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Neural network-based potential energy surfaces are currently gaining relevance in the context of gas-solid dy-
namics. In this work, we use this methodology to theoretically explore femtosecond laser pulse induced
desorption of CO from the Pd(111) surface with a coverage of 0.75 ML. We performed molecular dynamics
simulations in the high laser fluence regime on two different CO isotopes, 12¢160 and 13¢!®0, in order to search
for possible isotope effects affecting the photo-induced desorption. According to our findings, isotope effects of
relevance do not appear in desorption probabilities once the whole process has finished after 50 ps. However, for

those molecules desorbed with the highest translational kinetic energies, we obtain that 12C'°0 molecules are
more vibrationally excited than 13¢180, This mostly happens as a consequence of the interaction of adsorbed CO
with the laser-excited electrons in the substrate.

1. Introduction

An effective procedure to induce chemical reactions, diffusion, and
desorption in metal surfaces decorated with adsorbates consists of
irradiating the system with high-fluence (~10 J/m?) femtosecond laser
pulses [1-3]. At the usual ultraviolet, visible, and near-infrared wave-
lengths, the laser light is absorbed in a substantial proportion by the
metal by exciting electrons that rapidly thermalize. During their deex-
citation, electrons couple with surface phonons. Interplay of (direct)
electronic- and (indirect) phononic-driven energy transfer to adsorbates
can trigger the aforementioned photo-induced phenomenology,
including processes that cannot be thermally activated [4-9]. The time
scale of adsorbate-substrate interactions and hence the dominance of
electrons or phonons in the photo-induced dynamics can be determined
experimentally with two pulse correlation (2PC) measurements
[1,4-11]. In addition, the search of isotope effects has been used as a
complementary tool to disentangle whether electronic or phononic ex-
citations govern the femtosecond laser pulse induced desorption, being
its presence a fingerprint of electron-mediated interactions [1,6,11-13].
In this respect, experimental measurements have been performed in
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different adsorbate-surface systems. For instance, remarkable isotope
effects have been found in the oxidative desorption for the O + CO/Ru
(0001) system [6,12], the recombinative desorption of Hz and D, from H
(D)-saturated Ru(0001) [7], and the recombinative desorption of Og
from the O-covered Pd(111) surface [13]. However, systems in which
the isotope effect is absent such as CO desorption from Ru(0001) have
also been reported [11].

From the theoretical side, a reliable description of the complex
photo-induced desorption dynamics consists in combining the two
temperature model [14], which describes the electronic and phononic
excitations in terms of two coupled thermal baths, with molecular dy-
namics with electronic friction (MDEF) description of the adsorbates
dynamics [3,15,16]. Simulations based on this methodology have been
successfully applied to understand different photo-induced desorption
experiments [17-24], including the strong isotope effect observed in the
recombinative desorption of Hy and Dy from the H(D)-saturated Ru
(0001) surface [18]. An important ingredient in these simulations was
the use of six-dimensional potential energy surfaces (PESs) that, being
based on density functional theory (DFT) calculations, accurately ac-
count for the dominant adsorbate-surface interaction.
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Including surface atoms movements, additional adsorbates, and
polyatomic molecules became a difficult task due to the increasing
complexity of the interpolation methods that were used to construct
accurate PESs. In this respect, the posterior ab initio molecular dynamics
with electronic friction (AIMDEF) model represented a step forward to
treat within DFT the full-multidimensional nonadiabatic dynamics of
atoms and molecules on metal surfaces [25]. It has been used to
describe, among other processes, adsorption and further relaxation of
hot atoms and molecules on diverse metal surfaces [26-32], adsorption
and scattering of molecules [33,34], Eley-Rideal and hot atom
abstraction processes [35-37], the vibrational lifetime of adsorbed Hy
on Pb films [38], and also the existence of isotope effects in the Hy/Dy
photo-desorption from the Ru(0001) surface [39]. Its extension
including time-dependent electronic (T.) [39] and phononic (T)) tem-
peratures [(T,T)-AIMDEF] [40] has allowed describing femtosecond
laser-induced dynamics for systems with multiple degrees of freedom,
including the individual movement of surface atoms and, importantly, of
multiple adsorbates at finite coverages. However, the high computa-
tional cost of evaluating DFT atomic forces at every single integration
step severely limits both the statistics and integration time of the process
under study.

