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ABSTRACT
Accurately describing surface temperature effects for the dissociative scattering of H2 on a metal surface on a quantum dynamical (QD)
level is currently one of the open challenges for theoretical surface scientists. We present the first QD simulations of hydrogen dissociating
on a Cu(111) surface, which accurately describe all relevant surface temperature effects, using the static corrugation model. The reaction
probabilities we obtain show very good agreement with those found using quasi-classical dynamics (QCD), both for individual surface slabs
and for an averaged, thus Monte Carlo sampled, set of thermally distorted surface configurations. Rovibrationally elastic scattering prob-
abilities show a much clearer difference between the QCD and QD results, which appears to be traceable back toward thermally distorted
surface configurations with very low dissociation probabilities and underlines the importance of investigating more observables than just
dissociation. By reducing the number of distorted surface atoms included in the dynamical model, we also show that only including one
surface atom, or even three surface atoms, is generally not enough to accurately describe the effects of the surface temperature on disso-
ciation and elastic scattering. These results are a major step forward in accurately describing hydrogen scattering from a thermally excited
Cu(111) surface and open up a pathway to better describe reaction and scattering from other relevant crystal facets, such as stepped sur-
faces, at moderately elevated surface temperatures where quantum effects are expected to play a more important role in the dissociation of
H2 on Cu.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0094985

I. INTRODUCTION

One of the major focuses in the field of theoretical heteroge-
neous catalysis simulations is the accurate description of surface
temperature effects on gas–solid reactive scattering.1–13 These are
especially of interest as they form an important basis for many indus-
trial processes, such as the Haber–Bosch process14 or H2 powered
engines.15 To obtain the most accurate description, these processes
are broken down into their elementary steps, and a focus is put on
describing each step individually.

In the past, often one relied on the Born–Oppenheimer static
surface (BOSS) approximation, where the surface is assumed to
be both fully static and with the atoms in their ideal lattice posi-
tions, and electron and nucleus dynamics are assumed to be fully
separable.1 Dynamics is then performed using a 6D potential energy
surface (PES) where all H2 degrees of freedom are included, which

is fit to density functional theory (DFT) results using, i.e., the cor-
rugation reducing procedure (CRP).16 Often, however, these fitting
procedures cannot or do not take into account the distorted nature
of a thermally excited surface, while the relevant industrial pro-
cesses, and even experimental studies, are performed at elevated
surface temperatures. Several methods have been introduced over
the years that do include these thermal surface effects, such as the
reactive force-field (RFF) based approach by Busnengo and co-
workers,3,5,17 the reaction path Hamiltonian (RPH) by Jackson and
co-workers,6,7,13 the effective Hartree potential (EfHP) method by
Dutta et al.,8 and the static disorder parameter by Kroes et al.,18

as well as both high-dimensional ab initio molecular dynamics
(AIMD)9 and a variety of high-dimensional neural network poten-
tials (HD-NNPs).19–21 HD-NNPs, in particular, are currently an
intensively studied method to describing the PES and have been
shown to be usable in a wide variety of systems.22 However, in

J. Chem. Phys. 156, 214706 (2022); doi: 10.1063/5.0094985 156, 214706-1

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/jcp
https://doi.org/10.1063/5.0094985
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0094985
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0094985&domain=pdf&date_stamp=2022-June-2
https://doi.org/10.1063/5.0094985
https://orcid.org/0000-0003-1466-998X
mailto:m.somers@chem.leidenuniv.nl
https://doi.org/10.1063/5.0094985


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

our experience, HD-NNPs also often still require dense datasets, as
extrapolation beyond the available dataset can yield wildly unex-
pected results, and careful planning in determining the symmetry
functions.22 In addition, while significant speedups can be achieved
using these NNPs compared to AIMD simulations, we find they are
generally not computationally fast enough to be used in state-of-the-
art quantum dynamics (QD) simulations, nor have any been tested
thoroughly yet by also computing accurate rotational and vibra-
tional inelastic scattering or diffraction probabilities compared to
experimental data.23–25 As such, we believe HD-NNPs have not yet
achieved the balance between speed and accuracy required for our
application.

The system of choice in our line of work is the dissocia-
tive chemisorption of H2 on a (thermally excited) Cu(111) sur-
face, a particularly well studied model system, which would allow
for a comparison to a wide range of both theoretical4,11,12,20,26–30

and experimental31–36 results. In particular, this system is being
experimentally revisited by Alexandrowicz et al., who have recently
measured sharply defined state-to-state diffraction probabilities with
their molecular interferometry setup.36–39 Previous experimental
work by Kaufmann et al. also fully characterized the slow reaction
channel of the H2/Cu(111) system,35 which has been shown to have
a strong temperature and vibrational dependency,33,34 but has, to our
knowledge, not yet been observed in theoretical studies.

