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Energy transfer during molecular collisions on metal surfaces plays a pivotal
role in a host of critical interfacial processes. Despite significant efforts, our
understanding of relevant energy transfer mechanisms, even in an extensively-
studied benchmark like NO scattering from Au(111), remains far from com-
plete. To fully disentangle different energy transfer channels, we develop a
first-principles nonadiabatic dynamical model that incorporates explicitly all
degrees of freedom and the interfacial electron transfer. Our simulations
successfully reproduce most experimental observations on vibrational
relaxation and excitation of NO molecules under varying initial conditions. The
observed steric effect varying with the initial vibrational state is understood by
the change of orientational dependence of the metal-to-molecule electron
transfer. This model also identifies that translational motion could couple to
molecular vibration directly, while the translation-to-electron nonadiabatic
coupling is not significant. These valuable insights highlight the importance of
treating both adiabatic and nonadiabatic energy transfer pathways on equal
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footing, offering significant implications for modeling energy transfer pro-
cesses in more complex systems, such as plasmonic photocatalysis.

Chemical reactions at metal surfaces have profound implications for
interfacial applications like heterogeneous catalysis, crystal growth,
and etching. Vibrational energy transfer (VET) in molecule-metal sur-
face encounters is highly relevant to surface reactions, as molecular
vibration corresponds exactly to the motion of bond breaking/
forming'™. Vibrational energy can be transferred to molecular trans-
lation, rotation, and surface phonons, an adiabatic process that can be
described within the Born-Oppenheimer approximation (BOA)>®.
Beyond that, VET on metal surfaces is more complicated due to the
nonadiabatic energy exchange between molecular vibration and
electron-hole pairs (EHPs) of the metal, representing a breakdown of
BOA”’. There has been ample evidence of this nonadiabatic VET
channel, causing vibrational excitation/deexcitation, electron emis-
sion, or short vibrational lifetimes'®™. Such nonadiabatic processes are
also closely related to plasmonic catalysis, where hot electrons

generated by plasmon decay may strongly couple to molecular
vibration, resulting in vibrationally excited molecules that are more
prone to dissociation than thermal ones'. An in-depth under-
standing of the VET dynamics at metal surfaces is thus highly desirable.

However, our understanding of different VET channels remains
far from complete, due largely to the lack of an accurate theoretical
description of both adiabatic and nonadiabatic processes on equal
footing. NO scattering from Au(lll) represents one of the most
important examples in this aspect, attracting extensive experimental
and theoretical attention®>">"2°7 State-to-state measurements by
Wodtke and coworkers have revealed a number of fascinating features,
including the multi-quantum vibrational relaxation of NO (v; > 0) and
its dependence on the incidence translational energy (E;) and
orientation>*%¥, the vibrational excitation of NO(v;=0) and its
dependence on surface temperature (7)) and £*°. Such abundant
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experimental data have provided detailed information on how
molecular vibration couples to other degrees of freedom (DOFs),
serving as valuable benchmarks to stringently test nonadiabatic
theOI‘ie520_22'24'31'33'34'36'40.

Despite substantial efforts in the past two decades, no theory has
so far been capable of quantitatively reproducing most experimental
observations for NO collisions on Au(111)". The greatest challenge is to
describe the nonadiabatic interactions between the molecular states
and the metallic continuum in full dimensionality. To make the simu-
lation tractable, most theoretical studies have relied on mixed
quantum-classical approaches, which treat the nuclear motion classi-
cally while electronic motion quantum mechanically. Their coupling is
either addressed perturbatively on top of the ground state, as in
molecular dynamics with electronic friction (MDEF)*****, or explicitly
by considering two local electronic configurations as a result of elec-
tron transfer, as in the independent electron surface hopping
(IESH)**>* and broadened classical master equation methods**
Fully quantum dissipative’**° and semi-classical®® approaches have
also been applied to this system, though limited to only two nuclear
DOFs. Indeed, only MDEF and IESH models have ever been integrated
with realistic full-dimensional (FD) potential energy surfaces (PESs) to
enable meaningful comparisons with experimental data****, Such
comparisons based on empirical PESs parameterized by Roy, Shenvi,
and Tully (referred to as RST PESs hereafter) suggested an exclusive
electron transfer mediated VET mechanism, which can be character-
ized by IESH yet not MDEF®**. However, both methods failed to
capture the translational and steric dependence of vibrational inelas-
ticity of NO(v; = 3), even qualitatively>>*”**, These failures were attrib-
uted to the inaccuracies of the RST PESs, presumably arising from the
approximate charge-transfer states and less expressive empirical
functions®?.

More recently, we developed a more reliable ground state FD-PES
by embedded atom neural network (EANN) fitting of thousands of
density functional theory (DFT) data, on which Born-Oppenheimer
molecular dynamics (BOMD) predicted very efficient adiabatic VET*>*,
MDEF simulations on this PES better described the single-quantum
vibrational relaxation, but still largely underestimated the extent of
multi-quantum vibrational relaxation*. To go beyond the friction
model, we applied a constrained DFT (CDFT) scheme*** to determine
charge-transfer (diabatic) states of molecules at metal surfaces, which
was found to more reasonably describe the electron transfer between
CO and NO molecules and metal surfaces***’. The combination of
CDFT, EANN, and IESH methods enables a first-principles description
for nonadiabatic effects of molecular scattering from metal surfaces.