A straightforward reduction of these limitations is achieved by using
a molecular dynamics approach, in which an explicit PES or force field is
employed as a force generator. In this regard, multidimensional PESs
based on machine learning techniques offer a computationally fast
alternative to classic force fields while still maintaining the ability to
reproduce ab initio results [41], provided that the correct training is
performed [42]. In particular, neural network (NN) based molecular
dynamics approaches have become relevant in recent years with a
growing number of examples in different areas, such as solid-liquid
water surfaces [43-45] and gas-solid interfaces [46-58]. After the
breakthrough of the atomistic neural network model [59], and with
incorporation of its postulates, different NN approaches for molecular
dynamics have been developed [60]. Amongst them, the embedded
atom neural network (EANN) framework [32,61,62] offers interesting
possibilities to train accurate NN-PESs able to describe systems con-
taining several independently moving atoms and thus many degrees of
freedom. In addition, it allows to span wide ranges of temperature and
multiple changes in adsorbate coverages, which are typical features of
gas—solid photodesorption dynamics.

This molecular dynamics approach, hereinafter called (Te,T;)-MDEF,
opens the possibility of new and more complete theoretical studies that
were not feasible in reasonable time with the (Te,T1)-AIMDEF method-
ology. For example, despite AIMDEF being able to describe isotope ef-
fects in the femtosecond laser induced recombinative desorption of Hy
and Dy from H(D)-Ru(0001) [39], it was difficult to perform the same
type of calculations for a system with heavier adsorbates, like CO
adsorbed on Pd(111). In the first case, the coupling of adsorbates with
lattice degrees of freedom (DOFs) could be disregarded due to the
adsorbate—substrate mass mismatch, reducing the dimensionality of the
problem. However, a good description of CO/Pd(111) cannot neglect
this mechanism of desorption, which could in addition increase the
amount of dynamics time to describe the complete process by several
tens of picoseconds, as it will be indeed demonstrated in Section 3. For
instance, Hong et al. [9] studied the femtosecond laser induced
desorption of CO on Pd(111) with 2PC experiments and a three tem-
perature model approach. Their results suggest that the underlying
mechanism is dominated by hot electrons-adsorbate interaction, as 2PC
spectra could be reproduced by their model with only this photo-
desorption channel activated. However, some 2PC spectra exhibited
time delays typically associated with a phonon driven process. Since an
accurate EANN-PES for simulating the photo-induced desorption of CO
from the Pd(111) surface with an initial coverage of 0.75 ML is now
available [63], this kind of study becomes feasible with an atomistic
model. Therefore, in this work the photo-induced CO desorption process
on Pd(111) has been simulated for two different CO isotopes, the light
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126150 and the heavy 3C'®0, and thus analyzed from a theoretical
perspective in order to contribute to the study of the underlying mech-
anism of desorption.

The present paper is structured in the following way. The main
theoretical features for the system under study, the utilized photo-
desorption model, as well as the physical quantities of relevance
analyzed in the simulations are explained in Section 2. The MDEF results
for both studied isotopes are discussed in Section 3. Finally, our findings
are summarized in Section 4.

2. Theoretical methods

We simulated the femtosecond laser-induced desorption of CO from
a Pd(111) surface with an initial CO coverage of 0.75 ML following the
classical molecular dynamics model proposed in Ref. [63]. In this model,
the desorption process is simulated using two separated dynamical
systems. On the one hand, the macroscopic interaction of Pd with the
femtosecond laser pulse is described by two thermal baths, one repre-
senting the excited electrons, characterised by temperature T (t), and
one representing the excited lattice, characterised by temperature T(t).
The flow of energy from the laser pulse to the thermal baths is modelled
with a set of coupled heat equations. This is a standard approach known
as the two-temperature model (2TM) [14] that accounts for laser to
electrons energy flow, electrons to lattice energy flow, and electrons
energy dissipation by diffusion. The dynamics of this macroscopic en-
ergy exchange is governed by the electron and lattice heat capacities, the
electron—-phonon coupling constant, and the electron thermal conduc-
tivity of palladium. Details of the choice of these properties are pub-
lished elsewhere [64]. On the other hand, the microscopical response of
the adsorbate-surface system is simulated with a periodic atomistic
model containing six CO adsorbates placed pairwise on the top, hcp, and
fce sites of a (4 x 2) Pd(111) four-layer surface, as shown in Fig. 1. The
dynamics of this atomistic model is described by a set of coupled
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Fig. 1. Schematic representation of the 0.75ML CO/Pd(111) cell, showing O