Furthermore, using the specific reaction parameter (SRP)
approach to DFT, Díaz et al. were already able to reproduce exper-
imental molecular beam results to within 1 kcal/mol with the BOSS
model.26 The static corrugation model (SCM) further improved
this BOSS model by adding an accurate description of surface
temperature effects to quasi-classical dynamics (QCD) of H2 disso-
ciating on a Cu(111) surface.10 The addition of a highly accurate
embedded atom method (EAM) potential to generate thermally
distorted surface slabs finally improved upon previous iterations
of the SCM,12 which relied on random displacements to gener-
ate surface slabs.10,11 The introduction of the EAM potential also
allowed for an explicit inclusion of surface motion into QCD using
the dynamic corrugation model (DCM).12 Reaction and scattering
probabilities obtained with this EAM-SCM and EAM-DCM showed
good agreement with experimental results and clearly demonstrated
the validity of the sudden approximation for the H2 on Cu(111)
system.12

Thus, the SCM is a prime candidate for introducing all relevant
vibrational degrees of freedom into quantum dynamical simulations
without also introducing a very large computational cost associ-
ated with introducing many more dynamical variables related to
the surface atoms. Quantum effects are expected to be especially
important for the description of accurate state-resolved scattering
probabilities, particularly for stepped surfaces, such as Cu(211).40

Quantum effects are also expected to be important for an accu-
rate description of (initially) rovibrationally excited H2 molecules,
or when considering lower surface temperatures (Ts). State-resolved
scattering, rovibrationally excited molecules and lower surface tem-
peratures are all important for describing industrial applications
or reproducing experimental results. Potentials obtained using the
SCM have also shown to be smooth enough to allow for an
accurate description of both higher rovibrational states as well as
state-resolved inelastic scattering probabilities.10–12 However, the
molecular dynamics used to generate surface slabs, as has been

done using the EAM potential for Ts = 925 K, is not expected to
yield accurate displacements for surface temperatures lower than
300 K.41

The EAM-SCM approach is expected to be transferable to
H2 surface reactions on other transition metals for those systems
where static surface distortion and thermal surface expansion are
the only relevant surface temperature effects. The work required
to expand the EAM-SCM to other hydrogen–transition metal
systems can be greatly reduced for those systems where accu-
rate (CRP) PESs and EAM potentials are already available, as
those can be directly implemented into the framework, requir-
ing only fitting a coupling potential for the system. Systems with
an early reaction barrier exhibit a smaller amount of corrugation,
which would reduce the difficulty of fitting an accurate coupling
potential.11

The sudden approximation that lies at the basis of the SCM is
expected to work best at a large mass mismatch between the reactant
and the surface atom and at shorter interaction times with the sur-
face. However, for those systems where the mass mismatch between
H atoms and the transition metal atoms is very large, even the longer
surface interaction times could likely be modeled accurately enough
with a static surface. While electronic friction due to electron–hole
pair excitations is not included in our model, this has been shown
to not be too relevant for the H2/Cu(111) system.42 However, for
other systems, it might have to be included, which is currently only
possible at a classical level.43–45

In this work, we present the use of the EAM-SCM to include
all relevant surface temperature effects of the dissociation and rovi-
brationally elastic scattering of H2 on a 925 K Cu(111) surface
employing QD instead of QCD for the dynamics. First, we will
discuss the effect of constraining the H2 molecule to a specific
(1 × 1) unit cell using QCD. Then, we show a comparison between
reaction and elastic scattering probabilities obtained with QD and
QCD, both for BOSS and EAM-SCM, and for individual and specif-
ically distorted surface slabs. This allows us to verify if quantum
effects, of H2 and of the surface within a sudden approximation, are
important. Finally, we show the effect of only thermally displacing
a single or a limited number of surface atoms and its effect on fully
describing the surface temperature effects.

II. METHODS
A. Static corrugation model

First introduced by Wijzenbroek and Somers, the SCM is
designed to statically include surface temperature effects to cor-
rect perfect lattice BOSS dynamics.10 With this model, the PES
obtained for the perfect surface lattice VBOSS is expanded upon by
two additional terms: a coupling potential Vcoup, which describes
the additional interaction between displaced surface atoms and the
incoming H2, and a strain potential V strain, which describes the addi-
tional potential energy found from the interaction between distorted
surface atoms.10 These three terms put together then give the total
potential

VDFT(Ð→r ,Ð→q ,Ð→q id) = VBOSS(Ð→r id(Ð→r ),Ð→q id) +Vcoup(Ð→r ,Ð→q id,Ð→q )
+ Vstrain(Ð→q id,Ð→q ), (1)
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where Ð→q describes the positions of all surface atoms, Ð→q id describes
the ideal lattice positions of all surface atoms, and Ð→r describes the
positions of all adsorbed H atoms.Ð→r id(Ð→r ) scales the expanded lat-
tice H2 coordinatesÐ→r along the c.m. vectors U and V to their ideal
lattice coordinates in such a way that they correspond to the same
relative coordinates on the surface.10 When treating the distorted
surface as static, this expression can be simplified again, as V strain
will stay constant and can thus be neglected during dynamics.

Initial work on the SCM focused on obtaining an accurate
continuous expression for the H–Cu coupling potential

Vcoup(Ð→r ,Ð→q id,Ð→q ) =
Ð→r

∑
i

Ð→q

∑
j
[VH–Cu(∣Ð→ri −Ð→qj ∣)

− VH–Cu(∣Ð→ri
id(Ð→r ) −Ð→qj

id∣)], (2)

whereÐ→r i describes the positions of adsorbate i andÐ→q j describes the
surface atom position j. This was achieved using a switched Rydberg-
like function fit to raw DFT data obtained using the same functional
as the BOSS CRP potential10

VH–Cu(R) = (1 − ρ(R))V(R) + ρ(R)V(P7), (3)

with

V(R) = −e−P4(R−P5)(
3

∑
k=0

Pk(R − P5)k) (4)

and

ρ(R) =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

0, for R < P6,
1
2

cos(π(R − P7)
P7 − P6

) + 1
2

, for P6 ≤ R ≤ P7,

1, for R > P7.

