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ABSTRACT

Understanding laser-induced dynamics on metal surfaces poses significant challenges due to the intricate interplay between electronic and
phononic degrees of freedom, which evolve on distinct timescales. In this study, we introduce a machine learning-accelerated approach to
molecular dynamics simulations that incorporates anisotropic electronic friction, providing deeper insights into these complex processes.
Our framework extends the accessible time and length scales for nonadiabatic dynamics simulations, enabling a detailed investigation of
the laser-induced activation of oxygen on the Ru(0001) surface. Statistical analysis reveals that strong electronic excitation dominates the
first 800 fs after laser exposure. Beyond this timescale, energy deposited by electronic excitation continues to drive oxygen activation,
while phonons, although always present as a dissipation channel, play a weaker role by buffering energy loss and redistributing kinetic
energy among vibrational modes. The observed non-linear yield-fluence relationship, described by Y ~ F", underscores the pivotal role
of electronic excitation. In addition, we identify the z-direction as the key activation mode for oxygen diffusion, with the exponent of
the power law representing the quantized energy required for this process. This approach significantly accelerates dynamic simulations
while offering valuable insights into the interplay between electronic and phononic excitations during laser-induced oxygen activation
on Ru(0001).

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0278197

I. INTRODUCTION The energy transfer between hot electrons and adsorbates

occurs through two mechanisms on different timescales, as illus-

PY:0€:6) 5202 Jequiaoed 0L

The dynamics of adsorbates on metal surfaces induced by
femtosecond-laser (FL) excitation have broad applications, ranging
from materials processing and time-resolved spectroscopy to surface
photochemistry.”” Among these, laser-induced surface reactions
have garnered significant interest. When an FL pulse excites near-
surface electrons in a metal, the low heat capacity of the electron
gas leads to a rapid increase in electron temperature. The rapid scat-
tering of these electrons induces thermalization, resulting in a hot
Fermi-Dirac distribution. These excited electrons transfer energy
to the adsorbates, profoundly influencing surface chemistry,”” for
example, by selectively driving bond formation or cleavage and
opening new reaction pathways.”

trated in Fig. 1(a): (1) Direct coupling between hot electrons and
adsorbates,” '’ in which electrons populate unoccupied molecular
orbitals, occurs within 0.1-1 picoseconds (ps). This process allows
the system to transition between different potential energy sur-
faces (PESs).!! (2) Alternatively, energy transfer occurs through
electron-phonon coupling, where the electron subsystem trans-
fers energy to substrate phonons, which subsequently equilibrate
with the adsorbates.'” This process unfolds over a longer timescale,
spanning several picoseconds, as the system remains on the ground-
state PES while electrons and phonons gradually reach equilib-
rium. In this scenario, energy initially deposited in the electronic
degrees of freedom is transferred to substrate phonons, with the
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FIG. 1. (a) Schematic representation of energy flow at the Ru surface following FL
excitation. The inset illustrates the subsequent motion of the oxygen adsorbate.
(b) In the friction-based model, hot electrons excite the system by populating an
empty resonance state of the adsorbate. Electron transfer between the metal and
the adsorbate induces a dynamic charge redistribution, experienced as electronic
friction, which influences the adsorbate’s motion. (c) In the DIET model, repeated
excitation—deexcitation cycle deposits vibrational energy into the system. In the
DIMET model, multiple such cycles further accumulate energy, which can be con-
verted into kinetic energy, allowing the adsorbate to overcome energy barriers and
move across the surface.

adsorbates acquiring energy through their equilibration with lattice
phonons.” "¢

The Born-Oppenheimer approximation (BOA) serves as a
foundational framework for describing dynamical processes on
metal surfaces. Under this approximation, electrons are assumed
to rapidly adjust to changes in nuclear positions due to their sig-
nificantly smaller mass, allowing nuclei to evolve on a ground-state
PES.""""” Over the past two decades, the necessity of going beyond
the BOA has been extensively explored in the context of reactive
scattering.”””' For systems excited by FL pulses, the BOA breaks
down immediately due to the strong coupling between nuclear
motion and electronic degrees of freedom.”” Advances in theoreti-
cal and computational methods for describing FL-induced chemical
dynamics have thus been deeply informed by progress in reactive
scattering.

There are two primary theoretical frameworks for describing
the nonadiabatic coupling between adsorbate motions and metal
electrons, distinguished by how they account for nonadiabaticity.
The first framework, the molecular dynamics with electronic fric-
tion (MDEF), models energy transfer through electronic friction and
applies in the regime of weak molecule-surface coupling, where the
width of the adsorbate resonance state (A,) exceeds the excitation
energy (& — ¢r). In this regime, energy exchange between the sub-
strate and adsorbate can be understood using the Newns-Anderson
model,” as illustrated in Fig. 1(b). As the adsorbate approaches
the substrate, its resonance state shifts downward and broadens.
When hot electrons from the substrate populate this broadened
state, the adsorbate undergoes charge-induced motion, altering both
the energy level and width of the resonance state. The subsequent
depopulation of this state generates a dynamic process of filling
and emptying, which manifests as electronic friction. This coupling
between the electronic bath and nuclear motion governs energy
transfer. Excited electrons exert a frictional force on the nuclei,

