Photoinduced dynamics of CO on Ru(0001): Understanding experiments by

simulations with all degrees of freedom

Bruno Mladineo,! J. Ifiaki Juaristi, 3 * Maite Alducin,3* Peter Saalfrank,® and Ivor
Lon&ari¢!

D Ruder Boskovi¢ Institute, Zagreb, Croatia

2 Departamento de Polimeros y Materiales Avanzados: Fisica, Quimica y Tecnologia,
Facultad de Quimicas, Universidad del Pais Vasco (UPV/EHU), Donostia-San Sebastidn,
Spain

3 Centro de Fisica de Materiales CFM/MPC (CSIC-UPV/EHU), Donostia-San Sebastidn,
Spain

Y Donostia International Physics Center DIPC, Donostia-San Sebastidn,

Spain

) Universitit Potsdam, Institut fiir Chemie, Potsdam-Golm,

Germany
(*Electronic mail: ivor.loncaric @ gmail.com)
(Dated: June 20, 2025)

Real-time pump-probe experiments are powerful tools for monitoring chemical reactions
but often need parallel theoretical modelling to disentangle different contributions. Moni-
toring X-ray spectra of photoinduced dynamics of CO on Ru(0001) provided a strong in-
dication for a transient “precursor state” of unidentified nature, to various subsequent out-
comes. So far, the precise nature of the postulated precursor remained elusive also in state-
of-the-art ab initio molecular dynamics models including single-moving CO molecules. In
the present work, we have constructed a density functional theory-based machine learn-
ing interatomic potential energy surface that is valid for all ionic degrees of freedom of
the system, comprising many molecules at various coverages and moving surface atoms.
Our Langevin dynamics with electronic friction based on the new potential energy sur-
face identified the precursor state as dynamically trapped molecules around 6 A from the
surface that arise from adsorbate-adsorbate interactions. We have compared our results
to experimental observations and calculated the dependence of reaction probabilities on

pump laser fluence and initial surface coverage.
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I. INTRODUCTION

Pump-probe experiments with ultrashort laser pulses allow monitoring dynamics, breaking and
forming chemical bonds, in real time providing valuable insights into chemical reactions or non-
reactive events. Of particular importance are reactions of molecules on metal surfaces as elemen-
tary steps of heterogeneous (photo-)catalysis. Prototypical experiments for real-time monitoring
of photoinduced dynamics of molecules on surfaces were performed for CO on Ru(0001).'2 In
the first experiment,' using a free-electron X-ray laser probe, oxygen-resonant time-resolved X-
ray emission spectroscopy (XES) and X-ray absorption spectroscopy (XAS), were used to monitor
the dynamics of CO after an initial, femtosecond-laser pump pulse with a wavelength of 400 nm
and fluence of 140 J/m?. Observed shifts in the X-ray spectra point out to a significant bond weak-
ening between CO and the Ru surface. By comparing to a calculated potential of mean force,!
it was suggested that the experiments can be explained by CO molecules populating a so-called

precursor state — a state where molecules are trapped relatively far from the surface.

In a subsequent experiment,” two different optical pump fluences were used (100 J/m? and 140
J/mz). It was shown that in the case of lower fluence of 100 J/m?2, O-resonant time-resolved XES
and XAS signals differ from those at the higher fluence of 140 J/m?. By averaging spectra over
the delay range between 2 and 15 ps, stronger CO-metal 7 interactions were observed for 100
J/m? in contrast to apparent CO-Ru bond weakening observed for 140 J/m?. Real-time monitoring
of spectra has shown that at short times (<2 ps) after the pump pulse for both fluences there is
an increase in bonding strength, but between 2 and 4 ps, for the fluence of 140 J/m?, bonding

weakens, which was explained by the population of the above-mentioned precursor state.

A more detailed study, using polarized free-electron laser pulses’® studying the C K-edge in
the X-ray absorption spectrum showed that CO molecules in the precursor state rotated freely and
resided on the surface for several picoseconds. Moreover, an additional resonance was identified

and attributed to CO molecules residing at bridge/hollow sites.

