potential, demonstrating a good agreement with the
experiment.

The obtained EAM potential does not depend on the electron temperature, i.e., a possible influence of the excited electronic system on the
interatomic potential is not taken into account. Development of a temperature-dependent potential is challenging [97], and can be considered as a
possible future improvement of our model.

Appendix C. Supplementary data

Supplementary data associated with this article can be found, in the online version, at https://doi.org/10.1016/j.apsusc.2020.146952.
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