ARTICLE pubs.aip.org/aipl/jcp

while the de-excitation of electrons induces a random force on the
nuclei that depends on the electron temperature.”'”** In the weak-
coupling regime, the energy levels involved are typically just above
the Fermi level, and nuclear motion can be effectively described
by the Langevin equation, which treats the system as residing in
its ground state. This approach has been successfully applied to
a wide range of systems.” ** The second framework is based on
the desorption induced by electronic transitions (DIET) theory,
which is applicable to systems with strong molecule-surface cou-
pling, where the width of the adsorbate resonance state (A,) is
much smaller than the excitation energy (€, — €r). In this case, when
a hot electron from the substrate excites an empty adsorbate res-
onance state, a transient negative ion (TNI) is formed.”>*® This
process promotes the system to an excited PES, where relaxation
occurs due to the shift in equilibrium position relative to the ground
state. As the system returns to the ground state, the nuclei gain
vibrational energy. For cases involving high excitation density, the
desorption induced by multiple electronic transitions (DIMET) the-
ory applies. Here, the repeated cycles of excitation and de-excitation
can occur before the system returns to the ground state, allowing
the adsorbate to accumulate vibrational energy. This accumulated
energy can eventually enable the adsorbate to overcome the reac-
tion barrier, as illustrated in Fig. 1(c). The experimentally observed
nonlinear dependence of reaction yield on absorbed laser fluence
provides strong evidence for these repeated excitation/de-excitation
cycles.”

CO oxidation on Ru surfaces is a widely studied example of
FL-induced chemistry. Laser excitation has been shown to open a
reaction channel for CO oxidation on Ru surfaces that is inaccessi-
ble through thermal excitation.”” Subsequent research has revealed
that CO oxidation occurs after atomic oxygen is activated, forming a
transition state with a tilted CO on the Ru(0001) surface.”” Upon
laser pulse excitation, photons absorbed by the metallic substrate
thermalize energetic electrons within 100 femtoseconds (fs). Strong
electron-electron scattering in the metal leads to a non-equilibrium
distribution of hot electrons. These excited electrons significantly
influence both the electronic structure and surface chemistry by
occupying previously empty electronic states or activating surface
atoms and molecules. In the case of CO oxidation, oxygen atoms are
thought to be activated through the partial filling of anti-bonding
orbitals, which weakens the O-Ru bond."’ Time-resolved soft X-ray
spectroscopy has directly observed this activation, revealing an
almost instantaneous shift (within 200 fs) in the core-level spectra
(XAS, XES) of adsorbed oxygen on Ru following laser excitation.!
During this process, the oxygen atom moves from the strongly
bonded hollow site to the bridge site, a critical step for subse-
quent CO; formation. Only activated oxygen atoms can approach
a tilted CO at the top site and form the required transition state.
If this transition state does not form, CO tends to desorb from
the surface.”” In addition, the presence of oxygen on the surface
modifies the electronic structure of Ru, influencing CO behavior.*?
The complexity of this configuration has made it challenging to
fully elucidate the underlying mechanisms. Moreover, the differing
timescales of phononic and electronic excitations further compli-
cate the understanding of fast energy transfer processes. A recent
study by Zugec et al.*’ employs a machine learning-based approach
to address this challenge and investigates the CO and CO, des-
orption processes, yielding results that align well with experimental
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data.*’ In this work, we focus specifically on the oxygen activa-
tion process, which involves fewer degrees of freedom, providing
a clearer understanding of how ultrafast lasers influence adsorbate
behavior.

In this paper, we employ the MDEF method to simulate
the nonadiabatic dynamics of laser-induced O activation on the
Ru(0001) surface. To accelerate the MDEF calculations, we inte-
grate machine learning approaches, using trained models to predict
both interatomic forces and electronic friction coefficients. Through
statistical analysis of these simulations, we uncover the interplay
between phononic and electronic excitations and their relative
importance in the oxygen activation process.

Il. THEORY
A. Nonadiabatic dynamics model

In MDEF, nonadiabaticity is taken into account through
Langevin dynamics.”* The atomic positions of the adsorbates evolve
according to the classical Langevin equation,

" dzr,-a
L dr

= Fa() - () T R [Ta(Dma(e)], (1)

where m; is the mass of the atom i, Fig(r) = —OV (r)/Oriq represents
the force acting on the atom i along axis «, derived from the PES.
The second term accounts for electronic friction, where #, (ri) is
the diagonal element of the electronic friction tensor and represents
the dissipative effect opposing atomic motion along direction a. The
last term, R, is a stochastic force with a mean of (R, ;,) = 0. This
stochastic force depends on the electron temperature T,; and fol-
lows the second fluctuation-dissipation theorem.** It is modeled as
Gaussian white noise with variance,

Var [Raga(Ta(0), ()] = 222 TaWa()
where kg is the Boltzmann constant, and At is the time-integration
step. For Ru atoms, a similar Langevin dynamics equation is applied,
but the electronic friction coefficient is treated as a constant scalar
value. A key advantage of Langevin dynamics lies in its ability to
model nonadiabatic energy exchange between nuclear motion and
electronic excitations™* while remaining on the ground-state PES.
This approach avoids the explicit inclusion of electronic degrees
of freedom, significantly reducing computational cost compared to
ab initio Ehrenfest dynamics.” The electronic friction coefficient
accounts for the energy transfer between the substrate and the adsor-
bate during nuclear motion.” Both the friction and random force
terms in Langevin dynamics depend on this coefficient. The fric-
tion term accounts for the resistance experienced by atoms due to
electron excitation, while the random force term captures the energy
imparted to atoms as hot electrons relax, thereby accelerating their
motion.