Theoretical calculations have not yet been able to capture this precursor state unambiguously,
nor its precise nature. In Ref. 1, to corroborate experiments, a simple potential of mean force
model was used to explain the precursor state and indeed a separate physisorption well in addition
to a deep chemisorption well was proposed. However, the entropy-driven barrier that gives rise
to the precursor state was a result of oversimplification of the underlying potential energy sur-

face as shown in Ref. 4. In that reference, a detailed dynamics study was performed for a single
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moving CO molecule (repeated periodically with a 2 x 2 unit cell) based on a density functional
theory (DFT) derived six-dimensional potential energy surface. The dynamics showed no trap-
ping in a precursor state and direct lateral diffusion or desorption instead.* These dynamics were
based on a well-established methodology>® where a pump pulse excitation is modelled by a two-
temperature model (2TM) providing time-dependent electronic and lattice surface temperatures.
Dynamics are based on the Langevin equation, which includes electronic friction calculated in
local density friction approximation (LDFA)’ and random forces due to the electronic temperature
acting on the molecule. It has been shown that the LDFA model provides a good balance between
accuracy and computational feasibility for frictional molecular dynamics even on d-band metals,
in particular if no mode-selective processes are considered.®® The lattice temperature and lattice
motion (phonons) were approximately included by coupling molecular degrees of freedom to a

generalized Langevin oscillator.!%-11

While no precursor state was found with this six-dimensional model (all degrees of freedom
of single CO molecule on the surface), a number of other experimental observations were well
reproduced.* In particular, an observed power-law behaviour of the desorption yield as a function
of laser fluence was similar to the experimental one'? and two-pulse correlation experiments were
reproduced validating the model. Furthermore, simulations of molecular beam experiments'® with
the same six-dimensional potential energy surface were in full agreement with experiments that
show large sticking probabilities of CO to Ru(0001) at low incidence energies and, therefore, no

existence of a barrier to the chemisorbed state.

Since the model with a single moving molecule is apparently not able to provide a theoretical
explanation for the experimental observations related to the experimentally suggested precursor
state, we postulate that adsorbate-adsorbate interactions are crucial. With the development of
DFT-based machine learning interatomic potentials, it has become possible to treat all degrees of
freedom with DFT accuracy, including the movement of surface atoms and modelling many ad-
sorbates on the surface with changing coverages.!*"!° To test our hypothesis, we have developed
a full-dimensional potential energy surface for CO/Ru(0001) valid for varying coverages that en-
abled us to study the paradigmatic, but still unexplained ultrafast photoinduced dynamics of CO
on Ru(0001). Based on the new machine learning potential energy surface, we show that our
Langevin dynamics model reproduces a precursor state that arises as a consequence of adsorbate-

adsorbate interactions.



II. MODELS AND METHODS
A. Machine learning interatomic potential

A machine learning interatomic potential was trained with the Allegro architecture, a many-
body neural network (NN) potential based on the NequIP?? architecture that uses iterated tensor
products of learned equivariant representations to bypass the atom-centered message passing.?!
Using hyperparameter optimization, we explored the impact of cutoff radius on accuracy and
performance, and settled on a cutoff radius of 6 A . Other important hyperparameters are the
number of Allegro layers which is set to 3 and the environment embedding multiplicity set to
32. Other hyperparameters can be found in the uploaded training script in the supplementary
material. The total number of data points in the training set is composed of 9762 structures with
corresponding energies and forces with a 90/10 training/validation split. Mean absolute errors of
the model are 5.2 meV/atom for energy and 5.8 meV/A for forces.

To construct the dataset, we have used molecular dynamics calculations based on periodic
density functional theory (DFT) for canonical ensembles at various temperatures. For this, we used
the VASP 6.3.1%2%3 code and its on-the-fly machine learning capability?* that through the use of
Bayesian-learning algorithm can efficiently estimate uncertainties and sample the configurational
space. To collect data, we have run velocity rescaling dynamics with temperatures increasing from
300 K to 3000 K and with different numbers of molecules on the surface representing coverages
from 0.11 ML to 2 ML (we have used 1, 2, 3, 6, 9, and 18 molecules on a 3 x 3 surface cell). For
all DFT calculations we have used 3 x 3 Ru(0001) surface cell with lattice parameter of 2.75 A,
5 layers in the slab and 20 A of space between periodic slab images. We have used 4x4x1 I'-
centered k-point Monkhorst-Pack mesh, a 400 eV energy cut-off for plane waves, and 0.2 eV as a
width of Methfessel-Paxton smearing. For the exchange-correlation functional we have used the
so-called vdW-DF functional of Dion et al.?> that provides van der Waals type interactions and

was found to give accurate predictions for CO/Ru(0001).26

B. Langevin dynamics

We have run dynamics for three different coverages, 0.33, 0.58, and 0.66 ML (monolayers)
as shown in Fig. 1 a)-d). Starting geometries for 0.33 and 0.58 ML are scanning tunnelling