atoms in red, C in grey, and Pd in blue. (A) Top orthogonal view, showing CO

top, hep, and fcc adsorption sites on topmost (blue) and second topmost

(blurred blue) surface layers. (B) Perspective view. (For interpretation of the

references to colour in this figure legend, the reader is referred to the web
version of this article.)
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equations of motion (EOMs). Langevin-like EOMs with electronic fric-
tion [25-30,38-40] are used for CO motion to describe the coupling of
the molecules to the electronic system with temperature T.(t). The Pd
atoms of the first two surface layers are coupled to a Nosé-Hoover
thermostat [65,66] with temperature Ti(t). The third Pd layer is
described by regular adiabatic EOMs, whilst the fourth layer is left
frozen. It is worth to stress out that both T.(t) and T(t) are calculated
with the 2TM heat equations independently of the time evolution of the
atomistic model. Therefore, the micro description of the system (atom-
istic model) is forced to follow the macro description of the Pd-laser
interaction (2TM) by utilising the time dependent temperature of the
thermal baths as the driving temperature of the thermostats used in the
EOMs.

Here, all adiabatic force terms were computed with the best per-
forming EANN [61] PES presented in Ref. [63]. The electronic friction
coefficients used in Langevin EOMs were calculated under the local
density friction approximation (LDFA) [67] that requires the knowledge
of the surface electron density at the position of each atom forming the
CO adsorbate. As detailed in Ref. [63], the latter is calculated at each
integration step with a computationally efficient and accurate density
generator function. This function was obtained by fitting the surface
electron density data extracted from the (T, Tj)-AIMDEF simulations
[40] to a sum of exponential functions, each centered at the position of
the Pd surface atoms.

In order to study whether isotope effects arise in the femtosecond
laser induced desorption of CO in the 0.75ML-CO/Pd(111) system, we
considered two different CO isotopes, namely 2C'%0 and '3C'®0. For
each of them, we performed 2000 (T, T))-MDEF calculations using an
integration time-step of 0.2 fs. The initial conditions were obtained by
fully thermalizing the starting configurations used in previous (Te,T})-
AIMDEF calculations [40] to 90 K. In addition to (T, T)-MDEF dy-
namics, and in order to disentangle the role that the different kinds of
thermal excitations (electron- or phonon-mediated) have in the
desorption for each CO isotope, we generated an extra set of 2000 tra-
jectories, named T}-MDEF. This batch includes only the effect of the
excited phonons by setting the electron friction coefficients equal to zero
in the adsorbates Langevin EOMs. All calculations were performed for a
incident sech? laser pulse of wavelength 780 nm, absorbed fluence 130
J/m?, and time full width at half maximum of 100 fs.

Taking advantage of the MDEF approach used in this work, all our
dynamics calculations were extended up to 50 ps (see Section 3), 12
times longer than prior AIMDEF-based studies [40]. This could poten-
tially introduce PES extrapolation errors, since the calculated trajec-
tories may have explored configurations out of the confidence zone of
the trained EANN-PES, as it was prepared with configurations extracted
from 4 ps AIMDEF. For the purpose of addressing the quality of our 50 ps
trajectories, we have controlled all our visited configurations each 100 fs
by means of a distance function that measures how “far” they are from
the training set used to generate the EANN-PES. The idea is that the
closer these configurations are to the training set, the more reliable their
description by the EANN-PES is, minimizing possible extrapolation er-
rors. This general concept has been widely used in problems related to
PES systematic improvement methods [68-70], and novelty sampling
algorithms [71,72]. For a better comprehension of how we define the
distance function, we proceed to quickly review the relevant compo-
nents of a EANN-PES.