(5)

The V strain term of Eq. (1) was not used in the subsequent
dynamics due to the static surface approximation. Furthermore,
thermal lattice expansion corrections to the BOSS PES component of
Eq. (1) were introduced by stretching or contracting the H2 center of
mass (c.m.) vectors along the lattice vectors U and V .10 A significant
improvement to the quality of Vcoup was made by Spiering et al.11

using an effective three-body potential by linearly scaling the fitting
parameters to the H–H bond distance

Pi =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

Pi,armin
H−H + Pi,b, for rH−H < rmin

H−H,

Pi,arH−H + Pi,b, for rmin
H−H ≤ rH−H ≤ rmax

H−H,

Pi,armax
H−H + Pi,b, for rH−H > rmax

H−H.

(6)

Finally, Smits and Somers introduced a very accurate EAM
potential for Cu to generate accurate surface slab configurations
using molecular dynamics.12 In contrast, in the previous studies
on SCM,10,11 one relied upon the use of temperature-dependent
random surface atom displacements based on experimental
neutron scattering data.46 Furthermore, this EAM potential was
used to describe V strain, which enabled the inclusion of a moving

surface into what was referred to as the DCM.12 This allowed
for a rigorous test to validate the underlying sudden approach of
SCM using QCD and confirmed that reaction, and rotational and
vibrational (in)elastic scattering probabilities are not affected by
excluding energy exchange between H2 and the copper surface.12

Clearly, the different components of VDFT of Eq. (1) could
be implemented using other methods of representing a PES, as
explained in the Introduction. We have opted for using the CRP
method for the BOSS component, the SCM H–Cu effective three-
body pair potential for Vcoup and a well known and accurate EAM
potential for V strain. These specific choices have the following advan-
tages: the CRP method has been extensively used for BOSS cal-
culations in the past, allowing direct comparisons to the EfHP
work of Dutta et al.,8 all based on the chemical accurate SRP48
DFT functional and has proven to be fast and accurate enough to
even allow for obtaining diffraction probabilities on a QD level.1,47

The Vcoup H–Cu potential has also been based on the same SRP48
DFT functional, has been used in the EfHP work of Spiering et al.,
has been shown to fit within the chemical accuracy,11 and was
determined to be fast enough to be used in QD too.8 The V strain
EAM potential has not been based on the SRP48 DFT functional
as this functional was only proven to be of chemical accuracy for
the H2–Cu interactions and most likely is not suitable for describ-
ing bulk Cu.26,27 The EAM, on the other hand, is very accurate
in describing the Cu system, both bulk and surface, itself.41 More-
over, in this new QD-EAM-SCM work, the EAM is only used to
obtain surface slabs and to get as realistically correct Cu thermal
expansion and atom displacements as possible from MD simula-
tions. In addition, in the previous DCM work of Smits et al., it
was found not needed to adjust, fine-tune, or refit the obtained
H–Cu Vcoup potential parameters Pn to correct for the usage of
the EAM as V strain.12 The most important advantage is that, when
doing QD, and thus when evaluating VDFT for 109 points per time-
dependent wave packet (TDWP) run, the expressions used offer a
decent balance between accuracy and speed making this work pos-
sible and allowing us to compare to previous results investigating
the effects of the different components on the dynamical model
itself.

B. Quantum dynamics
To perform our 6D QD simulations, we use the TDWP

approach to solve the time-dependent Schrödinger equation as
follows:

ih̵
dΨ(Ð→Q ; t)

dt
= Ĥ(Ð→Q)Ψ(Ð→Q ; t), (7)

using the split operator method as implemented in our in-house
code.48 Here,

Ð→
Q(X, Y , Z, r, θ,ϕ) is the six-dimensional position vec-

tor of the H2, Ψ(Ð→Q ; t) the time-dependent nuclear wave function
of the system, and Ĥ(Ð→Q) the time-independent Hamiltonian of the
system, described as

Ĥ(Ð→Q) = − h̵2

2M
∇2 − h̵2

2 μr2
∂2

∂r2 +
1

2 μr2 Ĵ 2(θ,ϕ) + V(Ð→Q), (8)
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with M and μ, respectively, the mass and reduced mass of the
hydrogen molecule, and ∇ and Ĵ the nabla and angular momentum
operators.

The 6D PES [V(Ð→Q)] related to each different surface configu-
ration is constructed with the SCM approach as described in Eq. (1),
with VBOSS described using the SRP48 CRP PES9 and Vcoup described
using the effective three-body SCM coupling potential also based on
the same SRP48 DFT functional,11 which has been shown to achieve
chemical accuracy.26 Surface slab configurations are obtained from
classical dynamics using the EAM potential, as is described in
Ref. 12. V strain can again be ignored in this QD-EAM-SCM work,
as the surface is treated on a sudden approximation level during the
QD of H2.

The initial wave function Ψ(Ð→Q , t = 0) is represented as the
product of a Gaussian wave packet [u(Z; Z0, kZ

0 )] centered around
a point far away from the surface, a rovibrational wave func-
tion [ψv,j,mj(r, θ,ϕ)] of the H2 and a two-dimensional plane wave
function [ϕ(kX

0 , kY
0 )] along X and Y,40

Ψ(Ð→Q , t = 0) = ψv,j,mj(r, θ,ϕ)ϕ(kX
0 , kY

0 )u(Z; Z0, kZ
0 ), (9)

with

ϕ(kX
0 , kY

0 ) = exp(i(kX
0 X0 + kY

0 Y0)) (10)

and

u(Z; Z0, kZ
0 ) = (

2σ2

π
)

1
4

∫
∞

0
dkZ

0 exp(−σ2(
Ð→
k − kZ

0 ))

× exp(i(
Ð→
k − kZ

0 )Z0) × exp(ikZ
0 Z0). (11)