In this work, we demonstrate the success of this strategy in NO
scattering from Au(l111) using newly developed NN-based first-princi-
ples charge-transfer state PESs. With an appropriate density functional,
IESH simulations on NN PESs achieved very good agreement with a
wide range of experimental observations of NO on Au(111). Our results
emphasize the necessity of properly characterizing both adiabatic and
nonadiabatic energy transfer channels, towards a quantitative theo-
retical description for the VET dynamics of molecules at metal sur-
faces. The remaining discrepancies with experimental data are also
discussed.

Results

Comparison of full-dimensional and two-dimensional dynamics
In Fig. 1, vibrational state distributions for scattered NO obtained by
various levels of theory, for initial states of v;=3, 11, and 16, are com-
pared with experiments”*. For fair comparison, unless stated else-
where, our results are analyzed based on single-bounce trajectories,
consistent with prior theoretical work and the direct scattering nature
of this process as observed in experiments®. For clarity, our results
based on all trajectories are shown in Supplementary Fig. 6, and no
significant differences are found.
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Fig. 1| Final vibrational state distributions with various initial conditions.
Comparison of experimental final vibrational state distributions” of vibrationally
excited NO scattering from Au(111) with BOMD and IESH results on the revPBE-
based FD-PESs, as well as IESH and HEOM results on the revPBE-based two-
dimensional (2D)-PESs fromref. 40, forav;=3, E;=1.08 eV,bv; =11, F;=0.95eV, and
c v;=16, E;=0.52 eV. d-f Similar to (a—c), but for BOMD, IESH, and MDEF(ODF)*
results on the PW91-based FD-PESs. g-i Similar to (a-c), but for IESH and MDEF
results on the RST FD-PESs from ref. 37. Note that results are extracted from tra-
jectories with single-bounce and trajectories whose final vibrational states exceed
the experimental ranges are excluded. Source data are provided in a Source data
file. Results obtained from all trajectories are shown in Supplementary Fig. 6.

We first evaluate the accuracy of IESH by benchmarking IESH with
a fully quantum method, namely hierarchical equations of motion
(HEOM)***8, Since FD HEOM simulations are currently unfeasible, we
compare IESH and HEOM results based on a 2D model. As shown in
Fig. la-c, IESH agrees well with HEOM, although the latter predicts
slightly stronger vibrational inelasticity than the former in the case of
NO(v;=3). The good agreement between them largely validates the
reliability of IESH.

To demonstrate the necessity of encompassing all DOFs in study-
ing this energy transfer process, we also compare IESH results using 2D
and FD models. As shown in Fig. 1a-c, the FD-IESH results are quite
different from their 2D counterparts, manifesting much hotter vibra-
tional state distributions for NO(v; =11 and 16). Indeed, these 2D results
are all based on 2D empirical PESs fitted to a limited number of CDFT
points reported in ref. 46, where the NO molecule lies perpendicularly
on the hep site of Au(lll) with the N atom pointing down. Electron
transfer between the molecule and the surface more easily undergoes in
this geometry compared to other sites and orientations (see Supple-
mentary Fig. 7). Apparently, the effects of molecular orientation, surface
site, and surface phonons are all neglected in 2D models. The large
discrepancy between FD and 2D results underscores the necessity of
employing FD-PESs for accurate theoretical modeling. While 2D models
may coincidentally align with experimental data, our FD-IESH results
remarkably underestimate the degree of vibrational relaxation, sug-
gesting that the revPBE-based PES yields overly repulsive NO/Au(111)
interactions. These findings caution against direct comparisons between
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Fig. 2 | Topography of three PESs. a Comparison of energies along the minimum
energy path of NO dissociation on Au(111) on the ground revPBE, PW91*, and
previous RST? PESs. The green arrow indicates the vibrational energy of NO(v =16)
in our simulations. Two-dimensional cuts of the b revPBE, c PW91, and d RST
ground state PESs as a function of ryo and Zyo, with two angles (6 and ¢, defined in
Supplementary Fig. 1) optimized and other coordinates fixed at the dissociation
transition state. The energy is given relative to a free NO molecule far from the
surface, in units of eV. A representative IESH trajectory, with the black line
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representing the incoming component and the magenta line representing the
outgoing component, is projected onto the corresponding PES. The crossing seam
(blue dashed line) between two diabatic states and the transition state (red “T”) are
also shown on the PES. Note that this crossing seam is derived from the orientation
that facilitates the most efficient electron transfer, where the NO molecule is per-
pendicularly placed on the hcp site with the N atom pointing to the surface. Source
data are provided in a Source data file.

experimental data and low-dimensional theoretical models, as the latter
may fail to capture the true molecule-surface interactions and dynamics.