The final expression of a EANN-PES can be defined as:

v(%) = ZNN,/ ()], @

where .7 is the set of all atoms i = (R;, 7;) of a specific system configu-
ration, each of them characterized by its Cartesian coordinates R; and its
atomic type 7; (in our case C, O, and Pd), and NN,,[p(i)] is the neural
network trained to give the energy contribution of atom i of type 7; based
on its environment, described by density vector p(i) with components
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PLar, (i) given by:

Letly+=L I 2
PLa, (l> = Z l'l'l'( Z C/¢Z'§L.1:< ;j )) ) (2)
A AV N (!

with L€{0,1,2,....Lox} and (a,75) € {(@0,7s0), (@1,751), .- (@, Tsy) }
being the specific values (a;,7;;) chosen using the method presented in
Supplementary Information of Ref. [54]. Functions qbi'ly LR —Rj[)
stand for Gaussian type orbitals (GTOs) as described in Ref. [54]. In-
dexes I, [, and I, stand for the orbital momentum components of the
GTOs, index a their width, and index ry their center. The choice of in-
dexes L,a, and r; define the dimension of the environment density vector
p, and is kept constant for all neural networks NN,. In our case, Ly, = 3
and 7 = 14, thus each atom environment is described by a 60-dimen-
sional density array. With all this in mind, we define the distance be-

R, —R;

tween two environments centered at atoms i € % and j € % of type ¢
that may come from different system configurations .%# and .%  as:

Z ADLnrrr

(L.a,rg)

el ii | =loG) —p() = ) = Pran () ®3)

i.e., the Euclidean norm of the difference of their density descriptors.
The advantage of this measure compared with a regular |R; —R;| dis-
tance is that p arrays are already symmetrized, and that they are the
natural input layer of each of the neural networks used to define the
potential. However, the specific values of y_ are only consistent given a
specific training state, as functions p; , . depend on coefficients (labeled
as ¢; in Eq. 2) that are fitted during the training procedure. Also, y.(i,j)
= 0 ensures that the individual energy contribution of atoms i and j to
their respective configurations, NN, [p(i)] and NN, [p(j)] is the same. A
similar metric has been used elsewhere [70] with success as a mean of
measure geometric similarities between configurations to include in
EANN-PES for systematic trajectory-free improvement. Now, if we have
a collection of system configurations i = {#}, we can define the dis-
tance between this set and a given environment i of type 7 as:

a6, ) = min{p (i) 1j € R, 75 =7, %2 € R}, O]
d (i, 0M) is the smallest y, distance between all environments
centered at atoms of type 7 from every configuration inside $i. There-
fore, when d;, (i)—0 there is an environment within all configurations
in 9N that is similar to i. Hereinafter, we drop the ) dependence of d;,,
and assume that N is just the training set of our EANN-PES.

Top panels of Fig. 2 show the absolute error in EANN-PES atomic
forces |[FEANN _FPFT| centered at each atom i coming from the entire set
of 4 ps AIMDEF configurations (except training configurations) from
Ref. [40] as a function of dy;, (i) for atomic types r equal to C (gray
points, top left panel), O (red points, top middle panel) and Pd (bluish
points, top right panel). In the latter case, we have distinguished Pd
atoms belonging to the first (dark blue), second (blue), and third layer
(light blue). Black lines and black shadowed areas represent the average
and standard deviation of absolute force errors for AIMDEF environ-
ments at a given d; , distance from the training set. In order to guide the
eye, we have also included in orange the average (dashed line), and
standard deviation (shadowed area) of absolute force errors in the
training set. From these panels, we can see a clear correlation between
the increase of the minimum distance to the training set and the increase
of the average absolute error and error dispersion in the atomic forces
predicted by the EANN-PES. This is independent of the specific atomic
type in question, corroborating the initial intuitive hypothesis that
atomic environments that are closer (according to our definition) to
atomic environments included in the training set tend to be better
described by the PES. This also indicates that the specific choice of the
metric y4, as an Euclidean norm is enough to distinguish efficiently
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Fig. 2. Top panels: EANN-PES absolute error in atomic forces for original AIMDEF configurations [40] as a function of minimum environmental distance to the

training set (colored dots). Black lines and black shadowed areas represent the average and standard deviation of absolute force errors of the data shown for each d!