Here, σ is the width of the wave packet centered around the wave
vector

Ð→
k and kX,Y ,Z

0 the initial wave vectors of the H2 c.m.
A quadratic form of the optical potentials in the scattering

and adsorption regions is used,49 while the scattered fraction is
analyzed through the scattering matrix formalism,50 which yields
the scattering probability. The sticking probability is subsequently
calculated from this scattering probability. In contrast to the more
often used flux methods,21,51 the scattering amplitude method we
employ also allows us to extract diffraction probabilities and rovi-
brationally resolved scattering results. Rovibrationally resolved scat-
tering and diffraction probabilities, in particular, are expected to
show a larger quantum dynamical effect compared to the non-
quantized quasi-classical results and are thus an important part of
this work. For a more in-depth discussion of the basis of these
quantum mechanical methods, we direct the reader to Refs. 40, 48,
and 52.

We obtain reaction and elastic scattering probabilities using
QD for a total of 104 thermally distorted surface slabs, each acquired
from a unique trace of molecular dynamics using the EAM potential.
The reaction and scattering probabilities are then averaged to get
a single representative dissociation or elastic scattering probability
curve of H2 dissociating on, or scattering from, a thermally excited
Cu(111) surface. Through the averaging over many thermally dis-
placed surface configurations, the quantum dynamics of the surface
atom degrees of freedom is effectively done on a sudden approx-
imation level using Monte Carlo sampling. This essentially means

that even for the surface degrees of freedom, we implicitly per-
form QD, but with the approximation that energy exchange between
H2 and the surface is not possible. Previous work has shown that
this approximation holds very well for D2 on Cu(111), which has a
smaller mass mismatch between the surface atoms and the dissoci-
ating molecule.12 There is also no energy exchange possible between
the vibrations within the solid during the individual QD TDWP
runs, making sure that any classical redistribution or leaking of zero
point energy is not possible at all. This is where we think the SCM
shines.

For each individual surface configuration, the QD reaction or
elastic scattering curve is obtained via three different wave packets,
one with an energy range from 0.10 to 0.30 eV, another from 0.25 to
0.70 eV, and a third from 0.65 to 1.00 eV. Details regarding the com-
putational parameters for each of these wave packets are described
in the supplementary material.

C. Quasi-classical dynamics
These QD simulations fully including all relevant surface tem-

perature effects are compared to QCD calculations. The QCD
calculations on H2 have been performed similarly to the work pub-
lished previously for D2.12 In contrast to fully classical dynamics,
QCD also includes the presence of zero point energy of the ini-
tial rovibrational states, which has been shown to be important for
describing a H2 on metal system.48 The initial rovibrational energy
for our specific PES is calculated using the Fourier grid Hamilto-
nian method,53 followed by a constant time step propagation for
one full vibrational phase to obtain the quasi-classical distribution
of the H–H distance. The adsorbate c.m. is always placed 7 Å above
the surface in the Z direction. The molecular angles θ and ϕ are
randomly chosen from a uniform distribution on the sphere with
cos(θ) from −1 to 1 and ϕ from 0 to 2π, respectively, while the ini-
tial adsorbate c.m. coordinates U(= X − Y/

√
3) and V(= 2Y/

√
3)

are chosen randomly from a uniform distribution between 0 and
a, with a being the lattice constant of the surface slab. Internal
angular velocities are chosen according to the quantized angular
momentum L2 = J(J + 1)h2, while the angle θL between the angu-
lar momentum vector and the surface normal is chosen randomly
but constrained by θL = π for J = 0 and cos(θL) = mj/

√
J(J + 1) if

J ≠ 0. For a schematic overview of our coordinate system, we refer
to Fig. 1.

Surface atom displacements for the EAM-SCM approach are
randomly selected from a total of 25 000 surface configurations,
obtained from 1000 different traces with molecular dynamics for a
modeled surface temperature of 925 K using the EAM potential.41

Currently, 104 of otherwise exactly the same surface configurations
(but randomly selected) used in QCD-EAM-SCM have been used
for the QD-EAM-SCM. Only those surface atoms within 16 bohrs of
the unit cell corner (U,V ,Z) = (0,0,0) and within the top two layers
of the distorted surface slab were included for the calculation of the
SCM potential, as was done in previous work.12

The quasi-classical trajectories are propagated using the simple
Hamiltonian

H =
n

∑
i=0
[ p2

i

2mi
] + V(R(t)) (12)
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FIG. 1. Coordinate system of our incoming H2 (light blue) with lattice vectors for
the Cu(111) surface slab (dark red). The six DoFs of the incoming H2 molecule are
described both in atomic coordinates (xa/xb, ya/yb, za/zb) and molecular, center
of mass (c.m.) coordinates (X , Y , Z or U, V , Z), with the H–H distance rH–H, the
polar angle θ, and the azimuthal angle ϕ relative to the x axis. The surface atoms
are described using only atomic coordinates (xI , y I , zI). Reproduced from B. Smits
and M. F. Somers, J. Chem. Phys. 154, 074710 (2021) with the permission of AIP
Publishing.

according to Hamilton’s equations of motion. Here, pi and mi are,
respectively, the momentum and mass of the ith atom and V(R(t))
describes the total potential energy of all n atoms at positions
R and time t. Propagation is performed using the Bulirsch–Stoer
predictor–corrector algorithm,54 ending when the two H atoms
move more than 2.25 Å apart for a reactive trajectory, or when the
Z c.m. coordinate is further than 7 Å from the surface for a scattered
trajectory. For each incidence energy, a total of 50 000 trajectories
were performed, each using a unique surface configuration in the
QCD-EAM-SCM. Additionally, each of the 104 surface configura-
tions used in QD-EAM-SCM were also separately investigated with
50 000 trajectories per incidence energy using QCD-EAM-SCM. For
more in-depth information, we refer to Ref. 12 where the same
procedure was used for D2.