One commonly used approach for calculating electronic fric-
tion is the local density friction approximation (LDFA),"® which
employs electronic friction coefficients derived from the atom-in-
jellium model.”” While LDFA often yields results that align well
with experiments,”* " its assumption of isotropy introduces limita-
tions. In reality, energy dissipation is direction-dependent, meaning
the frictional force should vary based on the adsorbate’s motion.

ARTICLE pubs.aip.org/aipl/jcp

The lack of anisotropy in LDFA has raised concerns about its
accuracy for certain systems.’' ”’ To address this limitation, elec-
tronic friction based on the time-dependent perturbation theory
(TDPT)"** has been employed. This method explicitly considers
the electronic states of the molecule-surface system and provides
anisotropic friction coefficients, making it commonly referred to
as orbital-dependent friction (ODF). The tensorial nature of elec-
tronic friction plays a crucial role in the dissipation process at metal
surfaces.”””* For instance, as an atom moves in different directions,
the rate of energy transfer due to electron-hole pair (EHP) excita-
tions can vary. In cases where the anisotropic nature of electronic
friction forces is critical, such as in adatom diffusion, the directional
dependence captured by ODF can significantly influence simulation
results.

For the diffusion of an oxygen atom on Ru(0001) from the hcp
to fcc site along the y-axis, we applied both the LDFA and ODF
methods to compute the electronic friction coefficient, as shown in
Fig. 2. The LDFA method, which provides a scalar and isotropic
friction coefficient, exhibits a slight decrease in friction along the
minimum energy path, reaching a minimum at the bridge site before
increasing again, as illustrated in gray. In contrast, the ODF method,
which computes a friction tensor, reveals a pronounced directional
dependence. Since the oxygen atom diffuses in the yz plane, the xx
component of the friction tensor does not contribute to energy dis-
sipation along this path. The yy component increases and reaches a
maximum at the bridge site, while the zz component shows minor
fluctuations. Notably, both the yy and zz components are higher at
the fcc site than at the hcp site. The diagonal components of the
friction tensor are significantly larger—by a factor of 4-7 compared
to the isotropic friction coefficient obtained from LDFA, consistent
with values reported in Refs. 48 and 57. In this study, we neglect
the off-diagonal elements of the friction tensor, as their values are
two orders of magnitude smaller than the diagonal components.
Consequently, only the diagonal elements are incorporated into the
Langevin dynamics, with the friction term along the « direction for
atom i denoted as 77,,,.

The absorption of photons by the metal surface gener-
ates non-equilibrium electron-hole pairs. These hot electrons
rapidly thermalize through electron-electron scattering within
~100 fs, resulting in a Fermi-Dirac distribution characterized
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FIG. 2. Electronic friction coefficients for an oxygen atom diffusing from the hcp
to fcc site on the Ru(0001) surface along the minimum energy path. The three
diagonal components, xx (red), yy (green), and zz (blue), are calculated using the
ODF method. The gray line represents the scalar friction coefficient obtained from
the LDFA.
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by a time-dependent electron temperature T, (t). The subse-
quent energy transfer from these energetic electrons to the lat-
tice phonons and, ultimately, to the bulk material via heat dif-
fusion can be described by the two-temperature model (2TM).*
The 2TM characterizes energy dissipation by treating electrons
and phonons as two distinct subsystems, each with its own
temperature, T, (t) and Tp;(t), respectively. These temperatures
evolve over time as energy flows between the subsystems through
electron-phonon coupling. The model is governed by two coupled
differential equations that describe the time evolution of electron
and phonon temperatures, with further details provided in the
supplementary material.

B. Machine learning interatomic potentials

The machine learning interatomic potentials (MLIPs) have
emerged as powerful tools in computational chemistry and mate-
rials science, bridging the gap between the accuracy of electronic
structure calculations and the efficiency of empirical methods. While
approaches such as density functional theory (DFT) provide high
accuracy, they are constrained by system size and timescale limita-
tions. In contrast, empirical methods, such as the embedded-atom
method (EAM),” offer greater computational efficiency but at the
expense of accuracy. By leveraging data from electronic structure
calculations, MLIPs achieve both high accuracy and computational
efficiency, enabling the simulation of large systems over extended
timescales.

Early MLIP approaches, such as the artificial neural network
(ANN) with symmetry functions developed by Behler and Par-
rinello,”” represented the local atomic environment using hand-
crafted descriptors that were invariant to translation, rotation, and
permutation of atoms. While these ANN-based methods demon-
strated strong performance across various systems,” *’ they faced
challenges in scaling to multi-element systems and capturing long-
range interactions due to their reliance on local descriptors with
a fixed cutoff radius. Graph neural networks (GNNs)** provide
a more flexible alternative by representing chemical structures as
graphs, where atoms are nodes and bonds are edges. GNNs employ
message-passing schemes that iteratively update node embeddings
by aggregating information from neighboring atoms, enabling the
capture of long-range interactions. After several message-passing
steps, a graph-level embedding is constructed and used to predict
properties such as energy and forces. GNN-based MLIPs have been
shown to surpass ANN-based methods in accuracy, although at a
higher computational cost.” "’

In this work, we employ the Atomistic Line Graph Neu-
ral Network (ALIGNN)® to predict interatomic forces in an
O/Ru system for molecular dynamics simulations. Unlike con-
ventional GNN models, ALIGNN incorporates bond angle infor-
mation by constructing a line graph, where nodes represent the
bonds in the original atomistic graph and edges correspond to
the angles between bonds. This approach enables the model to
capture more intricate atomic interactions, providing a more com-
prehensive representation of the system’s atomic structure. By
leveraging both bond distance and angle information, ALIGNN
outperforms other GNN models, particularly in systems where
angular dependencies play a critical role in determining atomistic
properties.

