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In the form of direct abstraction of a surface adsorbate by a gaseous projectile, the Eley—
Rideal (ER) reaction at the gas—surface interface manifests interesting dynamics.
Unfortunately, high-dimensional quantum dynamical (QD) studies for ER reactions
remain very challenging, which demands a large configuration space and the
coordinate transformation of wavefunctions. Here, we report the first six-dimensional
(6D) fully coupled quantum scattering method for studying the ER reaction between gas
phase H(D) atoms and adsorbed D(H) atoms on a rigid Cu(l1l1l) surface. Reaction
probabilities and product rovibrational state distributions obtained by this 6D model are
found to be quite different from those obtained by reduced-dimensional QD models,
demonstrating the high-dimensional nature of the ER reaction. Using two distinct
potential energy surfaces (PESs), we further discuss the influence of the PES on the
calculated product vibrational and rotational state distributions, in comparison with
experimental results. The lateral corrugation and the exothermicity of the PES are found
to play a critical role in controlling the energy disposal in the ER reaction.

. Introduction

Surface reactions are pivotal in a multitude of interfacial processes, ranging from
interstellar and atmospheric chemistry® to heterogeneous catalysis,” crystal
growth,* and plasma chemistry.* Understanding surface reaction mechanisms is
of great importance, both from a fundamental perspective and for practical
applications.”® A majority of surface reactions proceed through the Langmuir-
Hinshelwood (LH) mechanism.' This model posits that reactions occur between
adsorbed species situated in neighboring sites, which are in complete thermal
equilibrium with the surface and can be well understood by statistical models. An
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alternative type of reaction occurring between a gaseous and an adsorbed species
on the surface is generally referred to as the Eley-Rideal (ER) reaction.”* More
specifically, the gaseous species can either engage in a direct collision with the
adsorbate, leading to an immediate ER mechanism, or transform into a highly
mobile “hot” precursor on the surface and undergo multiple rebounds on the
surface before eventually abstracting the adsorbate to form the product. This
latter scenario is thus often referred to as the hot-atom (HA) mechanism.'* Both
direct ER and indirect HA mechanisms possess non-thermal distributions of
product energies and momenta that differ significantly from those in the LH
mechanism. As a result, reaction dynamics can play an imperative role in such
reactions.'

Experimentally, several ER reactions on metal surfaces have been measured
with quantum-state resolved resolution,** among which the recombination of H
(D) atoms and a pre-covered D (H) atoms on Cu(111), referred to as H-on-D (D-on-
H) hereafter, represents the simplest and one of most studied systems.'®""*
Rettner and Auerbach® found that the overall probability of forming HD is as
high as ~0.47, which includes both immediate ER and HA contributions. Notably,
the HD product carries a substantial amount of internal energy, up to the
maximum level allowed by the exothermicity of this process. In the case of D-on-
H, HD products in vibrational states from v = 0 to v = 3 exhibit similar pop-
ulations, while v = 4 is less populated, yielding a mean vibrational energy of
~0.7 €V. On the other hand, the vibrational state distribution for H-on-D is
somewhat colder peaking at v =1 and the mean vibrational energy is ~0.6 eV. The
rotational state distribution is also hot which falls gradually with increasing v in
both cases. The measured mean rotational energy is 0.37 eV for H-on-D and
0.35 eV for D-on-H.