In this work, we also investigate the effect of applying a min-
imum image convention to the c.m. of the incoming H2 molecule.
When the c.m. moves further outside of the boundaries of 0 to a
in both the lattice U and V coordinates, it is mapped back into
the (1 × 1) unit cell when computing the PES and/or the forces
associated with it. This then makes the actual PES used in the
dynamics to be translation symmetric when the molecule leaves the
(1× 1) unit cell. This translation symmetry constraint on the dynam-
ics of H2 is investigated in detail in order to verify the use of a
single (1 × 1) unit cell in the QD. The SCM corrugation Vcoup
interaction could be influenced by such a symmetry constraint, as
it is only diminished beyond ∼10 bohrs [see the P7 parameter of
Eq. (5)].11 The use of a single (1 × 1) unit cell reduces the com-
putational demands for the QD enormously as with the current
approach to Monte Carlo sampling over at least 100 individual

surfaces, these QD calculations we present here entail a computa-
tional challenging task even when using the (1 × 1) single unit cell
approximation.

D. Limited atom static corrugation model
In previous studies, models to include surface atom degrees

of freedom often focused primarily on distorting one, or a few,
of the DoF of the surface atom closest to the reactant impact
site.6,7,29,30,55 To investigate the quality of such an assumption for
our system, we aim to also investigate the effect of only including
a small number of surface atoms on the reaction and elastic scat-
tering probabilities obtained using the EAM-SCM. Instead of using
all atoms found within the 16 bohrs SCM cutoff radius described
earlier in this section, distorted surface atoms are ranked based
on their distance from the middle of the top layer of the (1 × 1)
unit cell [(U,V ,Z) = ( a

2 , a
2 ,0)] and only a limited number are now

included in the model. All other surface atoms are kept at their
ideal lattice positions. This procedure allows us to easily navigate
the approximations one makes if including only a limited num-
ber of surface DoFs at both the QCD as well as the QD level of
theory. This method we will refer to as the limited atom SCM, or
NAt-EAM-SCM. Here, N stands for the number of surface atoms
included, in this work 1At, 3At, and 5At, for one, three, and five
surface atoms, respectively.

III. RESULTS AND DISCUSSION
By comparing the results from QD and QCD simulations of

the dissociative chemisorption of H2 on Cu(111), we aim to verify
the quality of the SCM approach to including surface tempera-
ture effects into the QD simulations of the hydrogen molecule. Our
focus will be on the rovibrational ground state of H2. In particu-
lar, we compare the results obtained using the QD-EAM-SCM to
QCD-EAM-SCM. The QD-EAM-SCM implements the QD of H2
directly and fully correlated, but, as stated before, the QD of the
surface atom degrees of freedom are treated on a sudden approx-
imation level using Monte Carlo sampling. The QCD-EAM-SCM
uses QCD for the dynamics of H2 but again treats the dynamics of
the surface on the same sudden approximation level, but with many
more unique surface samples included compared to QD-EAM-SCM.
The QCD-EAM-SCM has been previously validated for D2, to the
dynamic corrugation method (DCM), where the surface was allowed
to move.12 It was found that the energy exchange possible in the
DCM, but not in the SCM, was negligible (for D2, which as a higher
mass than H2). We are, therefore, confident that the sudden approx-
imation of the SCM for H2 will hold even better and allow us to
perform the QD-EAM-SCM, via Monte Carlo sampling, on such a
scale.

The surface configurations we use in this EAM-SCM approach,
both for the QCD and QD, were obtained from classical dynam-
ics using the EAM potential at a modeled surface temperature of
925 K. This surface temperature was chosen to be able to compare
to the experimental results,28,32 but is also well within the classi-
cal regime for this Cu system. This implies the correct use of the
Maxwell–Boltzmann statistics, inherent to molecular dynamics, in
the effective Monte Carlo sampling in both QCD-EAM-SCM and
QD-EAM-SCM.
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A. Constrained results
One of the main constraints of our QD implementation is the

size of the unit cell that can feasibly be used in the TDWP method.
Moving from a (1 × 1) to a (2 × 2) unit cell would already increase
computational costs by a factor of four. While a small unit cell
can easily be used with the BOSS approach, due to the periodic-
ity of the ideal surface lattice, the same cannot be assumed when
thermally distorting the lattice. Therefore, we first investigated the
effect of constraining the H2 molecule to a (1 × 1) unit cell of the
surface using, computationally much cheaper, QCD simulations.
This translation symmetry constraint was simply implemented by
always mapping the H2 c.m. U and V coordinates into the single
(1 × 1) unit cell before calculating the actual PES and the forces
derived from it.

In Fig. 2, we show the reaction and elastic scattering probabili-
ties obtained with QCD for the H2 on a Cu(111) surface at a modeled
surface temperature of 925 K, both for the (1 × 1) unit cell con-
strained (1 × 1)-EAM-SCM and for the unconstrained EAM-SCM.
Included are the rovibrational ground state (a, v,J = 0,0) as well as
vibrationally (b, v,J = 1,0), rotationally (c, v,J = 0,11), and rovibra-
tionally (d, v,J = 1,11) excited initial states. Agreement between the
constrained and non-constrained EAM-SCM results seems perfect
for all four rovibrational states included, both for the reaction and
elastic scattering probabilities. This excellent agreement confirms
that the SCM does still yield accurate results when the H2 molecule
is constrained within a (1 × 1) unit cell of the surface for QCD and
likely also for QD.