ARTICLE pubs.aip.org/aipl/jcp

l1l. SIMULATION DETAILS
A. Friction prediction

The electronic friction coefficient tensor calculated using TDPT
is a symmetric matrix.”’ For an oxygen atom on a Ru(0001) fcc site,
the friction coefficient tensor is given by

092 0 0
% ()= 0 092 0 |ps 3)
0 0 128

In Langevin dynamics, we consider only the diagonal elements of
the friction tensor. For an oxygen atom at its equilibrium posi-
tion, the assigned friction coefficients are 7, =5, = 0.92 ps™! and

1, = 1.28 ps™', reflecting the anisotropic energy dissipation along
different directions, where i denotes the oxygen atom. ODF tensors
are calculated using the computational setup described in Refs. 52
and 53. Due to the high computational cost of ODF calculations, a
database of ~800 configurations relevant to the MD simulations is
constructed. This database is then used to train a machine-learning
model. For each atom in these configurations, symmetry functions®’
serve as input features, while the electronic friction coefficient of the
oxygen atom is the target value. The dataset is randomly split into
80% for training and 20% for testing. Given the limited dataset size,
Gaussian process regression® is used for prediction. The electronic
friction vector for the adsorbate oxygen atom is predicted using the
machine-learning model. The electronic friction coefficient of the
Ru atom is taken as 0.35 ps~", which is computed from the equi-
librium geometry of the bulk Ru using ODF and assumed to be
constant during dynamic propagation, thereby reducing computa-
tional costs. This approximation is commonly employed in MDEF
simulation of dynamic processes on metal surfaces and is justified
by the fact that the heavy metal atom deviates much less from the
equilibrium positions compared to the adsorbate atoms. In Langevin
dynamics, for Ru atoms, we assign ,, = 1, = 1], = 0.35 ps.

B. Machine learning potential construction

Due to the high flexibility of GNNs, their predictions can be
unreliable in regions where training data are sparse.””’' To effi-
ciently explore the 3N-dimensional space while minimizing redun-
dant DFT calculations, we employ an active learning algorithm
based on the query-by-committee’” method to ensure sufficient
sampling coverage. The initial dataset of ~2000 configurations (with
2x2x 3 unit cells) is generated by running ab initio Langevin
dynamics with a constant friction coefficient (0.002 ps™") at 2000 K.
Multiple GNN models with different hyperparameters are then con-
structed and initially trained on this dataset. Langevin dynamics
is subsequently driven by the GNN model exhibiting the lowest
error, with atomic forces predicted on-the-fly to propagate the sys-
tem. For each newly generated MD configuration, if the model
predictions exhibit significant divergence among the different GNN
models, indicating a structure not well represented in the existing
dataset, DFT calculations are performed to refine the model. Oth-
erwise, the simulation continues to propagate without additional
DFT evaluations. The standard deviation of the energies predicted
by the multiple GNN models serves as the criterion for determin-
ing whether a new image requires a DFT calculation. After sampling
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with a 2 x 2 x 3 unit cell, the system is expanded to a larger 4 x 4 x 3
unit cell (at the same oxygen coverage) to mitigate finite-size effects.
In each iteration, a batch of newly identified structures is added to
the dataset, which is randomly split into a training set (95%) and a
testing set (5%). The ALIGNN models are then retrained. Through
several iterations, a dataset of 39721 images is collected, and
the best-trained model achieves an accuracy with the RMSE of
3.606 meV/atom.

The DFT calculations are performed using QUANTUM
ESPRESSO’’ with the BEEF exchange-correlation functional.”* The
Brillouin zones are sampled with (6 x 6x 1) Monkhorst-Pack k-
points for the 2 x 2 x 3 unit cell and (3 x 3x 1) for the 4 x4 x 3
unit cell. The atomic cores are described by ultrasoft pseudopoten-
tials. The occupation of Kohn-Sham eigenstates is smeared using the
Fermi-Dirac function with a width of 0.1 eV. There are two oxygen
atoms adsorbed on Ru(0001) with 2 x 2 x 3 unit cell supercells and
eight oxygen atoms in the 4 x 4 x 3 unit cell (at a 0.5 ML coverage).
All unit cells have 17 A of vacuum space.

IV. RESULTS AND DISCUSSION
A. Molecular dynamics simulations

MDEF simulations are performed on an O/Ru(0001) system,
with a 4 x 4 x 3 unit cell and 8 oxygen atoms adsorbed on the fcc
and hcp sites, forming a honeycomb structure (at a coverage of 0.5
ML), on both the movable and the fixed Ru surface. Laser pulses are
incorporated using the 2TM, with a pulse width (FWHM) of 50 fs
(peaking at t = 0), a wavelength of A = 400 nm, and four different
fluences: 100, 140, 180, and 200 ]/mz. While the phonon temper-
ature is obtained from the 2T, it is not directly imposed in the
Langevin dynamics. Instead, it is determined based on the kinetic
energy of the substrate atoms, ensuring a self-consistent description
of the system’s thermal behavior. A related study employing a sim-
ilar approach’® has demonstrated good agreement with theoretical
2TM values over an extended timescale (beyond 14 ps), supporting
the validity of this methodology.