These experiments have motivated various theoretical models for investigating
the ER reaction mechanism at the atomic level.***® Thanks to its computational
efficiency, the quasi-classical trajectory (QCT) method has been easily applied in
combination with high-dimensional potential energy surfaces (PESs). These QCT
simulations have been performed using empirical PESs at early stages and neural
network PESs more recently, which account for relevant factors such as surface
coverage and surface temperature.’”*® In addition, some QCT studies**** have
investigated the impact of electron-hole pairs on the ER reaction based on the
electronic friction theory within the local density friction approximation.* These
studies found that electron-hole pair excitations lead to additional energy loss of
the hyperthermal hydrogen atoms and thus typically reduce the ER reactivity, but
do not alter the product state distribution very much. Unfortunately, the QCT
method is approximate and neglects quantum effects like the conservation of
zero-point energy and tunneling. On the other hand, more rigorous quantum
dynamical (QD) calculations are much more challenging due to the exponential
increase of computational cost with respect to dimensionality. Early QD calcu-
lations on the ER reaction have relied on empirical PESs and low-dimensional
models. Kratzer and Brenig*® initiated a collinear two-dimensional (2D)
quantum model, which predicted a too hot vibrational state distribution of the H,
product molecule for the H + H/Cu(111) ER reaction. Jackson and Persson®
extended the QD calculation to a three-dimensional (3D) flat surface model,
ignoring surface corrugation while treating the product HD molecule as a rigid
rotor. Their results showed a substantial degree of rotational excitation of the HD
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molecule, although the rotational distribution shows some oscillations. Dai and
Light** developed a four-dimensional (4D) quantum model that includes the
corrugation of the surface along one specific direction. However, even on a rigid
surface, two additional degrees of freedom (DOFs) are still missing, preventing
a comprehensive understanding of the internal energy transfer dynamics in this
ER reaction. The theoretical development for the simplest ER reaction between
two atoms lacks far behind that for the dissociative chemisorption or inelastic
scattering of diatomic molecules. In latter cases, the configuration space is less
substantial and six-dimensional (6D) QD calculations have been routinely
performed.>>*

In this work, we present the first 6D fully-coupled QD method for an ER
reaction between two atoms on rigid surfaces, considering the full corrugation of
the atom/molecule-surface interaction potential. This time-dependent wave-
packet method has been applied to the ER recombination of H(D) atoms and
a pre-covered D(H) atom on Cu(111). Section II describes the details of the method
and dynamical calculations. In Section III, we compare current results with
previous reduced-dimensional ones and available experimental data. Their
differences are discussed. Finally, we conclude in Section IV.

ll. Theory
A. Time-dependent quantum wavepacket approach

The ER reaction of two atoms on a static surface involves six DOFs, as depicted in
Fig. 1. The 6D Hamiltonian (% = 1 hereafter) for the reactants can be expressed in
terms of the Cartesian coordinates of two atoms (subscript 1 for the incident atom
and 2 for the adsorbed atom),

OCu
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Fig.1 A schematic diagram for the coordinate system describing the Eley—Rideal reaction
between H(g) and H(a)/Cu(111) leading to H; (g), where Cartesian coordinates (X1, Y1, Z1, X5,
Y, Z5) of the reactants and Jacobi coordinates (X, Y, Z, r, 8, ¢) of the molecular product are
marked.
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The initial wave-packet is a product of three Gaussian functions that are
imposed on the plane-waves of the incident atom in the X, Y and Z directions and
the initial vibrational state wavefunction of the adsorbed atom,
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where X, Yy, and Z, are the central positions of the initial Gaussians, dy,, dy,, and
0z, are the corresponding widths, kx /ky,, and k; are the lateral and vertical
momenta of the incident atom. The bound-state wavefunction ¢,(X,, Y», Z,) of the
absorbed atom is obtained by solving the 3D Hamiltonian eigenequation using
the Lanczos iteration method.*®

To obtain the product state-resolved information, it is necessary to represent
the wavepacket in the diatomic product coordinate frame, where the Hamiltonian
is rewritten as follows,

H=Kyyz+Kyp+ Kt + X, Y, Z, 1, 0, 9). (3)

Here, the translational, vibrational, and rotational energy operators of the diatom
are expressed in terms of (X, Y, Z) and the internal coordinates (r, 6, ¢),

5 1 /¥ P @
Kyyvz=—5 <—+ 52 T —>a (4)

2M \0X? 9Y? 0272
2
Avib = _L 6_2 Arol = J— (5)
2u dr? 2ur?’

where M, u, and J are the mass of the diatom, reduced mass, and rotational
angular operator, respectively. The schematic diagram of the reaction coordinate
system is depicted in Fig. 1.

In practice, the initial wavepacket constructed in the reactant Cartesian
coordinate frame is first transformed to the product coordinate frame, which is
expanded by the sine discrete variable representation (DVR)* for X, Y, Z, and r, the
Gaussian-Legendre DVR for 6, and Fourier DVR for ¢,% plus a Jacobian factor >
sin §. The wavepacket is then propagated by the split-operator method® in the
product coordinates,
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Specifically, the kinetic energy term is computed in the finite basis
representation (FBR), while the potential energy term is evaluated at
DVR grids. To prevent boundary reflections, the wavepacket is absorbed at
the grid edges.®* This 6D model can be reduced to a 4D one by fixing Y and
¢ coordinates, which can be directly compared with that of Dai and Light
(see ref. 34).