B. Dissociative chemisorption and rovibrationally
elastic scattering

With confirmation that the SCM still yields accurate results
for H2 constrained to a small (1 × 1) unit cell, we next include the

FIG. 2. Reaction and rovibrationally elastic scattering probabilities obtained using
both the (1 × 1)-EAM-SCM (green circles) and regular EAM-SCM (red curves).
Reaction is shown as solid circles and lines, while the elastic scattering is shown
as triangles and dashed lines. Included are: (a) the rovibrational ground state
v = 0, J = 0; (b) a vibrationally excited state v = 1, J = 0; (c) a rotationally excited
state v = 0, J = 11; (d) a rovibrationally excited state v = 1, J = 11. The system
of choice is H2 reacting on a thermally distorted Cu(111) surface at a modeled
surface temperature of 925 K.

FIG. 3. Reaction (a) and rovibrationally elastic scattering (b) probability curves for
the H2 in the rovibrational ground state (v = 0, J = 0) on a Cu(111) surface. Included
are the results obtained using the EAM-SCM both for a random sampling over
all 25 000 surface slabs with QCD (red squares) and an average of 104 selected
surface slabs using both QD (blue curve) and QCD (blue diamonds). BOSS results
for QD and QCD are shown as a black curve and black triangles, respectively.
Finally, reaction probabilities from other work by Dutta et al., obtained using the
QD EfHP approach,8 are shown as a yellow curve. For the EAM-SCM and EfHP
results, a modeled surface temperature of 925 K is used.

EAM-SCM into our QD calculations. In Fig. 3, we display the reac-
tion (a) and rovibrationally elastic scattering (b) probability curves
for the QD-EAM-SCM model, obtained as an average of calculations
on 104 unique EAM generated surface slabs at a modeled surface
temperature of 925 K. We also include the QCD-EAM-SCM results
both as an average of the 104 surface slabs used in the QD-EAM-
SCM calculations and from a random selection out of the 25 000
surface slabs available, as was done in previous work.12 This allows
us to get an estimate on the error we can expect when only includ-
ing such a relatively low number of unique surface slabs into our
QD-EAM-SCM model. Furthermore, we also compare our results
to those obtained by Dutta et al., who applied their EfHP method
to include thermal surface displacements into QD simulations for
the same H2/Cu(111) system, using the same underlying BOSS CRP
PES and SCM Vcoup potentials, all based on the same SRP48 DFT
functional, and using exactly the same TDWP code.8 Finally, we
also include the results obtained using the perfect lattice BOSS
approach both with QD and QCD, as has often been investigated
in the past.

As expected, each dissociation probability curve shows a slow
buildup at low incidence energy as most incoming adsorbates do
not have enough energy to pass over the reaction barrier. At higher
incidence energies, we find a mostly linear relation between the
incidence energy and reaction, which will then eventually level off
to a saturation value at energies well out of the plotted range.
Only the QD-BOSS results show a slight deviation in this analy-
sis, with a small “bump” in reaction probability around a normal
incidence energy of 0.7 eV. The EfHP results display by far the low-
est reactivity, which can be explained by this model only including
thermal displacements and not lattice expansion, as well as making
other approximations related to the effective Hartree approach.8,10

Agreement between the reaction probabilities obtained for the
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104 surface slabs compared to the results for a random selection of
25 000 surface slabs for QCD-EAM-SCM is good, which implies only
a small error is expected in our QD-EAM-SCM results due to the
relatively few surface slabs used. However, some small variation is
observed, indicating better results could be obtained if the num-
ber of included surface slabs is increased. Clearly, this is possible
at the expense of using more computational resources by simply
running more TDWP QD runs. We have chosen, in view of the
limited time, for using ≈100 surfaces for the QD-EAM-SCM and
by estimating the error by simply comparing to QCD-EAM-SCM
results.

Interestingly, both the QCD-EAM-SCM and QD-EAM-SCM
results show a much earlier curve onset, while also not increasing as
steeply toward their maximum value. This broadening of the reac-
tion probability curve is generally associated with surface tempera-
ture effects, as has been seen in previous work.10,28,56 Furthermore,
the agreement between the QCD-EAM-SCM and QD-EAM-SCM
results is also very good, with the QD curve displaying slightly less
broadening. This is a strong indication of an accurate description of
thermal surface effects in our QD results. However, this agreement
is not perfect and thus also demonstrates subtle quantum effects
do already come into play for the reaction of hydrogen on a 925 K
copper surface.

When we consider the elastic scattering in Fig. 3(b), we observe
much less subtle quantum effects. Again, the agreement between
the scattering probabilities obtained for the 104 surface slabs com-
pared to the results for a random selection of 25 000 surface slabs
for QCD-EAM-SCM is good. The BOSS results show some variation
between QCD and QD, although this can be mostly attributed to the
“bumps” we see around 0.3 and 0.7 eV, which have been reported
in previous studies using this SRP48 PES.12 However, a clear dif-
ference is now visible when comparing the QD-EAM-SCM and
QCD-EAM-SCM results, where QD shows a much higher probabil-
ity for elastic scattering at lower incidence energies. This observation
underlines the importance of properly investigating a system using
QD and shows the limited information available when only reac-
tion probabilities are investigated and compared. Furthermore, these
quantum effects could become even more important for higher
initial rovibrational states of the H2, for rovibrational inelastic scat-
tering and/or diffraction. It is expected to be especially important
for lower surface temperatures or scattering reactions from stepped
surfaces [Cu(211)], but at the present time this has not been inves-
tigated thoroughly yet, partly due to the computational challenges
associated with these systems. However the SCM approach, for
H2 and D2, and the use of the scattering amplitude formalism in the
QD really shine here.