Influence of PES on VET dynamics
To study the influence of the PES on the adiabatic and nonadiabatic
VET dynamics, we have constructed another set of FD-PESs based on
the PWO91 functional, where the ground state PES was reported
previously*>*** and diabatic state PESs are obtained in this work as
described in the “Methods” section. Figure 1d-f displays results
obtained on the PW91-based PESs, where MDEF results with orbital-
dependent friction (MDEF(ODF)) are taken from ref. 33. As discussed
previously*****5, PW91-based BOMD results already predict remarkable
vibrational relaxation. The MDEF(ODF) model further increases the
probability of single-quantum vibrational relaxation (i.e., Av=1) com-
pared to BOMD on the PW9l-based PESs (Fig. 1d-f), leading to
improved agreement with experimental data. However, it falls short of
improving the multi-quantum vibrational relaxation (i.e., Av>1)*. Its
failure was attributed to the invoked Markovian approximation, which
neglects EHP excitations far away from the Fermi level™.
Encouragingly, the IESH model, which treats both electron
transfer and EHP excitations on equal footing, achieves the best
agreement with experimental observations across all initial conditions
to date. Quantitatively, not only does the probability of the two-quanta
relaxation (v;=3 > v¢=1) increase remarkably, but the overall vibra-
tional state distributions of NO(v; =11 and 16) also shift to lower states,
both of which align more closely with the experimental distributions.
By comparing final vibrational state distributions predicted by BOMD

and IESH, we conclude that adiabatic and nonadiabatic contributions
to the vibrational relaxation with low and high initial vibrational states
are comparable. In contrast, in Tully’s work”, they stated that the
nonadiabatic channel dominates the VET for the NO/Au(111) scattering,
which differs a lot from our conclusion, mainly resulting from their less
accurate ground and charge-transfer state PESs.

In comparison, PW91-based results represent significant improve-
ments over the revPBE-based and previous RST-based ones®*
(Fig. 1g-i). On one hand, the adiabatic VET is much more pronounced on
the PW91 PES than on the other two PESs (Note that the RST-based
BOMD results exhibited minimal vibrational relaxation?, thus not shown
here). This adiabatic VET arises from mode softening as the vibrating
molecule approaches the dissociation barrier’>*., As depicted in Fig. 2,
the barrier for NO dissociation on the adiabatic PW91 PES is 0.69 eV
lower than that on the revPBE PES, while the RST PES is purely repulsive.
In addition, the barrier locates “earlier” on the PW91 PES, featuring a
shorter N-O distance, a higher molecule-surface distance, and a wider
entrance to the barrier region (see Fig. 2b, c and Supplementary Table 1).
These characteristics allow trajectories to access the barrier more
readily on the PW91 PES, as demonstrated by an exemplary trajectory of
NO(v;=16) projected onto the 2D PES in Fig. 2. This facilitates sig-
nificantly more efficient adiabatic VET compared to the other two PESs.
On the other hand, in IESH models, the likelihood of electronic excita-
tion is qualitatively linked to the proximity to the crossing seam
between neutral and anionic states, where nonadiabatic coupling is
strong and electron transfer can explicitly occur, as marked in Fig. 2 by
dashed lines. Notably, trajectories on PW91 PESs are more likely to enter
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Fig. 3 | Dependence of final vibrational state distributions on E;. Experimental
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theoretical models, including the referenced MDEF(ODF) and IESH-RST. Error bars
on the experimental data indicate statistical uncertainties originating from pulse
energy fluctuations of the used lasers®. Error bars of IESH results based on the RST
PES represent 20 (95% confidence) statistical uncertainty”. Results obtained from
all trajectories are shown in Supplementary Fig. 8. Source data are provided in a
Source data file.

this strong-coupling region, making electron transfer possible and
channeling vibrational energy dissipation into surface EHPs. Indeed, as
compared in Supplementary Tables 2 and 3, the mean vibrational
energy losses predicted by PW91-based PESs, due to both adiabatic and
nonadiabatic channels, are larger than those predicted by revPBE-based
ones. These results reveal that the PES landscape governs simulta-
neously both adiabatic and nonadiabatic VET channels. This is achieved
by modulating the molecular accessibility to the dissociation barrier and
state-crossings, which are typically located in similar regions.

Since the PW91-based IESH model appears to describe well both
adiabatic and nonadiabatic VET processes, we next extend it to more
comprehensive scenarios, including the dependence of vibrational
relaxation probability on the incidence energy and initial orientation
distribution, the vibration-to-translation coupling, and the vibrational
excitation of NO(v; = 0). Some of these phenomena have never been
adequately described by any previous theoretical models.

Incidence energy dependence of NO scattering
Figure 3 shows the experimentally measured product state
branching ratios of NO(v;=2 and 3) as a function of E;. The

observed vibrational inelasticity increases monotonically as £;
rises'>”, PW91-based BOMD results qualitatively capture this E;-
dependence, but significantly underestimate absolute ratios.
MDEF(ODF) results show some improvement in the vibrationally
elastic (vf=3) and single-quantum relaxed (vf=2) channels, but
have a minimal impact on the two-quanta relaxed (v¢=1) channel.
Impressively, IESH results now well match nearly all branching
ratios in the entire range of E;, demonstrating excellent agree-
ment with experimental data. It is easily understood that the
higher incidence energy allows the NO molecule to get closer to
the barrier and state-crossing point, thereby amplifying both
adiabatic and nonadiabatic vibrational energy losses. In contrast,
previous RST-based IESH results predict a more pronounced
vibrational relaxation at lower E; and thus much weaker E;-
dependence of the vibrational inelasticity, because of the overly
softness of the RST PES.