The ER reaction probability (P(E)) at a given total energy (E) is obtained by the
reactive flux method at the dividing surface Z = Z; where the molecule-surface
interaction is nearly zero,

P(E) = (WEIF(Z)IY). )
where F is the flux operator and |y;) is the scattering wave function defined as,
|
N=—— | EW(r))ds, 8
) = 2 |, <o) 0

with a(E) = (¢x|®(0)) being the overlap between the initial wave packet and energy
normalized asymptotic scattering function @(0). The state-resolved reaction
probability, Pym(E), is obtained by projecting the |yy) onto the corresponding
rovibrational eigenfunction |¢,(r)Y;"(6, ¢)) labeled by quantum number v, j and m.
Summation over j and m is performed to calculate the vibrational state distri-
bution, while summation over v and m is conducted to calculate the rotational
state distribution.

B. Potential energy surfaces

Our 6D quantum wavepacket model describes how an impinging atom reacts with
a single adsorbate on a rigid surface. For simplicity, an empirical London-Eyring-
Polanyi-Sato (LEPS) function has been applied to approximate the interaction
potential of two atoms plus a rigid surface with proper periodicity. The LEPS form
of the H, + Cu(111) PES is defined by

V=U+ U+ Us — [0 + (O + 03)° — 0i(Q> + 03], (9)

where U; and Q; describe the H-H interaction, U, (Us) and Q, (Qs) describe the H-
Cu interactions, which are given by (for i = 1, 2, 3),
1

U= mDi{@ + Aexp| —2a;(q; — qio)] — (2 + 6A;)exp| —ai(q: — gi0)] },
(10)
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0= mDi{(l + 3A;)exp[ —2a;(¢; — qio)] — (6 + 24, )exp[ —a;(¢: — gio)]}-
(11)

To take the surface corrugation into account, the Morse parameters describing
the H-Cu interaction, namely D;, o;, and g;o, depend on the lateral position of the
atom in the surface unit cell. Two different PESs are used in this work, whose
parameters were fitted to total energies of the density functional theory (DFT)
computed by Dai and Zhang® (referred to as the DZ PES hereafter) and by Sha-
lashilin, Jackson and Persson®® (referred to as the SJP PES hereafter). As seen
below, their different energy landscapes result in distinct product state
distributions.

C. Computational details

In all QD calculations, the lateral momenta ky, and ky, were initialized at zero
representing normal incidence. To minimize the lateral momentum compo-
nents, we set the Gaussian width 0y, and dy, to 3.0 bohr, corresponding to
a broad spatial distribution (in turn a sharp distribution in the conjugated
momentum space). We set the mean energy of the incident atom to 0.1 eV and
the Gaussian width 6, to 0.1 bohr. Following the work of Dai and Light,* we
made a minor adjustment to the PES to accelerate the convergence. Specifically,
we truncated the long-range H-Cu interactions at 7.0 bohr, namely that U(7.0) =
U(g) and Q(7.0) = Q(g) for g > 7.0. This truncation will reduce computational cost
but not introduce significant differences in the results. As a benefit of this
treatment, we could place the initial wave packet at 8.0 bohr. Most parameters
used in QD calculations are listed in Table 1. We set the center site where the
adsorbed atom resides, as the origin and the lateral range from —9 bohr to 9
bohr, which approximately corresponds to a 3 x 3 surface cell size. In the single-
adsorbate limit, the chosen size is sufficient to cover the width of the lateral
wavepacket of the incident atom. As expected, the density of DVR grids here is
much higher than typically used for the dissociative chemisorption of H, and
the maximum number of total basis functions reaches ~3 x 10"'. To eliminate
boundary reflection, the quadratic-form absorbing potentials with a length of
2.0 bohr are imposed on the edges of the grid points (left-hand side and right-
hand side of X and Y, large ends of Z and r).

