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Chapter 5
The quantum dynamics of H2 on
Cu(111) at a surface temperature of
925 K: Comparing theory to
experiments

This chapter is based on Smits, B.; Somers, M. F. The Quantum Dynamics of
H2 on Cu(111) at a Surface Temperature of 925 K: Comparing State-of-the-Art
Theory to State-of-the-Art Experiments. The Journal of Chemical Physics
2022, 157, 134704, DOI: 10.1063/5.0112036

Abstract
We present results of our recently expanded static corrugation model (SCM)

approach that included the relevant surface temperature effects, applied to
the dissociative chemisorption reaction of H2 on a Cu(111) surface. The
reaction and rovibrationally elastic scattering probabilities that we obtain at
a quantum dynamical (QD) level, as an average of many statically distorted
surface configurations, show great agreement with those of a dynamic surface
model. This greatly reinforces the validity of the sudden approximation inherent
to the SCM. We further investigate several simple methods of binning the final
rovibrational state of quasi-classical dynamics simulations to find those best
suited to reproduce the QD results for our system. Finally, we show that the
SCM obtained results reproduce experimental dissociation curves very well
when the uncertainty in experimental saturation values is taken into account.
Some indication of a slow channel, so far only observed in experiment, can also

https://doi.org/10.1063/5.0112036
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be found at low incidence energies, although more rigorous QD simulations are
required to reduce the noise inherent to our propagation methods.

5.1 Introduction

Heterogeneous catalysis is one of the backbones of modern life, being vital in
processes such as steam reforming, for H2 production, and the Haber-Bosch
process, for the production of fertilisers[1, 2]. Here the accurate modelling
of gas-surface dissociation reactions is an important topic, as it is often the
rate-limiting elementary step in these reactions[3]. Past works often relied on
simple static and ideal surface models to describe the elementary reactions,
neglecting the potentially important effects of energy exchange with the surface
or thermal distortion of the surface. As industrial heterogeneous catalysis
processes generally take place well above 0 K, further gains in the description of
these simple dissociation reactions can be attained by finding accurate models
for describing surface temperature effects[4].

For this chapter, our system of choice is once again the dissociative chemisorp-
tion of H2 on a (thermally excited) Cu(111) surface. This system is one of the
model systems in the field of surface science, with an array of experimental[5–12]
and theoretical[13–26] data available. In particular, Kaufmann et al. recently
presented experimental results that allowed them to fully characterise a slow
reaction channel for the system, which shows strong temperature and vibra-
tional dependencies, but has not yet been observed in any theoretical works[11].
Similarly, Chadwick et al. recently published sharply defined state-to-state
diffraction probabilities at a surface temperature of 130 K, using their molecular
interferometry setup[12, 27].

For this chapter we have chosen to make use of the SCM approach to
describe the effect of surface temperature on the H2/Cu(111) system, as it
has been shown to be accurate at both a QC and a QD level for not only
dissociation but also rovibrationally elastic scattering probabilities[15, 18]. Our
ideal lattice 6D potential energy surface (PES) of choice was fitted by Nattino
et al. using the corrugation reducing procedure (CRP)[28], with a dataset
obtained using density functional theory (DFT) and the SRP48 functional[29].
SRP48 has already shown to reproduce experimental results to within chemical
accuracy with the Born-Oppenheimer static surface (BOSS) approach, where
the electron and nuclear dynamics are assumed to be fully separable and the
surface atoms are kept static at their ideal lattice positions[30]. The SCM then
expands on this potential through the addition of a coupling potential, also fit
to SRP48 DFT data, which describes the effect of distorting the surface due
to thermal effects[20]. Surface configurations are obtained using an embedded



555555

5.1. Introduction 107

atom method (EAM) potential, which has been shown to accurately reproduce
various observables for the copper surface[31]. Electronic friction due to electron-
hole pair excitations has been shown to not be relevant for this system, and is
thus not included in this model[32].