Orientational dependence of NO scattering
An intriguing yet not fully understood experimental observation is the
orientational dependence of vibrational inelasticity for the scattering
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Fig. 4 | Dependence of final vibrational state distributions on initial orienta-
tion. a Initial polar angle distributions for N-first and O-first orientations of the NO
molecule. Experimental final vibrational state distributions® of NO b (v;=3,
Ei=0.96¢V), ¢ (v;=11, £;=0.51eV), and d (v;=16, E;=0.52 eV) scattering from
Au(111) with N-first and O-first orientations, in comparison with IESH results on the
PWO1 PES. Note that only single-bounce trajectories are included, and trajectories
with final vibrational states beyond the experimental ranges are not included.
Source data are provided in a Source data file.

of NO(v;=3), which gradually diminishes as the molecule becomes
more vibrationally excited””. In the experiment, the vibrationally
excited NO molecule can be initially manipulated to prefer either an
N-first or an O-first orientational distribution before colliding on the
surface, as illustrated in Fig. 4a. Figure 4b shows that the former leads
to obviously stronger vibrational relaxation than the latter during
NO(v; = 3) scattering. However, as the initial vibrational state increases,
the orientational dependence largely weakens at NO(v; =11) (Fig. 4c)
and nearly vanishes at NO(v;=16) (Fig. 4d). Our PW9l-based IESH
results properly capture this steric effect and its variation with the
initial vibrational state. In Supplementary Fig. 9, we further quantify
the adiabatic and nonadiabatic contributions to the steric effect by
comparing BOMD and IESH results with experimental data for
NO(v;=3). We assess the degree of vibrational relaxation using the

average vibrational quantum number of scattered NO molecules,
denoted as <vg>, and quantify the steric effect as the difference of <vp>
between the two initial orientations, namely <v{O-first)>-<vg(N-first)>.
A larger difference indicates a stronger steric effect. The BOMD pre-
diction of this difference is ~0.13, suggesting a minor orientational
dependence due to the adiabatic VET channel. While the IESH pre-
diction increases this value to ~0.21, in close accord with the experi-
mental value of ~0.23. These results demonstrate that both adiabatic
and nonadiabatic channels contribute to the steric dependence of VET.

To elucidate the underlying mechanism, we first check the polar
angle distributions at the impact point at which the initially N-first and
O-first oriented molecules turn around (see Supplementary Fig. 10).
While some O-first oriented NO molecules reorient towards the N-first
orientation, the polar angle distributions in the two cases remain dis-
tinct, which is the prerequisite for the stereodynamics. However, these
distributions are insensitive to the initial vibrational state, failing to
explain the reduced steric effect at higher vibrational states. We then
resort to searching the crossings between two diabatic state PESs,
plotted as a function of Zyo in Supplementary Fig. 10, with the polar
angle 6 fixed at 68° and 112°—values that correspond to the mean
angles (<6>) for the N-first and O-first distributions, respectively. At
rvo=132A, approximately the outer classical turning point of
NO(v=3), the crossing point of two diabatic states shifts to higher
energies as 6 increases. This indicates that N-first oriented molecules
would more likely undergo charge transfer than O-first ones and
experience more efficient nonadiabatic VET, consistent with their
stronger vibrational inelasticity upon collisions. By contrast, when ryo
elongates to the turning point of NO(v =16), i.e., 1.59 A, the crossings of
two diabatic states become very similar in both orientations. This is in
accord with the observed much weaker steric effects for high initial
vibrational states. It is worth noting that previous RST-based IESH
results turn out to predict no steric effect at all for NO(v; = 3) scatter-
ing, due to too strong dynamical steering”*>*° (see Fig. 4 of ref. 21 and
Supplementary Fig. 10 in the Supplementary Information, which pre-
sents similar polar angle distributions at the impact point from dif-
ferent initial orientations).

Vibration-to-translation coupling

Dynamical results discussed have so far primarily focused on the
energy exchange between molecular vibration and surface EHPs
(V-EHP). However, the energy transfer process is more complex,
involving other DOFs, like molecular translation and rotation. Experi-
mental evidence suggests that the translational motion is not merely a
spectator during the electronically nonadiabatic VET process, but its
precise role remains elusive. For example, as shown in Fig. 5a, the mean
final translational energy (<Et>) is incrementally higher in the vibra-
tionally de-excited channels than the elastic channel’*?. Experi-
mentalists have proposed two possible mechanisms: a direct
mechanical coupling between vibration and translation (V-T), and/or
an EHP-mediated coupling, where molecular vibration and translation
do not directly couple to each other but both couple to EHPs (V-EHP
and EHP-T)***, However, no theory has yet been able to determine
which mechanism dominates.

Figure 5 compares the calculated and experimental <£> of scat-
tered NO molecules, as a function of final rotational energy (Egr) for
three product channels (v;=3 > v=3, 2, 1), at £;=0.98¢eV. The
experimentally observed <E7> decreases linearly with increasing Eg for
all three channels, exhibiting an anticorrelation between outbound
translation and rotational excitation (T-R). In addition, the evidence of
V-T energy transfer is that <£7 ,¢— 3> extrapolated to £ = 0 is lower by
~0.08 eV than <E7,¢-,> and ~0.12 eV than <Eg ,¢-1>, smaller than the
corresponding vibrational excitation energy, respectively. In compar-
ison, PW91-based IESH results not only correctly predict the antic-
orrelation between <Er> and Eg, but also reproduce reasonably well
the amount of V-T energy transfer, e.g., -0.09eV for <Er,—>>-
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probability of NO(v; = 0) scattering from Au(111) against T for £;=a 0.28 eV and

b 0.63 eV*°, in comparison with IESH results on the PW91 PES. Arrhenius functions
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comparison. Error bars on the experimental data were determined by estimating
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gation into the absolute excitation probability*°. Error bars of IESH results indicate
standard errors of the excitation probability. Source data are provided in a Source
data file.