Table 1 Atomic units are used unless stated elsewhere

Parameter H-on-D D-on-H

Grid range and size in (X, Y) X=Y =[-9, +9], Ny=Ny =95 X =Y =[-9, +9], Ny= Ny = 95

Grid range and size in Z  Z =[0.5, 10], Ny = 97 Z =10.5,11], N = 105
Grid range and size in r r=1[0.5,13.5], N, = 84 r=1[0.5,13.5], N, = 84
(jmax) mj,,,ax) (527 45) (527 45)

Incident atom Xo=0,Y=0,Z,=8 Xo=0,Y=0,Z,=8
Flux position 8 9

Time step 10 10

Propagation time 30000 30000
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[1l. Results and discussion
A. Reactivity

Utilizing the DZ PES, we firstly investigate the reactivity of the ER reaction
between H atoms and H-covered Cu(111), where previous 4D QD calculations
were available for comparison. In Fig. 2, we compare the 6D reaction probability
with our 4D result and the 4D result of Dai and Light** on the same PES, as
a function of incident energy (E;) and different isotopic combinations in normal
incidence. Our 4D reaction probability is somewhat lower than that of Dai and
Light at high incidence energies, due presumably to different convergence
behaviors, as we have used a much larger basis set. Importantly, the 4D reaction
probabilities are considerably higher than the 6D ones in both isotopic cases.
This phenomenon can be attributed to the fairly confined atomic motion in the
4D model, which greatly enhances the likelihood of reactive collisions and
thereby leads to a higher reaction probability. A common feature of both models
is that the reaction probability for D-on-H is slightly higher than that for H-on-D.
For example, at E; = 0.08 eV, the 6D reaction probabilities are 0.038 and 0.026 for
D-on-H and H-on-D, which are consistent with those reported in an early 3D
quantum model,** but are unfortunately much lower than the experimental ones
of 0.47 £+ 0.12 at E; = 0.07 eV and 6; = 10°." The disagreement between experi-
mental and theoretical results is at least partially associated with the fact that the
simulation is done in the single-adsorbate limit, while the experimental coverage
is about 0.5 monolayer (ML). Note that the absolute reaction probability depends
on the applied surface cell size, which corresponds roughly to a ~0.1 ML coverage
here. The larger supercell, the smaller the chance of the impinging hydrogen
striking right at the adsorbed hydrogen, thus both ER and HA channels are
suppressed. Indeed, previous QCT studies with a coverage of 0.5 ML have found
that the formation of HD occurs via both direct ER and HA routes, where the HA
mechanism is predominant.’®* The direct ER reaction probability is generally
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Fig.2 H-on-D (left panel) and D-on-H (right panel) Eley—Rideal reaction probabilities as

a function of incident energy for normal incidence on the DZ PES. The data of Dai and
Light are taken from ref. 34.
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less than 0.1,* which is consistent with our single-adsorbate 6D quantum results
for which the multi-bounce HA channel has little contribution. The current QD
model cannot describe the HA channel very well because the grid size in the
lateral direction is limited to keep the computational cost affordable and the
wavepacket has to be adsorbed in the boundary. It will hardly cover the scenario
where the hot H atom travels over a long distance and recombines with the
adsorbate. Fortunately, the product state distributions from direct ER and HA
mechanisms were found to not be very different.*

B. Product state distributions

Next, in Fig. 3(a) and (b), we compare the vibrational state distributions of HD for
the H-on-D and D-on-H reactions obtained from the 4D and 6D calculations as
well as the 4D outcomes of Dai and Light.** Here, the two sets of 4D results agree
reasonably well with each other, especially in the D-on-H case. In addition, the 6D
quantum model predicts apparently lower vibrational excitation than the 4D
ones, especially for H-on-D, where the 6D vibrational state distribution peaks at
v = 0 and decreases monotonically to v = 5. It is understandable that the energy
flow in the reduced-dimensional model is limited to fewer DOFs, thus directing
more energy into the vibrational motion and resulting in a higher extent of
vibrational excitation. Unsurprisingly, this phenomenon was more severe in the