Each trajectory starts at the equilibrium structure, following
the electron temperature profile obtained from the 2TM. To ensure
statistical significance, ~4000 trajectories of molecular dynamics
simulations are run for each laser fluence. Each trajectory runs for a
total duration of 3000 fs, with a time step of 2 fs. An oxygen atom
is considered to be activated if it crosses the inflection point and
reaches the high energy region along the DFT-calculated reaction
coordinate during diffusion from the hollow site to the bridge site,
as shown in Fig. 3. Further details are provided in the supplementary
material. In Fig. 3, the position and energy of the initial state are used
as reference points. The inset shows the model system (2 x 2 x 3 unit
cell) and the reaction path of oxygen from the fcc to the hep hollow
site. The minimal free energy path is obtained using the nudged elas-
tic band (NEB) method with entropic corrections. Because oxygen is
strongly bonded to the surface, the entropy correction along the path
is minimal at 2000 K (<0.06 V).

B. Oxygen activation probability
and position distribution

The reaction yield (activation probability) progressions are
extracted from the molecular dynamics trajectories. The systems
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FIG. 3. Gibbs free energy profile of an oxygen atom adsorbed on Ru(0001) as it
diffuses from the fcc to the hcp site at 2000 K (phonon temperature). The inflection
point is marked with a black dot, with the corresponding Gibbs free energy barrier
of Eg =0.25¢€V.

propagate from the initial conditions, with the temperature of
T = Tpn = 300 K. Due to the significantly lower heat capacity of
electrons compared to phonons, the electron temperature rapidly
increases, reaching its peak within ~400 fs under all laser flu-
ences. Higher laser fluences result in faster temperature increases
and higher peaks, with ~5000 K under F = 100 J/m* and over
7000 K under F = 200 J/m?, as shown in Fig. 4. Subsequently, the
energy of these hot electrons is transferred to the phonons through
electron-phonon coupling, leading to a gradual rise in the phonon
temperature Ty, which reaches its maximum value over a signif-
icantly longer timescale. Both T, and T, presented in Fig. 4,
are obtained from the 2TM. The comparison between the theo-
retical phonon temperature and the values obtained from the MD
simulations is provided in Figs. S7-S10.

From the yield profile in Fig. 4, no oxygen activation is observed
during the first 400 fs, as the oxygen atoms do not acquire enough
energy to reach the high energy regions. This is further illustrated
in the first two plots of Fig. 5, where nearly all oxygen atoms remain
confined within the adsorption well, oscillating without approaching
the bridge sites. When T, rises sharply at around 400 fs, the fluctu-
ating forces acting on the oxygen atoms become stronger, and the
accumulated energy enables them to escape the adsorption wells.
Activation begins at this point across all laser fluences, with oxy-
gen atoms approaching the bridge sites. A similar trend has been
observed in experiment’! and simulation.’ Furthermore, it has been
reported that oxygen atoms on fcc sites are more easily activated
due to their lower adsorption energy compared to hcp sites.”® From
~400 to 800 fs, T,; decreases from its peak but is still at a high value.
The corresponding electronic excitation is strong, and much energy
is deposited into the oxygen atoms for them to get activated more
easily. This explains the rapid increase in the activation probability
during this time, as shown in Fig. 4. By 800 fs, a significant num-
ber of oxygen atoms occupy bridge sites, compared to the remaining
within the adsorption wells at 400 fs, as depicted in Fig. 5.

After ~800 fs, T,; decreases significantly, leading to a notice-
able slowdown in the increase in activation probability. This slower
growth phase is referred to as the “plateau” period. At this stage,
oxygen activation is primarily driven by electronic excitation energy
deposited in their translational motion, but electronic excitation
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continues to transfer energy to the adsorbates. Since sufficient
energy has already been deposited into the oxygen atoms, they
continue to get activated. In this period, the electronic excitation
strength decreases but remains significant, with fewer hot electrons
available for excitation. The energy already deposited in the nuclear
degrees of freedom enhances the mobility and activation probabil-
ity of oxygen atoms, as illustrated in the last four panels of Fig. 5.
While the electronic excitation drives the adsorbates’ activation, the
energy dissipation process persists throughout the simulation, as

excited oxygen atoms continuously transfer energy into the electron
bath of the Ru substrate via frictional coupling. This electronic fric-
tion leads to kinetic energy loss from the adsorbates. In addition
to the ongoing energy loss to electrons, phonon-mediated dissipa-
tion becomes increasingly important after 800 fs. At this stage, the
thermally excited surface atoms interact dynamically with the oxy-
gen adsorbates. Energy is transferred from the high-energy oxygen
atoms to the substrate lattice via nuclear interactions, contribut-
ing to phonon excitation, due to the higher temperature of the
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adsorbates, shown in Figs. S7-S10. The presence of phonons pro-
vides a buffering effect—they do not add energy but moderate its
loss by temporarily absorbing and redistributing it. This slows down
the decay of kinetic energy in the adsorbates, allowing oxygen atoms
to retain energy for activation for a longer time. As a result, the acti-
vation probability continues to increase beyond 800 fs, in contrast
to the behavior observed on frozen surfaces in Fig. S1. This trend
highlights the cooperative role of electronic excitation (as the driver)
and phonons (as modulators) in sustaining surface activation over
extended timescales. No desorption activity is observed through-
out the process, as the diffusion barrier is significantly lower than
the desorption energy.”””” " The energy gained from hot surface
electrons is insufficient to induce desorption.