microscopy-determined structures from Ref. 27, while the starting geometry for 0.66 ML is taken
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Figure 1: a)-c) Starting supercell geometries used for the dynamics shown as top-down views for
a) 0.33 ML, b) 0.58 ML, and c) 0.66 ML coverages. CO molecules adsorb with C (grey) down
and O (red) up on Ru (green). d)-f) Side view of the 0.66 ML supercell for the following

configurations: d) starting geometry shown in c), e) the CO molecule noted with a yellow circle
in ¢) adsorbed in the physisorption well, and f) CO molecule noted with purple circle adsorbed in

the physisorption well.

from Ref. 28. Structures shown in Fig. 1 a)-d) are optimized with our potential. For 0.58 ML,
tilting of molecules noted with a yellow circle is 14°, which compares well with the experimental
value of 15°. Electronic and phonon temperatures were obtained from a two-temperature model
with ruthenium parameters as in previous works.* The laser pulse shape is Gaussian, the pulse
duration is 50 fs (FWHM), the wavelength is 400 nm, and the initial temperature is 300 K as in
experiments.>* Solutions of the two-temperature model for a fluence of 100 and 140 Jm~2 are
shown in Figs. S1 and S2 (found in the supplementary material), together with obtained adsorbate
and surface temperatures. For atomic friction coefficients (for C and O), which enter the Langevin
equations to be solved, we use the same fit as in our previous works.*!32° The friction coefficients
depend on electronic densities provided by the bare surface. The latter was obtained in the current
work as a sum of contributions of individual Ru atoms as in Ref. 17, with the following function

(in atomic units, ag is the Bohr radius) fitted to the DFT denisty of the bare surface with the same
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computational set-up:

Pei(7) = 0.91973286a, > x ¥ exp(—2.86725188a; !
Ru 1)

X \/ (F—TRu)?)

where the p,; is the electron density and \/m is the distance to any Ru atom. A comparison
between DFT and fitted electronic densities is shown in Fig. S3. The surface temperature was set
to the obtained phonon temperature via the Langevin thermostat with the friction parameter set
to 0.2, as implemented in the Atomic Simulation Environment.3° The timestep for the integration
was set to 0.5 fs. We have integrated each trajectory for 50 ps and for each initial condition we run

between 200 and 467 trajectories such that number of treated CO molecules is ~ 5600.

III. RESULTS

We start by exploring the one-dimensional potential energy curves of a single CO molecule
desorbing from Ru(0001) for different coverages as shown in Fig. 2. The energy as a function of
the distance between the CO centre of mass (COM) and the average height of the surface Ru atoms
is obtained such that the C atom of the chosen CO molecule and the bottom layer of the Ru slab
are fixed with other coordinates allowed to relax for different C atom distances from the surface.
The desorption energy from the chemisorption well for a coverage of ~0 ML [single molecule in
6 x 6 Ru(0001) cell] is 1.59 eV, in accordance with previous calculations.?® As coverage increases,
the desorption energy decreases to 1.50 eV for a coverage of 0.33 ML, 1.20-1.29 eV for 0.58 ML,
and 1.04-1.16 eV for 0.66 ML. For coverages of 0.58 and 0.66 ML there are two inequivalent CO
molecules [noted with yellow and purple circles in Fig. 1 b) and c)] resulting in different potential
energy curves. Experimentally,3! desorption energy for low coverages is 1.6-1.7 eV, decreasing
to 1.1-1.2 eV for saturation coverage, in good agreement with our calculations. Interestingly,
for high coverage, a shallow physisorption well appears suggesting the possibility for trapping
molecules in the so-called precursor state. In Figs. 1 e) and f) we show the geometry of this
physisorption well. By comparing these panels to Fig.1 d), we observe that the other adsorbates
only slightly move towards the physisorbed adsorbate. In the following, we will interchangeably
use the names precursor state, trapping, and physisorption state.