06 T T T T T T T T T T T
(a) DZ PES H-on-D (b) DZ PES D-on-H
—o—Dai & Light, 4D —o—Dai & Light, 4D
04 —0— This work, 4D —0o— This work, 4D
E ’ —&— This work, 6D —&— This work, 6D
=
<
£
S
—
~ 0.2 + g
0.0 1 Il Il 1 1
0 1 2 3 4 5
Vibrational State Vibrational State
T T T T T T T T T T T T
0.16 (c) DZ PES H-on-D +(d) DZ PES D-on-H 1
—o—Dai & Light, 4D —o—Dai & Light, 4D
0.12 —0— This work, 4D —0— This work, 4D
.,5? . —o— This work, 6D —o— This work, 6D
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£ 0.08 ]
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0.04 |
0.00 L=
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Fig. 3 The vibrational state (a and b) and rotational state (c and d) distributions of the
product HD in the H-on-D and D-on-H reactions from 4D and 6D calculations. The
incident atom has an initial translational energy of 0.08 eV and collides with the surface at
normal incidence in both 4D and 6D calculations, both of which are based on the DZ PES.
The data of Dai and Light are taken from ref. 34.
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earlier 2D collinear model,* yielding more significant vibrational excitation in the
product due to the absence of rotational DOFs.

Fig. 3(c) and (d) compare rotational state distributions of HD. Again, our 4D
results here are close to the 4D results of Dai and Light,** showing the too cold
rotational state distributions are dominated by low-lying states. The rotational
excitation in the present 6D QD model is more significant than in 4D models due
partly to the less significant vibrational excitation in the former, considering
energy conservation. Moreover, in the 4D model each rotational-state j of HD has
only twofold degeneracy for j > 0 since the azimuthal angle is not included, while
the actual HD rotational degeneracy is 2j + 1.>* Additionally, the constrained in-
plane rotational motion in the 4D model causes some oscillations in the rota-
tional state distribution. This oscillation behavior was found to be even more
pronounced in the 3D model.** These results highlight the importance of fully
describing molecular rotation in the 6D model. Interestingly, the 6D result also
exhibits an obvious isotope effect, namely a broader rotational state distribution
for the D-on-H reaction than for the H-on-D reaction. This difference may be
partly attributed to the larger zero-point energy of adsorbed H (135.9 meV)
compared to D (96.8 meV). In addition, H-on-D events correspond to light-on-
heavy impulsive collisions, whose reaction impact parameters tend to be larger
than those of the heavy-on-light D-on-H collisions, giving rise to a hotter rota-
tional state distribution.®

In comparison with experiments,* we find that the new 6D results on the DZ
PES agree reasonably well with measured vibrational state distributions but
significantly overestimate the rotational state distributions, as shown in Fig. 4.
Specifically, the calculated mean vibrational energies from 6D QD calculations
excluding vibrational zero-point energy are 0.50 eV and 0.72 eV for H-on-D and D-
on-H, which are compared with 0.60 & 0.05 eV and 0.68 £ 0.05 eV of experimental
values.’ On the other hand, the experimental mean rotational energies for H-on-
D and D-on-H are 0.37 = 0.05 eV and 0.35 % 0.05 eV, which are only half of our 6D
results of 0.77 and 0.70 eV, respectively. Since the reaction is very fast and H/D
atoms are much lighter than surface atoms, the influence of coverage and
surface temperature on the rovibrational states of the products are expected to be
relatively small.***”*® Therefore, this remarkable discrepancy between theory and
experiment more likely stems from the inaccuracy of the PES.

To better understand how the PES influences the product vibrational and
rotational state distributions of the ER reaction, we have then performed 6D QD
calculations on another SJP PESs. As shown in Fig. 4(a) and (b), compared with the
results of DZ PES, the vibrational excitation is significantly weaker on the SJP PES.
The vibrational state distributions for both isotopic combinations decrease
monotonically from v = 0 to v = 5, deviating substantially from experimental
data.” On the other hand, the rotational state distributions obtained on the SJP
PES shift to the low-energy end and become closer to experimental results, as
illustrated in Fig. 4(c) and (d). Especially in the H-on-D case, the calculated
distribution peak is at j = 10, agreeing well with the experimental peak atj = 9.
Despite their different absolute probabilities, we note that the rotational state
distributions from the two PESs exhibit a similar isotope effect, namely the
distribution for D-on-H is broader than for H-on-D.