When comparing oxygen activation probabilities across differ-
ent laser fluences, both the rate of increase and the final probability
are higher at higher fluences. For instance, the activation probability
reaches ~10% at F = 100 J/m? and 25% at F = 200 J/m?, indicating
enhanced coupling between substrate electrons and adsorbates and,
thus, more deposited energy. Higher laser fluences correspond to
higher energy density. The frictional model shows elevated electron
temperatures and stronger stochastic forces acting on the oxygen
atoms. From the perspective of the DIMET mechanism,* higher
fluences increase the frequency of excitation-deexcitation cycles®’
before the oxygen atoms relax, which deposits more energy into the
system.

C. Kinetic energy and apparent activation barrier
1. Kinetic energy

The time evolution of the mean kinetic energy of the adsorbates
is shown in the upper part of Fig. 6, with components separated
into the horizontal (xy-plane) and vertical (z-axis) directions. The
data reveal a clear correlation between kinetic energy and activa-
tion probability: a rapid initial increase before ~800 fs, followed
by a plateau. The plateau is observed in both activation probabil-
ity and kinetic energy and corresponds to the increased mobility of
oxygen atoms after 800 fs, as shown in Fig. 5. The rapid increase
in kinetic energy at ~400 fs is attributed to high electron tempera-
tures, indicating strong electronic excitation. After that, the rate of
kinetic energy increase slows, consistent with the declining electron
temperature and weaker electronic excitation. However, despite this
reduction, the adsorbate kinetic energy remains elevated, and sur-
face atoms continue to display enhanced mobility, as shown in Fig. 5.
This sustained mobility is attributed to the deposited electronic
energy.

The concept of energy equipartition among different degrees
of freedom is characteristic of systems in thermal equilibrium.”* A
deviation from this equipartition provides evidence for an electron-
driven mechanism. As shown in Fig. 6, such a deviation occurs
around 400-800 fs, when the high electron temperature causes an
abrupt increase in kinetic energy. During this period, a higher pro-
portion of energy is allocated to the z-direction, with its kinetic
energy exceeding the x- and y-components. This anisotropic energy
distribution reflects the nature of electronic excitation, which pre-
dominantly transfers energy into out-of-plane motion due to the
orbital orientation and interaction geometry. The system remains
in a nonquasithermalized state,”** further supporting the role of
electronic excitation as the dominant energy source. As shown in
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FIG. 6. (Upper) Mean kinetic energy of O atoms on the Ru(0001) surface under a
laser fluence of 140 J/m?. The red circle represents the kinetic energy components
in the horizontal plane (xy-plane). The blue triangle represents the kinetic energy
component in the vertical direction (z-axis) multiplied by 2. (Lower) Exponent n
for laser-induced oxygen atom hopping on the movable Ru surface. The exponent
exhibits an abrupt increase at ~300 fs, corresponding to strong electronic excita-
tion, followed by a sharp drop and oscillation. It then stabilizes to around 1 toward
the end, indicating a weaker electronic excitation regime.

Fig. S3, the deviation from energy equipartition persists until nearly
the end of the simulation timescale, especially in the frozen sur-
face case. This shows that the electronic excitation is important
throughout the process. In the movable surface system, coupling
to phonons promotes gradual thermalization, redistributing the
excess kinetic energy from the z-direction into the xy-directions
and facilitating more isotropic motion. In contrast, without phonon
coupling, as in the frozen surface system, this redistribution is hin-
dered, and the z-axis anisotropy persists. This difference is critical
in understanding oxygen activation dynamics. The increase in in-
plane (xy-directions) kinetic energy facilitated by phonon-mediated
thermalization helps oxygen atoms approach bridge sites more effi-
ciently. Moreover, the motion of the substrate atoms in the movable
surface reduces geometric confinement,”® allowing more favorable
configurational transitions. In addition to the kinetic energy redis-
tribution, the lack of phonon buffering and rigid substrate geometry
in the frozen surface case cause abrupt energy loss, leading to a
rapid drop in kinetic energy and limited activation at later times.
Together, these findings underscore a consistent picture: electronic
excitation is the primary driver of energy transfer into the adsor-
bate atoms, while phonons assist by modulating the dissipation
rate, redistributing vibrational energy, and reducing confinement,
all of which help sustain activation-relevant dynamics over longer
timescales.
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2. Apparent activation barrier

The reduction of activation barriers under photoinduced
conditions has been quantitatively identified in experiments and
attributed to electronic excitation effects.”® In this study, we
investigate the energy source driving oxygen atom activation by ana-
lyzing the reduction in the apparent activation barrier. To achieve
this, we determine the apparent activation energy for the oxygen
activation probability by fitting the temperature-dependent reac-
tion rates using the Arrhenius equation,” ™ following an approach
commonly used in experiments. Adsorbate temperature is used in
this fitting process. It is important to emphasize that the appar-
ent activation barrier here reflects the ensemble averaged activation
probability, rather than the intrinsic energy barrier experienced by
a single atom on the static potential energy surface. The values of
AE, are closely tied to how fast and through what pathways energy
is dissipated and should be interpreted as an indicator of the system’s
non-equilibrium activation dynamics.

The adsorbate temperature is determined using the method
outlined in Ref. 32, given by

2Ekin
3kp’

Togs = (4)
where Ej;, is the mean kinetic energy of all oxygen atoms, aver-
aged over all trajectories obtained from the MDEF simulations. The
apparent activation barrier is then extracted by fitting the Arrhenius
Law,

AE;, 1
kB Tuds

Inp-= +1n v, (5)

where AE, is the apparent activation barrier, p is the activation
probability (reaction yield), and v is the apparent prefactor.