To further investigate the quality of the QD dynamics com-
pared to our QCD results, we take a closer look at the reaction
and elastic scattering results on a few individual thermally distorted
surface slabs. Especially of interest are those surfaces where the dis-
sociation probability is either much higher or lower than on average.
This allows us to validate the model not just on average when Monte
Carlo sampling over many surface configurations, but also for the
specific edge cases it will have to deal with.

In Fig. 4(a), we show reaction probabilities for three different
surface slabs: not very reactive (surface α), very reactive (surface β),
and typical (surface γ). Also included are the averaged results for all
the EAM-SCM distorted surface slabs.

FIG. 4. Reaction (a) and rovibrationally elastic scattering (b) probabilities for three
specific thermally excited surface slabs, and the average of all investigated dis-
torted surface slabs, all for a modeled surface temperature of 925 K with the
incident H2 in the rovibrational ground state. Results for surface α, β, and γ are
shown as green stars and lines, red squares and lines, and yellow circles and
lines, respectively, while the results for the averaged probabilities obtained using
the EAM-SCM are shown as blue lines and diamonds. Here, the lines represent
the QD results, while the symbols represent the QCD results. For the full EAM-
SCM results, the QD curves consist of an average of 104 surface slabs, while the
QCD results are obtained from random sampling of all 25 000 distorted surface
slabs.

For dissociation, we again see the characteristic S-curve shape,
with the results for the more reactive surface slab β already leveling
off toward a saturation value. In contrast, the curve of the non-
reactive surface slab α just passed the curve onset and is reaching the
linear part of the S-curve. Overall, the agreement between the QCD
results as symbols and the QD results as a line is excellent. As was the
case for the Monte Carlo sampled results, we see a small decrease in
curve broadness for QD compared to QCD, which is more visible for
the results of slab β than for the other two.

In general, we see no great variation in the agreement between
QCD and QD when we compare the reaction probabilities found
for the individual surface slabs to those obtained for the general
average. However, no such claim can be made for the elastic scat-
tering probabilities, as can be seen in Fig. 4(b). We find great
agreement between the rovibrationally elastic scattering probabil-
ities obtained using the reactive surface slab β, while the agree-
ment between the QD and QCD probabilities found for the typical
slab γ is close in line to that found for the full average of all
surface slabs. Furthermore, the probabilities found for the non-
reactive surface slab α show the largest difference between the
QD- and QCD-EAM-SCM. This appears to indicate that the dif-
ferences between the QD and QCD elastic scattering probabilities
we find in Fig. 3(b) are primarily caused by those surface slabs that
have a much higher barrier due to the thermal distortion of the
surface. However, much work, also including more surface slabs
into the QD-EAM-SCM, will be required to fully understand this
phenomenon.

C. Limited surface atom degrees of freedom
In previous studies, the effects of including surface atom

degrees of freedom were often described through the displacement
of a single surface atom, or even a single DoF of a single surface
atom.6,7,29 While such an approach is computationally very efficient,
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it is not too clear if all thermal surface effects can be described
through such a small number of degrees of freedom, or even a sin-
gle one. Using the EAM-SCM, we are able to selectively include, or
exclude, the contribution of specific distorted surface atoms. With
this, we aim to investigate the effect of reducing the number of sur-
face atoms taken into account for the thermal surface effects of the
H2 on Cu(111) system, both in QD and QCD.

In Fig. 5, we show the reaction and rovibrationally elastic scat-
tering probabilities obtained with QD- and QCD-EAM-SCM when
only including one, three, or five thermally distorted Cu(111) surface
atoms. The surface atoms to include were selected based on their dis-
tance from the center of the (1 × 1) Cu(111) surface unit cell, starting
with the closest. Also included are the results of the full EAM-SCM
model, which includes ∼70 surface atoms depending on the specific
distorted surface slab used, and the BOSS results.

Again, agreement between reaction probabilities obtained with
QD-EAM-SCM and QCD-EAM-SCM appears to be very good,
even for those results where less surface atoms are included in
the model. Similarly, we see a clear decrease in elastic scat-
tering probabilities obtained with QD-EAM-SCM compared to
QCD-EAM-SCM for all the EAM-SCM results. However, there is

FIG. 5. Reaction [(a), (c), and (e)] and rovibrationally elastic scattering [(b), (d),
and (f)] probabilities obtained for the 1At-, 3At-, and 5At-EAM-SCM approach, as
well as the full EAM-SCM and BOSS approaches. Here, 1At, 3At, and 5At refer
to the number of surface atoms included into the EAM-SCM and are shown as
green stars and lines [(a) and (b)], as red squares and lines [(c) and (d)], and as
yellow circles and lines [(e) and (f)], respectively. The BOSS results are included
as black lines and triangles, and the full surface EAM-SCM results are shown as
blue diamonds and lines. The lines represent the QD results, while the symbols
represent the QCD results. For the EAM-SCM results with one, three, five, and
all thermally distorted surface atoms (within the cutoff) included, the QD curves
consist of an average of 104 surface slabs, while the QCD results are obtained
from random sampling of all 25 000 distorted surface slabs.