To elaborate on the correlation between the energy landscape and the
dynamics in more detail, Fig. 5(a) shows a 2D energy contour plot for the H-on-D
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Fig. 4 Vibrational state (a and b) and rotational state (c and d) distributions of the product
HD in the H-on-D and D-on-H reactions, from 6D QD calculations based on the SJP PES
and the DZ PES. The incident atom has an initial translational energy of 0.08 eV and
collides with the surface at normal incidence. The experimental data are taken from ref. 19,
at £, =0.07 eV and ¢, = 10°.
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Fig.5 (a) The 2D energy contour plot for the H-on-D reaction of the DZ PES as a function
of Z and r, with the H and D fixed above the hollow site. (b) The 2D contour plots of
potential energy difference between the SIP PES and DZ PES as a function of Zand r. The
red dashed line represents the minimum energy path.

reaction channel of the DZ PES with respect to the r and Z of HD, where both H
and D are located above the hollow site. It is clearly seen that the titled ER reaction
is highly exothermic and barrierless, by which the released energy readily flows
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Fig. 6 The 2D contour plots of the DZ PES (a) and SJP PES (b) as a function of the lateral
coordinates X, and Y5 of the adsorbed H atom with Z, = 1.88 bohr, and the incident H
atom is far from the surface (Z; = 20 bohr). The surface corrugation comparison between
DZ PES and SJP PES along the X5 (c) and Y, (d) directions, with Y, fixed at 1.4 bohr and X>
fixed at 0.0 bohr.

into the relative motion of the atoms, thereby leading to vibrational excitation of
the HD product. Fig. 5(b) represents a 2D contour plot of the potential energy
difference between the SJP PES and DZ PES for the H-on-D reaction channel. In
this regard, the DZ PES is more exothermic than the SJP PES by 0.18 eV, which,
interestingly, is close to the difference in mean vibrational energies obtained by
6D QD calculations on the two PESs. Hence, the exothermicity of the PES seems to
largely control the extent of vibrational excitation.

Fig. 6(a) and (b) present the 2D cuts of the two PESs as a function of two lateral
coordinates of the adsorbed H atom with its height kept constant (Z, = 1.88 bohr)
when the incident H atom is far from the surface (Z; = 20 bohr), illustrating how
the PES depends on the surface corrugation. One-dimensional cuts of the PES
along the X, and Y, directions are more clearly shown in Fig. 6(c) and (d),
respectively. Apparently, the SJP PES is more corrugated than the DZ PES near the
surface. As a result, on the SJP PES, reactive collisions occur in more confined
sites and angles so that the rotation of the HD product is relatively less excited.

IV. Conclusion

In summary, we report in this work the first 6D quantum dynamics study of the
ER reaction involving H(D) and adsorbed (D) atoms on a rigid Cu(111) surface.
The total reaction probabilities and product state distributions obtained from 4D
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and 6D QD calculations are compared using a physically inspired PES. Their
differences highlight that the reduced-dimensional model could artificially
modify the energy flow among limited DOFs and emphasize the necessity of using
the 6D model that fully describes the vibrational and rotational motion of the ER
product. Furthermore, we compare the 6D results on two different PESs with
available experimental results. The vibrational and rotational state distributions
obtained from the two PESs are quite different. It is found that the greater
exothermicity of the DZ PES results in a hotter vibrational state distribution in
closer agreement with experiment, while the more corrugated H-Cu(111) inter-
action of the SJP PES is likely responsible for the less significant rotational exci-
tation that is more consistent with experiment. However, neither of these
empirical PESs is chemically accurate. These results underscore the correlation
between the potential energy landscape and the energy disposal of an ER reaction.
We note that the current QD model works in the single-adsorbate limit, where the
probability of multi-bounce HA reaction is so low that the total reaction proba-
bility is substantially underestimated. In this respect, it will be interesting to
compare QD and QCT results in the 6D model and discuss the influence of
quantum effects and multi-bounce HA reactions, which will be published in
a subsequent work. Moreover, to go beyond the single-adsorbate limit, a coverage-
dependent PES* constructed by an atomistic neural network may be more reli-
able. Further development of the QD model in combination with the coverage-
dependent PES is necessary for describing both direct ER and HA processes.
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