We have run Langevin dynamics for the mentioned coverages and laser fluences of 100 J/m?

and 140 J/m?. The results of our dynamics for a coverage of 0.58 ML are shown in Fig. 3,
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Figure 2: Potential energy of a single CO molecule as a function of the distance of its COM from
the surface calculated with our machine learning interatomic potential. For coverages of 0.58 and
0.66 ML, full lines correspond to the CO molecule indicated with a yellow circle and dashed

lines to the CO molecule indicated with a purple circle in Fig. 1.

which shows the distance from the surface of the COM of all CO molecules as a function of time.
Corresponding figures for coverages of 0.33 ML and 0.66 ML are shown in Figs. S4 and S5. As
the laser pulse reaches the surface at the time of 1.16 ps, molecules gain energy (see adsorbate
temperatures in Figs. S1 and S2) and the distribution of CO molecules’ positions become wider.
The average CO COM distance to the surface decreases as molecules move from the on-top of Ru
atom position towards more coordinated sites such as bridge and hollow sites, in accordance with
previous six-dimensional dynamics.* As in Ref. 4, some molecules desorb. Unlike there, however,
interestingly, some molecules get trapped at an elevated COM distance from the surface of around
6 A, as particularly evident from the COM density enhancements in this area for both the COM
distance and the logarithmic population plots. Even though the potential energy surface for this
coverage does not show a clear physisorption well (for a single desorbing molecule at T=0 K)

according to Fig. 2, orange line, molecules can be dynamically trapped.

Since the free energy F of the molecule as a function of distance from the surface z is propor-
tional to logarithm of probability P(z) of finding the molecule at 7 [i.e., F(z) ~ —kgT InP(z)],*?
the distributions shown in Fig. 3 are proportional to the effective free energy of the molecule [also
called the potential of mean force (PMF)]. The PMF is a more reliable indicator of a physisorption

well or other features of the potential at finite temperature.'* Therefore, the results of Fig. 3 reveal
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Figure 3: Probability of finding a CO molecule at a given COM distance from surface at a given
time (logarithmic scale). The surface coverage is 0.58 ML for fluences of 100 J m~2 (left) and
140 Jm~2 (right). In the right sub-panels distributions are integrated over a time of 50 ps, giving

the ’log(pop)” curves.
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Figure 4: Left panel: trapping probability defined as the probability of finding a molecule with its
COM between 4.5 A and 10 A from the surface as a function of time. Right panel: desorption
probability defined as the probability of finding a molecule with its COM at a distance from the

surface larger than 10 A (right) as a function of time. Full lines are for the fluence of 100 J/m?

and dashed lines are for the fluence of 140 J/m?2.

the existence of a small physisorption well in the free energy for both 100 J/m? and 140 J/m?. Very

similar dynamics and the presence of trapped molecules is seen also for coverages of 0.33 and 0.66
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ML for both fluences. Desorption and trapping probabilities as a function of time are shown in
Fig. 4. We consider a molecule as desorbed when the distance of its COM from the surface is
larger than 10 A (note that we use nonperiodic boundary conditions in the direction normal to the
surface so all molecules that surpass this distance remain in the vacuum because the potential has
a finite range). Molecules are in the trapping zone when their COM distance from the surface is
between 4.5 A and 10 A. These criteria are arbitrarily broad and trapping includes molecules that
are directly desorbing, but it reflects the experiments that also cannot distinguish between the two
within the trapping region. For the studied coverages and fluences, desorption saturates at around
20 ps after the arrival of the laser pulse and at that time the precursor state is almost completely
depopulated, as can be seen from the left panel of Fig. 4. As expected, the number of desorbed
molecules increases as the fluence is increased and as coverage is increased since higher fluence
increases the energy of molecules and higher coverage decreases the desorption energy. Interest-
ingly, the trapping probability increases with increasing fluence but does not vary much with the

coverage.

Our results can be compared to experiments.! The precursor state is detected in experiments
for longer times than in our simulations at >100 ps, but the maximum population is at delay times
of 4-10 ps similar to our simulations.? Experimentally, it was roughly estimated that desorption
yields are ~10% for fluence of 100 Jm~2 and ~30% for fluence of 140 Jm—2.? In experiments CO
adsorption is performed at room temperature at which saturation coverage is around 0.54 ML.%’
Our results for the desoprtion yield at the similar 0.58 ML coverage for 100 Jm~2 and 140 Jm >
fluences are 4.7 4+0.3% and 22.8 £0.6%, respectively. Similarly, in experiments at temperature of
100 K and for fluence estimated to be 91 Jm~2,3 the desorption yield was estimated to 14.5 + 5%,
while our value for 0.66 ML at room temperature and fluence of 100 Jm~2 is 5.3 £0.3%. These
values are in reasonable agreement with experiments considering experimental uncertainties and
approximations in the two-temperature model. Based on the different XAS spectra for the two
fluences, 100 Jm~2 and 140 Jm~2, it was assumed that the precursor state is populated only for
the higher fluence while for the lower fluence only frustrated translation/rotation toward more
coordinated hollow and bridge chemisorbed states take place. In constrast, the precursor state is
also populated at lower fluences in our simulations, but with smaller probabilities. The maximum
probability to form a precursor state in our dynamics is found to be around 0.5% for a fluence of
100 Jm~2 and around 2% for a fluence of 140 Jm~2. Our results also show the power of atomistic

simulations in understanding experimental results as complicated as the total XAS signal that is
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averaged over many configurations.