T
‘min

value, whereas orange lines and orange shadowed areas stand for the average and standard deviation of absolute force errors in the training set. Bottom panels:
normalized density distribution of a representative subset of environments visited during all our 50 ps MDEF simulations (see text) as a function of their distance to
the EANN-PES training set. Results for C atoms are shown in gray (left panels) and for O in red (middle panels). In the case of Pd atoms, results for the first layer are
shown in dark blue, for the second in blue, and for the third in light blue (right panels). (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

between visited environments in the 60 dimensional space of p. Given
that the EANN-PES used in this work was demonstrated to reproduce
AIMDEF results accurately elsewhere [63], we proceed to use the dis-
tribution of environment distances analyzed in these panels to bench-
mark the distribution of minimum environment distances encountered
during our dynamics, as we can now associate a representative mean
absolute error in atomic forces for each value of d .

Fig. 2 (bottom panels) shows the normalized density distribution of
environments visited during our 50 ps MDEF simulations as a function of
their distance to the EANN-PES training set, following the same color
code as in top panels. Each bottom subpanel is devoted to the results of
(T, T)-MDEF and T-MDEF applied to the heavy CO isotopes (}3C!80)
and light CO isotopes (12C'°0). The C and O distributions exhibit a sharp
density peak close to dgﬁ = 0, coming mainly from environments of
desorbed CO molecules, and a Gaussian-like distribution centered

around d$° = 0.9, coming from environments of adsorbed CO mole-
cules. In the case of Pd panels, it is observed how depending on the layer,
environment distributions are Gaussian-like distributions centered at
diﬂn equal to 0.2, 0.3, and 0.5 for 3rd, 2nd, and 1st Pd layer, respectively.
From the comparison between the different types of MDEF, isotope

weights, and atom types, the distribution of environments as a function

of d}, remains unchanged, which means that there are no big differ-
ences in terms of distance to the training set between the atomic envi-
ronments formed during these simulations. They are equally “similar” to
the training set. If we compare now these distributions with those of
AIMDEF calculations (top panels), we find that most of our dynamics
environment density distributions remain within distances explored
during AIMDEF calculations, i.e., we do not find a significant amount of
atomic environments farther from the training set than those explored
during AIMDEF calculations. It is also apparent that all MDEF environ-
ment distributions maxima lay in an intermediate region of d;;, values,
where the associated mean absolute error in forces of AIMDEF calcula-
tions, whilst still small, is higher than the average in the training set.
These findings support that our long dynamics calculations are not
fundamentally different from previous AIMDEEF calculations and that the
used EANN-PES is still applicable with no further retraining.

Now that we have addressed the reliability of our 50 ps dynamics, let
us focus on the relevant quantities used in Section 3 to describe the
physics of (Te,T))-MDEF and T;-MDEF calculations. To begin with, we
consider the time dependent CO desorption probability P(t) as the
average of the number of desorbed CO molecules at a given time t in the
ensemble, Nco(t), divided by the total number of CO molecules in the
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ensemble, 6Ny.,j, where Ni,; is the number of performed trajectories (in
our case 2000), i.e., P(t) = Nco(t)/(6Nu,j). Based on this definition of
the CO desorption probability and the usual text-book definition of
desorption rate as the minus rate of change of the surface coverage, it is
easy to derive a mean time dependent desorption rate R(t) defined as
R(t) = 60dP(t)/dt, being 6, the initial CO coverage of the surface, which
in our case is 0.75 ML. Another relevant quantity in our analysis is the
vibrational state of desorbed CO molecules, v. Following the quasi-
classical action-angle variable approach of Ref. [73], v is defined as the
closest integer value fulfilling the condition v = ¢ —1, with h being the

Planck constant and «a the vibrational action defined as:

1 Tout 12
o= farn = [ o v() ) ©

where p, is the desorbed CO vibrational momentum, y is its reduced
mass, oy and ry, are the outer and inner turning points of the CO
vibrational motion, Eco is its total internal energy, V(r) is the CO
vibrational potential in vacuum (here given by the EANN PES) and L is
the total angular momentum.