<Et,-3> and ~0.15eV for <Et ,¢—1>-<Et,6-3>, although the slope of
d<FEy>/dEg is more negative, implying the anisotropy of the entrance of
the PES is less well described.

Interestingly, Fig. 5c shows that PW91-based BOMD results also
exhibit a qualitatively similar anticorrelation between <£1> and Ex
across three well-separated vibrational channels, suggesting a
direct V-T coupling with no need to invoke nonadiabatic effects.
Indeed, the differences in <Et> between adjacent vibrational chan-
nels are roughly constant at ~0.22 eV, corresponding approximately
to the energy of a single vibrational quantum (Av =1). This means
that vibrational energy can exclusively convert to the outbound
translation because of vibrational deexcitation within BOA. When
the nonadiabatic channel is open, part of the vibrational energy
flows to EHPs, thereby reducing the differences of <Er> between
vibrationally relaxed and elastic channels. This analysis also con-
forms to the mean energy changes in different DOFs during
NO(v; = 3) scattering (Supplementary Table 3). Compared to BOMD,
the average translational energy loss is barely changed when elec-
tronic DOFs are included via IESH, showing no evidence of energy
exchange between translational and electronic DOFs. This further
confirms the negligible coupling between translation and EHPs. This
feature can be understood by analyzing the direction of the non-
adiabatic coupling vector whenever surface hopping occurs in [ESH
simulations. As shown in Fig. 5d, the angular distribution between
the nonadiabatic coupling vector and N-O bond (a) is sharply
peaked at parallel directions, either 0° or 180°. In such scenarios,

the nonadiabatic coupling vector is either parallel or antiparallel to
the N-O vibrational motion, resulting in the predominance of
V-EHP coupling. These results clearly demonstrate that molecular
vibrational energy can transfer to both molecular translation and
metallic EHPs during scattering, yet the direct T-EHP coupling is
negligible, at least in the conditions considered here.

Vibrational excitation of NO(v; = 0) scattering

Apart from vibrational relaxation of NO at various initial conditions,
vibrational excitation of NO(v; = 0) was also observed during its scat-
tering from Au(111)°°. In this process, the electronic energy is in turn
transferred to molecular vibration. Indeed, this process is relevant to
plasmonic catalysis, where nonadiabatic energy transfer from hot
electrons into vibrationally excited states facilitates the bond
cleavage”. As shown in Fig. 6, our PW91-based IESH results compare
well with experimental data on the vibrational excitation probabilities
for NO (v;=0~vr=1), in a range of T from 473 to 973 K at two repre-
sentative £; values. Both results are below the thermal limit, indicating
that vibrational excitation occurs in a direct scattering process.
Experimental vibrational excitation probabilities can be fitted to an
Arrhenius equation on T,. PW91-based IESH results generally follow
this Arrhenius relation, except for the deviation at £=0. 63eV,
Ts=473 K. The overall agreement observed here is comparable to that
of the earlier RST-based IESH model®.

Discussion

Given its significantly improved agreement with experimental results
across diverse conditions compared to previous models—unlikely due
to significant error cancellations—the current PW91-based IESH model
represents the state-of-the-art theoretical characterization of
molecule-surface scattering processes involving strong nonadiabatic
effects. Despite this remarkable success, some discrepancies persist
between the current theory and experiment. One deficiency is the
inaccurate prediction of the molecular trapping probability. Figure 7a
shows that the revPBE-based IESH model systematically under-
estimates the trapping probability of NO(v; = 2) in a range of incidence
energies®, particularly at low incident energies, whereas the PW91-
based IESH model does the opposite. This discrepancy suggests that
neither the revPBE-based nor PW91-based PESs are sufficiently accu-
rate in describing molecular adsorption, with the former being likely
too repulsive while the latter too attractive. Another discrepancy
between theory and experiment arises in the final rotational state
distributions of scattered NO(v; = 3), as illustrated in Fig. 7b, c. While
both models capture the stronger rotational excitation for the O-first
than N-first orientation in the vibrationally elastic channel, they
improperly predict an artificial rotational rainbow feature for the
O-first orientation in the vibrationally inelastic channel, and too much
rotational excitation, especially the PW91-based IESH model. This is
likely tied to the inadequate description of attractiveness, anisotropy,
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Fig. 7 | Discrepancies with experiments. a Trapping probabilities for v;=2 at a
range of incident energies determined by experiments®, compared to those pre-
dicted by IESH on the revPBE (labeled with “-RE”) and PW91 (labeled with “-PW”)
PESs. The black dashed line represents a fit of experimentally determined trapping
probabilities. Error bars represent uncertainties associated with experimental
measurements’. Experimental final rotational state distributions for vibrationally
b elastic (vf=3) and c inelastic (vf=2) scattering of NO(v; = 3) from Au(111) with
E;=0.96 eV, for N-first and O-first orientations, compared with IESH results on the
revPBE and PW91 PESs. IESH results for both channels are scaled to match the peaks
of the experimental rotational state distributions. Source data are provided in a
Source data file.

and corrugation of the PES, but their influences are coupled and
subtle™*,

Both deficiencies likely stem from the insufficient accuracy of the
PES in the entrance channel described by DFT based on the general-
ized gradient approximation (GGA). It is possible to take a specific
reaction parameter (SRP) approach, which mixes the two density
functionals to achieve a more balanced description of the molecule-
surface interactions. This strategy has shown some success in accu-
rately predicting experimental dissociation probabilities of H, on
several metal surfaces’*. However, its effectiveness in the current
system is rather uncertain, because the mix of revPBE and PW91
functionals would unavoidably raise the barrier height compared to
that of using PW91 alone and reduce the efficiency of VET. In addition,
this strategy will unlikely improve the description of anisotropy and
corrugation. More advanced hybrid functionals or doubly hybrid
functionals beyond GGA have potential for attaining a systematically
more accurate description of such systems***, although at the price of
much higher computational costs.