also a clear difference between the EAM-SCM results where less
surface atoms are taken into account, both for reaction and
scattering probabilities. In particular, the results obtained when
only a single surface atom is thermally displaced show much
more “BOSS-like” probabilities, with less of the broadening usu-
ally attributed to surface temperature effects. Adding two more
surface atoms to the model already greatly increases agreement
with the full EAM-SCM model, although there is still a notice-
able discrepancy with the results obtained with the full model.
Finally, the 5At-EAM-SCM results show excellent agreement with
the full model, which appears to indicate that correctly imple-
menting surface temperature effects will require at least five sur-
face atoms to be included to get accurate results for the H2 on
Cu(111) system when including a modeled surface temperature
of 925 K. That using only five surface atoms already gives such
good results correlates with the effectiveness of only using a single
(1 × 1) unit cell for the QD, as only ∼10 surface atoms are found
within the ≈7 bohrs distance where Vcoup contributes significantly
toward the potential energy of the PES.11 This is an important char-
acteristic to keep in mind when designing new models for including
the surface temperature, although it is currently unclear if this char-
acteristic is specific for our system, or even the model used to
describe it.

IV. CONCLUSION
We investigated the quality of the EAM-SCM in quantum

dynamical calculations to accurately describe all relevant surface
temperature effects. Dissociation and rovibrationally elastic scatter-
ing probabilities were computed, using both QCD and QD, for the
H2 on Cu(111) system at a modeled surface temperature of 925 K
for the rovibrational ground state. Similar to previous studies, a
CRP PES based on the SRP48 functional was used, which has been
shown to be chemically accurate.26 The SCM coupling potential was
described using the effective three-body potential as published by
Spiering et al.,11 while the surface configurations used were pub-
lished by Smits and Somers12 and obtained with molecular dynamics
using a highly accurate EAM potential.41

Before implementing the SCM into our QD calculations, we
first investigated the effect of constraining the H2 molecule to a
(1 × 1) unit cell, as much larger cells are computationally unfeasible
for QD. Reaction and elastic scattering probabilities obtained using
QCD and a variety of rovibrational states showed excellent agree-
ment between those simulations where the H2 molecules were and
were not constrained.

With confirmation that the SCM would yield accurate results,
even when such a small unit cell is used, we next included the
EAM-SCM into our quantum dynamics. Both the QCD and QD
reaction probability curves obtained using the SCM showed the
characteristic curve broadening compared to the BOSS results found
when surface temperature effects are taken into account. Further-
more, the QCD- and QD-EAM-SCM results showed great agree-
ment with each other when considering the reaction probability,
which indicates the quality of the quasi-classical approach for this
system and observable. The QD-EAM-SCM results did display a
very slight decrease in curve broadening, which clearly indicates a
quantum effect that could be of importance. For the elastic scat-
tering, however, even more differences were found. Instead, the
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QD elastic scattering probabilities were found to be significantly
higher than the QCD results, which could indicate an important
quantum effect for this system. For the BOSS model, the differ-
ence in the scattering probability was much less apparent, which
could indicate a role of surface temperature effects or our model in
particular.

To further investigate this difference between QD and QCD,
we next compared reaction and scattering probabilities obtained for
several specific distorted surfaces using the EAM-SCM. A highly
reactive, highly non-reactive, and a typical surface slab were cho-
sen for comparison to get an overview of the different types of
surface slabs available. Again, reaction probabilities were found to
have great agreement between QD and QCD, even for the three spe-
cific surface slabs, although the highly reactive slab again displayed
a small difference in curve broadness between QD-EAM-SCM and
QCD-EAM-SCM. Interestingly, elastic scattering probabilities
obtained for the typical and highly reactive surface configura-
tions also showed great agreement between the QCD and QD
results, whereas as a clear difference between QCD and QD was
found only for the non-reactive surface configuration. This could
indicate the difference in elastic scattering probabilities found is
primarily caused by those surfaces that show a low reactivity,
although further work would be required to fully investigate this
finding.

Finally, we aimed at getting a better understanding of surface
atom degrees of freedom that play a relevant role in describing
the surface temperature effects with the SCM approach. Reaction
and elastic scattering probabilities were obtained using EAM-SCM
where only one, three, or five surface atoms were thermally dis-
placed. These probabilities were then compared to those obtained
using both the BOSS model and the full EAM-SCM. We found
that including distortions of only one surface atom into the sys-
tem was not sufficient to accurately describe the surface temperature
effects of the system, with those results more closely resembling the
BOSS results than the EAM-SCM results. Only when a total of five
surface atom degrees of freedom were included in the model did
we find close to an accurate description of the thermally distorted
surface. A clear difference was already found between the elastic
scattering probabilities obtained using QD and QCD even for those
curves where only a single distorted surface was included in the
EAM-SCM.

Previous work has already shown that the underlying DFT
functional of Vcoup is transferable between different facets of the
copper surface,40,57 which opens up the opportunity to expand
this work further toward the Cu(100) facet and eventually the
Cu(211) stepped surface. However, the number of surface slabs in
the Monte Carlo sampling in this work was quite limited (104),
and as such we expect to obtain more definitive results once more
QD-EAM-SCM simulations can be performed, also including the
results from different initial rovibrational states of H2. Additional
work is required to allow for accurate results of reactive scattering
from surface slabs below ∼300 K,41 as the classical MD approach
to generating slabs with the EAM is expected not to give accurate
results, predominantly because the use of a thermostat that extracts
the zero point energy from the Cu system, but also from implic-
itly employing a Maxwell–Boltzmann statistical sampling of the
phonons that are actually bosons and adhere to the Bose–Einstein
statistics.8

SUPPLEMENTARY MATERIAL

See the supplementary material for the computational details of
the TDWP quantum dynamics simulations of H2 dissociation on a
Cu(111) surface.
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