3. Results and discussion

As a starting point, let us focus on the time evolution of the CO
desorption probability during the first 4 ps, in consonance with what
was considered in prior (Te,T1)-AIMDEF calculations [40]. Fig. 3 shows
that there are little differences in the desorption probability for both
isotopes when considering either (T.,T))-MDEF (full lines) or T;-MDEF
(dashed lines) results, being blue and red lines the time evolution of the
light (*2C!®0) and heavy (*3C'0) isotope desorption, respectively.
Shaded regions around each curve are statistical uncertainty intervals
calculated in the framework of Wilson score intervals [74] assuming a
99% of confidence. On a closer look, although these differences are
small, the desorption probability of 12C'%0 at a given time is always
higher than for '3G'®0 in the whole 4 ps interval. This is consistent with
an overall higher acceleration that the lighter CO molecules may expe-
rience due to the mass dependency of the EOMs, which helps them to
overcome faster the desorption barrier. Interestingly, the differences
between 2G1%0 and !3C!80 are reduced when the interaction with the
electron bath is switched off in T|-MDEF calculations, which is in
consonance with the expected lack of isotope effects when phonon-
mediated desorption mechanism dominates. This yield us the conclu-
sion that at least for the first 4 ps, the higher differences between the

0.12
| —— 12¢1%0, (T,,T))-MDEF
—_— 13018, -~
0.10 4 C180, (T, T)-MDEF
- —=—- 12¢C160, T|-MDEF
= ——- 13C!8Q, T|-MDEF
< 0.08
Q2
o J
Qo
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L
2 J
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o 0.04 1 Y
7] 27
[ ,/’/
o 1 g
///
0.02 ‘4’,
E "
L 2
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0.00 - T . T r=====T : : : :
1 1.5 2 2.5 3 35 4
Time (ps)

Fig. 3. Time evolution of the desorption probability obtained during the initial
4 ps. Results for 12¢160 (blue lines) and *3C*®0 (red lines). Full and dashed lines
stand for (Te,T))-MDEF and T)-MDEF calculations, respectively. Shaded areas
are statistical uncertainty intervals calculated within the framework of Wilson
score intervals [74] assuming a 99% of confidence.
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light and the heavy CO isotopes shown in (T,,T})-MDEF results, despite
small, come indeed from the interaction with the laser-excited electrons
rather than from an adiabatic coupling to surface DOFs.

It is clear from Fig. 3 that both (Te,T))-MDEF and T-MDEF CO
desorption probabilities keep increasing with time beyond the 4 ps (T,
Tp-AIMDEF milestone. In this respect, a relevant question is whether the
subtle isotope effect observed on (T, T})-MDEEF for t<4 ps changes when
CO desorption reaches its saturation point, i.e., when the whole
desorption process has finished completely. Taking advantage of the
EANN-PES low computational evaluation cost, we extended the dy-
namics of both ensembles up to 50 ps. As seen in Fig. 4 (top panel), the
desorption probabilities of both isotopes (same color code as in Fig. 3)
saturate to the same value of ~ 0.35 in the case of (Te,T1)-MDEF (full
lines), and of ~ 0.34 in the case of T;-MDEF (dashed lines). Thus, the
isotope differences found in (T,,T})-MDEF calculations during the initial
4 ps not only do not increase at longer times, but they are negligible with
the increase of desorption probability. This behavior is consistent with
the phonon-mediated desorption mechanism dominating over the
electron-mediated one after the initial stages of the dynamics. This is
supported by the convergence of both CO desorption probabilities to
almost the same saturation value, being the T)-MDEF saturated desorp-
tion probability only 1% lower than for (Te,Tj)-MDEF. This can be
explained by the fact that the lattice mean temperature between 4 and
50 ps varies from =~ 1200 K to 700 K for the chosen high laser fluence.
Therefore, even if during the first stages of the dynamics the electronic-
mediated desorption mechanism is important, as reflected in the high
difference in desorption probability found between (T, T})-MDEF and Tj-
MDEF in Fig. 3 and the subtle isotope effect, at later times the lattice
temperature is high enough to dominate the desorption process
regardless of whether the interaction with the electronic bath is present
or not.