Besides the influence of molecule-surface interactions, the IESH
method itself invokes approximations for describing a molecule
interacting with an electron bath. First, IESH treats surface electrons
independently?’, neglecting many-electron effects. Second, like other
surface hopping methods, IESH also suffers from the overcoherence
issue, although recent studies suggest its impact may be limited***®,
Nuclear quantum effects could also be significant in scattering pro-
cesses involving sparse vibrational states®. These limitations may
intricately influence the agreement with the experiment. Unfortu-
nately, numerically exact quantum methods, such as HEOM, are
computationally prohibitive for systems beyond 2D models*’. Further
research is needed to accurately benchmark the importance of many-
electron and overcoherence effects in FD simulations. The PES training
may also introduce additional errors to our model. However, given the
small root mean square errors (RMSEs) and the good convergence
behavior of the PESs (see Supplementary Note 2), we expect a minor
influence of PES training errors on the simulation results.

Summarizing, this work reports a first-principles model within full
dimensionality to investigate the VET dynamics in NO scattering from
Au(111). In this model, two charge-transfer-related diabatic states of NO

on Au(111) are calculated by CDFT, which are fitted to diabatic PESs by
EANN. These PESs are then used to construct an effective Hamiltonian
for the IESH nonadiabatic dynamics simulations, enabling the model-
ing of explicit electron transfer and EHP excitations on equal footing. A
combination of these state-of-the-art techniques minimizes empirical
parameters in the PESs and dynamical models typically involved in
nonadiabatic simulations. This enables us to explicitly examine how
the potential energy landscape simultaneously affects adiabatic and
electron transfer mediated nonadiabatic energy transfer processes.
Through systematic comparisons of previous 2D models and current
FD models based on two different functionals, we find that both
adiabatic and nonadiabatic energy transfer dynamics are dependent
on the potential energy landscape and model dimensionality, which
are crucial for quantitatively explaining experimental observations.

Our simulations also provide more convincing interpretations for
some experimental observations that were not well understood. For
instance, the dependence of the steric effect on the initial vibrational
state was attributed to the change of the orientational dependence of
metal-to-molecule electron transfer behavior as the molecule stret-
ches. Additionally, our results indicate that during NO scattering,
vibrational energy can couple to both surface electrons and molecular
translation, whereas the direct coupling between molecular translation
and surface electrons is negligible. In this regard, our PW91-based IESH
model has achieved very good agreement with most experimental
data, making a significant step towards a quantitatively accurate
understanding of this benchmark system. This CDFT + EANN + IESH
scheme scales reasonably with the system size, making it feasible to
explore more complex chemical processes involving electron transfer
on metal surfaces. Its general success in this model system will hope-
fully inspire further applications in hot electron-driven chemistry,
which could provide first-principles insights into plasmonic
photocatalysis®*',

Methods

CDFT calculations

A key difference between the present and a previous model® is that U,
and U, are now determined by CDFT energies with a constrained Bader
charge of 0 e” and -1e™ onto the NO moiety, respectively. Their cou-
plings are then derived by their energies and the ground state DFT
energy (Eg) via,

Ve=\/Uo— Ex (Uy — Ey), M

which is then used to evaluate V. According to Wu and Van Voorhis*,
in CDFT, the energy functional is defined by modifying the traditional
DFT functional, E[p], with a Lagrange multiplier (V) dependent on the
charge constraint,

Wip, VI=Elp]+V ( [ wmpimr - NC> . @)

Here, w.(r) is a spatial weight function of the charge density p(r),
and N_ is the target value of the charge constraint. The energy of the
charge-constrained state is obtained by self-consistently minimizing W
with respect to p and maximizing W with respect to V,

Ecper = mpin mli] XWip. V1l @

The CDFT diabatic state energies and forces were obtained using
the CDFT module implemented in CP2K**—a general way to calculate
charge-constrained states for molecule-metal systems*®. Compared to
the electric field method®, diabatic states defined by CDFT are well-
behaved and smooth in the entire dynamically relevant configuration
space, enabling constructions of FD diabatic PES with accuracy at the
first-principles level. For the current NO/Au(1ll) system, the
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convergence criterion for the charge constraint was set to 5x 10> ¢e". In
detail, Kohn-Sham orbitals were expanded into a mixed Gaussian
plane-wave basis, and the ionic cores were approximated by the
Goedecker-Teter-Hutter (GTH) pseudopotentials®®. Valence electrons
were expanded with the DZVP-MOLOPT-SR-GTH basis set for all ele-
ments. Since NO is an open-shell molecule, all calculations were spin
polarized. The surface was modeled by a 6 x 6 supercell with four
metal layers. The top two layers of Au atoms were movable, and a
vacuum space of 25A in the Z direction was used to separate the
periodic slabs. A Fermi-Dirac smearing method was used with an
electronic temperature of 1200 K to maintain the fractional occupa-
tion of states near the Fermi energy and to speed up self-consistent
field convergence. Most calculations in this work have been done using
the revPBE functional®, except in some test calculations discussed
below, where the PW91 functional® was used.