From the apparent activation barrier values in Table I, two key
observations can be made: (1) A significant reduction of the activa-
tion barrier is observed for the laser-induced nonadiabatic processes
(0.404 eV for F = 100 J/m?) compared to the adiabatic thermalized
process (0.696 eV). (2) With laser fluence increasing from 100 to
140, the activation barrier further decreases from 0.404 to 0.390 eV.
The activation barrier exhibits a laser-dependent behavior.*> Com-
pared to the thermal activation process in the absence of a laser, the
significant decrease in the activation barrier with increasing laser flu-
ence reveals a distinct mechanism driven by electronic excitation.
This excitation alters the activation process of oxygen on Ru(0001)
by promoting the Ru-O system into an electronically excited state
and modifying the energy transfer pathway. Higher laser fluence
enhances electronic excitation, facilitating greater energy transfer

TABLE |. Apparent activation energy for thermal processes and laser-induced pro-
cesses. An obvious decrease is seen from the adiabatic process to the nonadiabatic
processes.

Laser fluence (J/m?) AE, (eV)
0 (DFT) 0.696
100 0.404
140 0.390
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through the electronic channel. As a result, oxygen atoms become
more mobile, leading to a greater likelihood of hopping events.

Interestingly, the apparent activation energy AE, extracted
from Arrhenius-type fits is slightly lower on the frozen surface (by
~0.08 eV). The calculated apparent barriers reflect statistical trends
rather than single-atom events. Without phonon buffering, energy
dissipates more quickly through friction, leading to a short-lived
but sharp increase in activation probability with respect to temper-
ature. This steep temperature dependence produces a lower fitted
AE,. In contrast, the phonon-assisted dissipation in the movable
system spreads activation events over a longer timescale, yielding
a smoother temperature dependence and, thus, a higher apparent
barrier.

D. Non-linear yield-fluence relationship

FL-induced surface reactions typically exhibit a nonlinear rela-
tionship between the reaction yield Y (the activation probability in
this case) and the absorbed laser fluence F. This relationship follows
a power law, given by Y ~ F", where the fitted exponent typically
falls within the range 3 < n < 8.773%% However, variations in the
electronic structure of the metal and adsorbate, as well as surface
morphology effects, can lead to extreme values outside this range.””
The exponent #n has been shown to be indirectly linked to the num-
ber of excitation-deexcitation cycles in a DIMET scenario.®’ This
framework describes energy transfer between the substrate and the
adsorbate in ultrafast laser-induced excitation processes.

In this study, we analyze the temporal evolution of the expo-
nent and qualitatively explain its underlying mechanism using the
DIMET framework. At each time step, the exponent is determined
by regressing the hopping probabilities against the laser fluences
(100, 140, 180, 200 J/m?), averaged over all the trajectories. The
result is shown in the lower part of Fig. 6. Initially, during the
0-300 fs period, the exponent is zero, as no hopping activity is
observed. At ~300-400 fs, the exponent abruptly increases, reaching
a maximum value of over 2, followed by a sharp drop and oscillation.
After 800 fs, it stabilizes to around 1. In this case, the progression of
the exponent can be divided into two stages: (1) Before 800 fs, the
exponent # > 1, indicating that the process is driven by multiple elec-
tron excitation-deexcitation cycles. (2) After 800 fs, the exponent
n ~ 1, suggesting a single electron driven mechanism.

The  electron-driven  process  functions  through
excitation—deexcitation cycles occurring between the vibra-
tionally excited state PES and the ground-state PES before the
system fully relaxes, depositing energy into the vibrational mode.
Given the connection between the exponent # and the number of
excitation—deexcitation cycles, we analyze these observations within
the DIMET framework by examining their respective rates.”’ The
deactivation rate is given by

ka= () (1= £ (ea(2), Tu(t))), ©)
and the activation rate is described in a similar way,
ko= (177 f(ea(2), Tu(t)), @)

where 7 is the excited-state lifetime, z is the distance between the
substrate and the adsorbate, and z, is a range parameter that depends
on the vibrational frequency of the O-Ru system. The first term
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(r7'e7#/%) represents the hopping rate from the excited PES to the
ground-state PES, which is influenced by the relative position of the
adsorbate and the substrate. The second term, f(ea(z), Te(t)), is the
Fermi factor, which dictates the statistical probability of reaching
the electronic final state at a given electron temperature. A higher
Fermi factor corresponds to a higher electron temperature, leading
to a lower deactivation rate and a higher activation rate, making it
easier for the electron to reach the excited state.

When the electron temperature T rises sharply at the initial
stage and peaks at ~400 fs, the activation rate increases rapidly,
while the deactivation rate decreases quickly. These changes enhance
the excitations of the Ru-O system, prolonging its residence in
the excited state. As a result, the system gains more energy due
to a deeper excursion into the excited-state PES, leading to greater
energy deposition when it returns to the ground state. In addition
to electron temperature, the interaction between the adsorbates and
the substrate plays a crucial role. Initially, oxygen atoms remain
confined within the adsorption well, oscillating with strong inter-
actions with Ru atoms. This strong coupling is reflected in the
rapid increase in the exponent at around 400 fs. Much energy is
deposited through the strong electronic expectation, which leads
to an increasing activation probability. As the activation probabil-
ity increases, more oxygen atoms approach bridge sites, where their
coordination with Ru atoms is reduced. This decreased interaction,
along with the decreased electron temperature, weakens the cou-
pling between hot electrons and the O-Ru system, resulting in a
decline in excitation-deexcitation cycles.