A different perspective on the CO desorption dynamics is achieved
when studying the time evolution of the desorption rate R(t), as
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Fig. 4. Time evolution of the desorption probability (top) and corresponding
desorption rate (bottom) obtained during 50 ps. Bottom inset shows desorption
rates during the first 10 ps. Blue lines stand for 12C'°0 results. Red lines stand
for 13C'®0 results. Full and dashed lines correspond to (Te,T)-MDEF and Tj-
MDEF calculations, respectively. Raw noisy desorption rates (bottom panel,
blurry lines) were obtained from desorption probabilities by numerical differ-
entiation. Smooth desorption rates (bottom panel, thick lines) were obtained
after applying a fifth order noise-reduction spline interpolation over raw
desorption probabilities. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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described in Section 2. This is shown in Fig. 4, bottom panel, where the
raw results (blurry lines) have been smoothed out by a noise-reducing
interpolation with fifth order splines to get the solid and dashed
smooth curves. The full 50 ps time interval considered allows us to
observe the characteristic functional form of R(t), exhibiting its maxima
at 3 ps and 5 ps for (T, T1)-MDEF (full lines) and T;-MDEF (dashed lines),
respectively. As expected from the previous analysis of CO desorption
probabilities, one can check the nearly equal desorption rates for both
isotopes, 12¢160 (blue lines) and '3C'®0 (red lines) in both dynamical
situations. In addition, it is easy to see now that (T, T})-MDEF desorption
rate reaches higher values in a shorter amount of time, exhibiting a
narrower profile than in the case of T;-MDEF rate. This reinforces our
conclusion that despite the absence of any relevant isotope effect in the
desorption of CO molecules, interaction with substrate electrons is still
important for the description of the desorption dynamics during the first
15 ps.

To further explore the relevance of the coupling of CO DOFs to the
excited electrons, now we check if there is any fingerprint of the
electron-driven desorption mechanism in the vibrational excitation of
desorbed molecules. Fig. 5 shows the proportion of desorbed CO mole-
cules (regarded as a probability) that either stayed in their fundamental
vibrational state (v = 0) or were vibrationally excited (v > 0), with
quasiclassical quantum numbers v computed as described in Section 2.
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Fig. 5. Quasiclassical evaluation of the proportion of desorbed CO molecules
that stayed in their fundamental vibrational state (v = 0) or experienced
vibrational excitation (v > 0). Left panels measure the proportion respect to the
total amount of desorbed CO molecules. Right panels measure the proportion
only respect to high energetic (Ei, > 0.67eV) CO molecules (see text). Blue bars
stand for *2C!®0 results. Red bars stand for *>C®0 results. Top (full bars) and
bottom (striped bars) panels stand for (Te,T;)-MDEF and T,-MDEF calculations
respectively. Error bars represent standard deviation according to binomial
distribution. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Red bars stand for the proportions related to '3C*80, while blue bars
stand for 12C'°0. Full bars (upper panels) refer to results extracted from
the (T, T1)-MDEF ensemble, while striped bars (bottom panels) refer to
T)-MDEF. Error bars correspond to the standard deviation of v according
to the statistics of a binomial distribution. Analysis of the full desorbing
CO ensembles (left column panels of Fig. 5) shows that only when the
coupling to the excited electrons is included [(T,,T})-MDEF], there is a
small percentage (~ 5%) of CO molecules that desorb in a vibrationally
excited state. This yields us the conclusion that the vibrational energy
gain in (Te,T)-MDEF comes mainly from the coupling to the excited
electronic system. In addition, it is clear that the amount of vibrational
excitation is independent of the mass of the CO isotope under question.