Ground and charge-transfer state PESs

EANN method. A well-established EANN method®**® was employed to
learn CDFT energies and forces to yield charge-transfer state PESs, in
the same way as representing the ground state PES. This allows us to
construct the FD-IESH Hamiltonian without introducing any empirical
parameters. In this approach, the total energy of the system is
decomposed as the sum of atomic energies, each of which is repre-
sented by an atomic neural network,

N N
E=Y E;=) NN, )
i=1 i=1
where p' are embedded atom density (EAD) features regarded as the
input to each atomic neural network that can be simply expressed by
the square of the linear combination of Gaussian-type orbitals (GTOs)
located at neighbor atoms,

2

L New 7.
W <Z Cj"PZ’[ZZ(",’,’)fJ":]’)) . )
J#i

L+l +l=L

>

Lol

p=

In Eq. (5), Ney, is the total number of neighbor atoms within a
cutoff radius (ry), cjzf is the element-dependent orbital coefficient
which can be optimized together with NNs parameters, and f.(ry) is a
cutoff function to ensure that the contribution of each neighbor atom
decays smoothly to zero at r.. The GTO, qoZ’l; . (r;), is defined by,

a,rs — yleyly L. 2
of 1, (0 =xb b 2 exp(—alry - o), (©6)

where r;= (x, y, 2) is the Cartesian coordinates of the embedded atom i
relative to a neighbor atom j, r; is its length, a and r, are parameters
that determine radial distributions of GTO, I, +[,+ =L specifies the
orbital angular momentum ().

The revPBE-based PESs. It should be noted that we have constructed
PESs based on two density functionals to investigate the influence of
the energy landscape on the adiabatic and nonadiabatic VET dynamics.
We first chose the revPBE functional® for two main reasons. First, IESH
and HEOM results based on 2D (only includes the N-O bond length
(rvo) and the molecular height on the surface (Zyo), as defined in
Supplementary Fig. 1), PESs fitted from dozens of data points using the
revPBE functional were available. This allowed us to conveniently
compare these results with our FD-IESH results to validate the accuracy
of IESH and reveal the importance of multidimensional effects. Sec-
ond, the revPBE functional predicts a binding energy of NO with
Au(111) that agrees with the experimental value®’ (see Supplementary
Table 1). However, as discussed above, the revPBE-based PESs appear
too repulsive to enable efficient VET. Data points used to construct the
revPBE-based ground, neutral, and anionic PESs were generated by two

procedures. First, approximately 500 configurations for the NO/
Au(111) system were randomly generated and computed to construct
an initial ground state PES. The rest 2000 configurations were itera-
tively selected from quasi-classical trajectories on the iteratively
refined ground state PES via both geometric and energetic criteria until
the dynamical results converged. After excluding the non-converged
configurations in DFT calculations, a total of 2285, 2165, 2047 data
points were used to fit the ground, neutral, and anionic state EANN
PESs, respectively, among which 90% of data points were used for
training, while the remaining 10% were reserved for validation. These
EANN hyperparameters take values of L =0-2, r.=7.6 A, a=0.53A72,
and r;=0.0-7.4 A every 0.6 A, yielding 39 EAD features. The atomic
neural network comprises two hidden layers with 30 and 40 neurons
for the ground, neutral, and anionic PESs. The overall RMSEs of the
ground, neutral, and anionic PESs are 11.8, 59.9, and 75.8 meV for
energies, and 17.7, 60.4, and 113.0 meV/A for atomic forces, respec-
tively. The significantly larger errors in the neutral and anionic state
PESs compared to the ground state PES primarily stem from the
broader energy range of diabatic states and extra errors in CDFT
calculations.

The PW91-based PESs. While the potential energy landscape has been
shown to critically regulate adiabatic energy transfer dynamics**’, its
role in nonadiabatic energy transfer dynamics during molecule-metal
scattering remains relatively unclear. Herein, we further construct
diabatic state PESs using the PW91 functional, based on which BOMD
predicted a large amount of vibrational energy loss after NO scattering
from Au(111)***. As illustrated in Supplementary Note 1, the energy
differences between the neutral and ground states (Uy—Eg) and
between the anionic and ground states (Ui—£) calculated using
the revPBE and PWO91 functionals are very similar. To avoid
performing costly CDFT calculations for thousands of configurations
required for PES fitting, we add (U§" — F§") calculated on the
revPBE PES on top of the PW91 ground state (Eg") PES™* reported
previously to construct the PW91 neutral state (U") PES,

U™ =Eg" +(UGF — EE5). ™
The PWO1 anionic state PES can also be obtained by,

UM =EQM + (U — EE), ®)

where (Uf* — E§") is the energy difference between the anionic and
ground states calculated on the revPBE PES. These PW91-based PESs
were subsequently applied in IESH simulations and compared with a
variety of experiments.