Additionally, in Ref. 1, due to 30% reduction in the so-called d} signal it was assumed that
30% of molecules get pumped into the precursor state and that free energies of chemisorbed and
precursor states are thus similar. Our dynamics calculations show that the precursor state is much
less populated and that the free energy of the precursor state is much higher than the free energy
of the chemisorbed state. We suggest that total experimental spectra can be fully explained only
by calculating spectra on an ensemble of structures sampled from our dynamics.

We have also performed simulations for a higher fluence of 200 Jm~2 shown in Figs. S6 and S7.
Desorption yields increase with higher fluence as expected. However, the trapping probabilities are
equal to the trapping probabilities for a fluence of 140 Jm~2. Clearly, at higher fluences, molecules
easily desorb and trapping does not increase. Trapping is somewhat higher for lower coverages
than for high coverages, despite the fact that the T=0 potential (see Fig. 2) favours trapping for
higher coverages. One should keep in mind that coverage is rapidly changing locally during the
dynamics as molecules easily diffuse on the surface, creating regions of high local coverage that
may give rise to the shallow physisorption minimum in the free energy for all coverages and
fluences. In Fig. 5 and Figs. S8 and S9 we plotted lateral positions of molecules on the surface
for fluences of 100 Jm~2 and 140 Jm~2 for the three coverages, showing the diffusion all over
the surface, in qualitative agreement with Ref. 4. For higher fluence and coverages, a significant
portion of molecules at times around 7 ps after the arrival of the laser pulse occupy hollow fcc and
hcp sites, while for lower fluence molecules dominantly stay around the top site. Occupation of
hollow sites agrees well with the population of the so-called new adsorbed state identified in the
experimental spectra of Ref. 3.

To prove that adsorbate-adsorbate interactions play a crucial role in trapping the precursor
state beside the Fig. 2, we performed dynamics for a single molecule in a v/3 x v/3 Ru(0001)
unit cell with nominal coverage of 0.33 ML. The results are shown in Fig. S10, which can be
directly compared with Fig. S4. It can be seen that in this case there is no trapping, i.e., there
is no physisorption well in the free energy. Desorption is also significantly reduced compared to
the supercell dynamics, demonstrating that previous theoretical calculations in small supercells
tend to underestimate desorption as recently it has also been observed for hydrogen associative

desorption from Ru(0001).15
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IV.  CONCLUSIONS

In conclusion, ultrafast pump-probe experiments are a powerful tool to monitor reactions in real
time. However, disentangling the obtained spectra often requires theoretical input. Laser pulse
induced dynamics of CO on Ru(0001) is a paradigmatic example where pump probe experiments
have found evidence for the existence of a so-called precursor state. However, this precursor state
proved to be elusive for atomistic modelling.

We have constructed a new DFT-based machine learning potential energy surface for modelling
CO on Ru(0001) that treats all ionic degrees of freedom and is valid for different CO coverages.
With the new potential energy surface, we have run molecular dynamics with electronic friction
that include laser pulse excitation through electronic and phonon temperatures obtained from the
two temperature model. Our dynamics for different coverages and laser fluences capture the elu-
sive precursor state. This state is the result of dynamically trapped molecules with COM distance
from the surface of around 6 A. While the static potential energy surface for a single molecule
desorbing from the surface features a shallow physisorption well only for the high coverage of
0.66 ML, the dynamic free energy potential features a physisorption well even for the coverage of
0.33 ML.

Experimentally, a qualitative change in spectra was seen for two fluences of 100 J/m? and
140 J/m?, prompting the conclusion that the precursor state exists only for higher fluences. Our
dynamics show that the precursor state can be populated with a lower fluence, too, but with around
four times lower probability. Increasing the fluence further increases the desorption but not the

trapping in the precursor state as molecules easily desorb at high fluence.
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