A somewhat different picture appears if we center our attention on
CO molecules that desorb with the highest translational kinetic energies,
i.e., Ey, above 0.67 eV (right panels of Fig. 5). Focusing first on the Tj-
MDEF data (bottom right panel), we observe that phonons do not induce
any appreciable vibrational excitation even in those CO desorbing with
Eyxin > 0.67¢V, therefore showing no isotope effect. Since, as stated
above, the vibrationally excited CO molecules are mainly caused by the
laser-excited electrons, it is more interesting to analyze the (T, T})-MDEF
results (top right panel). In this case, there is a sizeable isotope effect in
the vibrational excitation of desorbed CO with Ey;, > 0.67¢V in favour of
the light isotope: the '2G!%0 vibrational excitation probability is 6%
higher than for 13¢!®0.

4. Summary and conclusions

We have investigated the femtosecond laser pulse-mediated
desorption of two CO isotopes, namely '2C'°0 (light CO) and '3c'®0
(heavy CO), from a Pd(111) surface at 0.75 ML coverage in the high laser
fluence regime. A recently developed embedded atom neural network
potential energy surface (EANN-PES) for this system [63] which is able
to reproduce previous two temperature ab initio molecular dynamics
with electronic friction results [40] has been utilized to computationally
simulate the photodesorption process for both isotopes. For a maximum
time of 50 ps in all cases, sets of 2000 dynamics have been performed for
each kind of CO molecule under two different situations. On the one
hand, adsorbates were allowed to interact with both electrons and
phonons excited by the incoming laser pulse [(Te,T})-MDEF], whereas on
the other hand, only interaction with the excited phonons was permitted
[T)-MDEF]. For our model, CO/Pd(111) interface was thermalized to 90
K prior to the femtosecond laser pulse activation. All dynamics calcu-
lations were validated with a measure of the environment distance of
visited configurations to the training set of the EANN-PES. CO desorp-
tion probabilities, desorption rates, and further quasiclassical vibra-
tional excitation analysis have been computed in order to determine
whether isotope effects exist for the system or not.

According to the here presented results, isotope effects are absent in
the desorption probability of CO from the 0.75 ML precovered Pd(111)
surface. The subtle desorption probability difference between 12C1°0
and '3¢'®0 found for (T, T;)-MDEF calculations at early dynamical times
(below 4 ps) can be completely neglected for longer times (50 ps), when
phonon-mediated contribution to desorption dominates over its elec-
tronic counterpart and the desorption process has finished completely.
This is supported by the fact that (T, T))-MDEF and T;-MDEF desorption
probability saturation values are almost equal and constant after 50 ps.
The latter does not mean that the interaction with the electronic bath
can be neglected in the whole desorption process, as CO desorption rates
for (Te,T1)-MDEF present a sharper and narrower peak compared to Tj-
MDEF results. An analysis of the vibrational state of the desorbed mol-
ecules shows that vibrational excitation is minor and mostly governed
by electronic excitations. In this case, for desorbed molecules with the
highest translational energy (Eyx;, > 0.67¢V) we find an isotope effect
favouring the vibrational excitation of the light isotope by 6% respect to
the heavy one. Nevertheless, these desorbed molecules represent only
around 1 % of the total desorption yield.
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Our findings clearly point out that the CO photodesorption process
from high covered CO/Pd(111) surface at high laser fluence, 130 J/mz,
is dominated by a phonon-mediated mechanism. Also, we have
demonstrated with our computationally efficient methodology that even
for a high fluence, the complete photodesorption process takes several
tens of picoseconds to finalize. This complements previous experimental
measurements made for the same system but lower laser fluences [9],
between 50 and 80 J/m2 Interestingly, in these studies a further
phenomenological three temperature model analysis of two pulse cor-
relation results suggested that CO femtosecond photodesorption is pri-
marily driven by an electron-mediated energy transfer to adsorbates for
CO coverages ranging from 0.24 ML to 0.75 ML, which contrasts with
our molecular dynamics simulations at higher fluence. Therefore, this
work motivates further systematic theoretical investigations on the role
of laser-excited electrons and hot phonons in the desorption of CO at
lower fluence regime and demonstrates the suitability of our method-
ology to simulate the complete photo-induced process in reasonable
computational times.
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