IESH dynamics

In this work, nonadiabatic dynamics simulations for NO scattering
from Au(111) are carried out by the IESH method**®%, The method is
based on a discretized version of the Newns-Anderson (NA)
Hamiltonian®, which describes an impurity level (here the lowest
unoccupied molecular orbital (LUMO) of the molecule) interacting
with a manifold of electronic states with the assumption that the
metallic electrons are non-interacting. The discretized many-electron
NA Hamiltonian is written as,

M
Hy(R)=Uo(R)+(Uy(R) — UpR))a " a+ > ¢ ¢
k=1
Y 9)
+ 3 VuR(@ G +e ).
k=1

Here, Up(R) is the PES for the interaction of a neutral molecule (with
the LUMO orbital, |a), unfilled) with the metal surface, Uy(R) is the PES
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for the interaction of a negatively charged molecule (with |a) filled)
with the metal surface, a + (@) is the creation (annihilation) operator for
an electron in |a). The third term in Eq. (9) describes non-interacting
electrons, where ¢ (C) is the creation (annihilation) operator for the
kth metal electron. The last term couples the molecular orbital and the
metal orbital.

Due to the assumption of independent electrons, this Hamiltonian
can be written as the sum of one-electron Hamiltonians, each of which
is given by

M M
Hy(R)=(U;(R) — UpR)la@) (@l + > g lk) (k1 + > Vg (R) (1) ki + [K) (al)
k=1 k=1

10)

By diagonalizing Eq. (10), a series of eigenvalues (£;) and eigen-
states |@;(R)) are obtained. Thus, the adiabatic Hamiltonian for evol-
ving the nuclear subsystem can be expressed with the eigenvalues,

3N Pi2
HR,P)= - +UoR)+ > E,R),
i=1

(11
M; Jjes(o

where the total energy of electrons is represented by the sum of a set
of occupied single electronic states determined by a time-dependent
vector s(t). The corresponding N-electron eigenstate of the many-
electron Hamiltonian can then be obtained by populating N, of these
one-electron orbitals in a Slater determinant,
i) =199, . 12)

In this representation, the ground state corresponds to filling N,
(half of the number of metal orbitals, M) electrons from the lowest
single-electron orbital up to the Fermi level, while the excited states
correspond to the determinants in which one or more electrons jump
to empty orbitals above the Fermi level.

In IESH, the total many-electron wave function is a single Slater
determinant state,

) =119y, - Py |-

e

13)

Each electron in the system is evolved independently according to

the one-electron Hamiltonian H.,,

el

ih 'p;‘> =HL(R)|¢h,), (14)

0

where a goes from 1 to N.. We expand each single-electron wave
function in terms of (M +1) electronic basis functions,

Yo R O= ) cf(Og;(rR), (15)
J

where {c]} are the complex expansion coefficients for the ath electron.
Substituting Eq. (15) into Eq. (14), we get,

iheg=E(R)cf —ih Y R-dy(R)cf, (16)
Jj#k
where d,; is the nonadiabatic coupling between orbitals k and /.

In practice, Egs. (11) and (16) describe the evolution of the nuclear
and electronic subsystems. Within the IESH approach, the hopping
probability between electronic states represented by |k>and [j> is non-
zero only when |k> and [j> differ in exactly one occupied orbital, that is,
ki1 =j1, ka=J», ..., Kne =Jjine, €XCept for a single orbital at which they differ
(k#j;). And the probability of a hop from the occupied orbital k to an

unoccupied orbitalj is calculated by,

~2Re(Ay)

kk

8= max{ R. d; At, 0}, 17)

where At is the electronic time step, Ay and Ay are elements of
the electronic density matrix. After these modifications, the IESH
method follows the conventional fewest-switch surface hopping
algorithm®7°,

Quasi-classical trajectory implementation

To compare with scattering experiments, we have performed quasi-
classical trajectory calculations for the nuclear dynamics. The Jacobi
coordinate frame of the NO/Au(111) system for describing the state-to-
state scattering process is illustrated in Supplementary Fig. 1. The
BOMD and IESH simulations were performed using an in-house mod-
ified version of the VENUS code””% In this work, all trajectories started
with NO molecules positioned with the center of mass 8.0 A above the
topmost layer of Au(l1l), i.e., Zyo=8.0 A (see Supplementary Fig. 1).
The lateral coordinates of the center of mass of NO (X and Y) were
randomly sampled in the simulation supercell. The initial polar (6) and
azimuthal (¢) angles of the molecular internuclear vector (defined as
pointing from N to O) were randomly sampled unless stated otherwise.
The initial values of the internuclear distance, ryo, and the conjugated
momentum were sampled semi-classically for given vibrational and
rotational quantum numbers v and j”. The initial condition of surface
atoms was chosen from the Anderson thermostat, but no thermostat
was imposed during the collisional process. Nuclear coordinates and
momenta were propagated using the Verlet algorithm with a time step
of 0.1fs, with a maximum simulation time of 10 ps. The trajectory was
terminated and assigned to a “scattered” event when molecule-surface
vertical distance exceeded 8.0 A and the molecule velocity pointed
away from the surface, for which the final vibrational state (vf) of NO
was determined by the Einstein—Brillouin-Keller quantization™ and
rotational quantum number (j) was obtained from the quantum
mechanical expression for rotational angular momentum. Alter-
natively, the trajectory was labeled as “trapped” if the trajectory
exceeded the maximum simulation time. To obtain the final rovibra-
tional state distributions, the fractional vibrational and rotational
quantum numbers were binned into the nearest integers via a histo-
gram binning procedure.

Data availability

The training dataset and trained PESs generated in this study have
been deposited in GitHub at https://github.com/gangm97/NO_Aulll_
scattering. Source data for all figures in the main text and Supple-
mentary Information are provided in a Source data file. Source data are
provided with this paper.

Code availability

The EANN code is available via GitHub at https://github.com/
zhangylch/EANN. The heavily modified VENUS program is available
from the corresponding author on request.
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