As the electron temperature drops greatly after 800 fs, the acti-
vation rate decreases and the deactivation rate increases. The elec-
tronic excitation becomes weaker, and the exponent n approaches 1.
Since the oxygen atoms are already in a vibrationally excited state, a
single electron excitation cycle is sufficient for them to overcome the
barrier. From the definition of k, and k4, they also depend on €4 (z),
the PES separation, which is defined as ea(z) = Ve(z) - V¢(2). As
more oxygen atoms approach bridge sites on the Ru(0001) surface,
the separation between the ground-state PES and the transition state
decreases. This reduction in e4(z) enhances the electronic excita-
tion at a much slower rate. A slightly stronger excitation is needed
because of the consumption of deposited energy, which corresponds
to the gradual rise of the exponent value.

In addition to the qualitative analysis, there are quantitative
findings that further support our interpretation. At the inflection
point, the vibrational energy of oxygen in the z-direction is calcu-
lated as E,;;, = 0.11 eV, and the activation barrier is E, = 0.25 eV (see
Fig. 3). The ratio m between these two values is given by

E, 025
m=— =" =227 (8)
E,» 0.1

The ratio m indicates that multiple quanta of vibrational energy
are required for the oxygen atom to get activated. Notably, the
value of m closely aligns with the peak exponent n observed
in the statistical analysis, suggesting a direct connection between
these quantities. We propose that this correspondence reflects
the multiple excitation-deexcitation cycles characteristic of the
DIMET regime. Furthermore, this correlation highlights that the z-
direction vibrational mode is the dominant mode governing oxygen
activation.

ARTICLE pubs.aip.org/aipl/jcp

In contrast, during the single electron driven process, the expo-
nent n ~ 1 suggests that a single quantum of energy is sufficient to
overcome the activation barrier. Unlike the earlier time, when mul-
tiple excitation—deexcitation cycles were necessary to transfer energy
into the vibrational mode, the system at later times has accumulated
sufficient kinetic energy. Throughout this process, energy for oxygen
diffusion is always supplied by electronic excitations, with the only
difference being the number of repeated excitation cycles.

V. SUMMARY AND CONCLUSIONS

In this study, a machine learning-based approach is applied
to investigate the femtosecond laser-induced dynamics of oxygen
atoms on the Ru(0001) surface, providing insights into the excita-
tion mechanisms governed by electronic and phononic interactions.
The key findings are as follows:

(1) Oxygen activation: The activation probability of oxygen
atoms initially increases rapidly, followed by a gradual
plateau. Under laser excitation, oxygen atoms are activated
and migrate from hollow sites to bridge sites. During the
first 400 fs, the adsorbates remain within their adsorption
wells, after which they begin to get activated. Between 400
and 800 fs, the activation probability surges, with higher laser
fluence increasing both the activation rate and overall yield.
During this period, electronic excitation dominates, driven
by the high electronic temperature.

(2) Kinetic energy trends: The kinetic energy trend of oxygen
atoms closely follows the activation probability. The devia-
tion from energy equipartition peaks between 400 and 600 fs
and persists until ~3000 fs. This deviation, along with the
reduced apparent activation barrier, confirms the dominant
role of electronic excitations. The gradual phonon-mediated
dissipation buffers the energy loss from the adsorbates and
redistributes the excess kinetic energy from the z-direction
into in-plane directions, while the flexible surface geometry
reduces confinement and facilitates their activation.

(3) Y-F power law and the exponent progression: The Y-F
power law exponent progression indicates that electronic
excitation dominates in the first 800 fs, after which it weak-
ens. The sharp rise and initial fall of the exponent correlate
with electronic temperature, suggesting a mechanism driven
by multiple electronic excitations. Once the exponent sta-
bilizes around 1, the system transitions to a single-electron
driven mechanism. The exponent also correlates with the
number of vibrational quanta required for oxygen activa-
tion, highlighting the importance of the z-axis mode. The
observed exponent behavior is explained by connecting the
results from the friction model to the DIMET framework.

In summary, the activation mechanism of oxygen atoms on
Ru(0001) under FL excitation is elucidated through a statistical
analysis of ~4000 machine learning molecular dynamics trajecto-
ries. The findings confirm that oxygen hopping under ultrafast laser
excitations is primarily electron-driven, which is particularly strong
within the first 800 fs, after which it decreases. Beyond 800 fs, the
electronic excitation gets weaker but still deposits energy into the
adsorbates. The deposited energy drives the oxygen activation. The
gradual phonon-mediated dissipation buffers the energy loss from
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the adsorbates and helps redistribute the kinetic energy. The mobil-
ity of Ru atoms reduces the geometric confinement. The selective
bond activation facilitated by hot surface electrons presents a poten-
tial strategy to overcome scaling constraints and surpass the Sabatier
volcano, especially when surface phonon interactions are consid-
ered. These insights offer valuable guidance for designing more
efficient heterogeneous catalysts and advancing the fundamental
understanding of catalytic processes.

SUPPLEMENTARY MATERIAL

The supplementary material provides detailed derivations of
the electronic friction tensor and comparisons of reaction proba-
bilities and kinetic energy between relaxed and frozen surfaces. In
addition, it outlines the workflow for machine learning-accelerated
molecular dynamics simulations and evaluates the performance of
the models used in the study.
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