One of the main assumptions of this EAM-SCM approach is that the Cu(111)
surface dynamics can be treated at a sudden approximation level, where the
surface atoms are not allowed to move. However, the EAM potential can also
be used to describe surface motion during dynamics, as the EAM-SCM could
be further expanded to the dynamic corrugation model (DCM). Previous work
comparing the results obtained with the EAM-SCM and EAM-DCM [for D2 on
Cu(111)] validated the sudden approximation that lies at the base of the SCM,
and proved the limited effect energy exchange with the surface has on this
system[15]. Recent work has also shown the SCM to hold well when applied
to 6D QD simulations with a statically distorted surface, when treating the
incoming H2 at its rovibrational ground state, although there were some clear
differences found between the QC and QD results for the rovibrationally elastic
scattering probabilities[18].

While we will only treat the H2/Cu(111) system, the EAM-SCM approach
is expected to be general enough to be used for the reaction of other diatomic
molecules reacting on a transition metal surface. In particular, the model is
expected to perform well when energy exchange with the surface plays only a
minimal effect, either due to a large mass mismatch between the surface atoms
and the reactant, and/or due to short interaction times with the surface. It
also relies on the availability of (a dataset of) accurate DFT results that can be
used to both construct the BOSS PES, and fit the required SCM potential to
statically include the surface temperature effects. For Cu, in particular, previous
work has already shown that the SRP48 functional is transferable to other
Cu facets, and thus would be an excellent target for future work[33, 34]. The
thermally distorted surface configurations needed for the SCM can be obtained
from a variety of sources, such as simple force-fields methods, or constructed
using, for example, the Debye-Waller factor[20]. For those systems where energy
exchange with the surface is important the DCM would be required, which
would then also require a potential to accurate describe the motion of the
surface atoms. This has, however, only been tested for the H2 and D2 on Cu
systems so far, and is only computationally viable at a (quasi-)classical level
due to the large number of surface DoF involved[15]. Similarly, we expect
electronic frictions models to be able to expand the EAM-SCM, although this
is currently also only possible at a classical dynamics level[35–37].

In this chapter I present dissociation and elastic scattering probabilities of
H2 on a (thermally distorted) Cu(111) surface slab, obtained using the BOSS
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approach and EAM-SCM approach at a modeled surface temperature of 925
K, both using QD and QCD simulations. To complement the results of the
previously published rovibrational ground state (of H2), we now also investigate
several initial rovibrationally excited states. Static surface EAM-SCM results
are compared to EAM-DCM results where the surface is allowed to move, to
further verify the quality of the sudden approximation for this system [which
had so far only been shown for the D2/Cu(111) system]. Several rovibrational
binning methods are applied to the final classical state of the QCD results,
and compared to the exact quantised 6D simulations to verify the quality of
these binning methods when applied to the H2/Cu(111) system. Finally, the
QD- and QCD-EAM-SCM dissociation probability curves are compared to
those obtained from the direct inversion of desorption experiments at the same
surface temperature, both at higher incidence energies and at very low reaction
probabilities near the curve onset.

5.2 Method

In this chapter, we will continue on the results of Chapter 4, now including
QD and QCD results for (ro)vibrationally excited initial states. For the QD
and QCD results we once again make use of the TDWP approach and the
quasi-classical dynamics approach as discussed in respectively sections 2.1.3
and 2.2.1 of Chapter 2. We will also compare to dissociation and scattering
probabilities obtained using the moving surface EAM-DCM approach.

The same SRP48 CRP PES as used in the previous chapters is again
applied, as well as the effective three-body SCM coupling potential as described
by Spiering et al.[25]. Similarly, the database of thermally distorted surface
slabs, constructed as described in Chapter 3, is used to obtain the EAM-SCM
(and -DCM) surface configurations, with the same 16 bohrs (∼ 8.47 Å) cutoff
distance.

5.2.1 Quantum dyanmics

To obtain a single representative dissociation or scattering curve for H2 reacting
with thermally distorted Cu(111) at a QD level, we average the probabilities
obtained for a total of 104 unique thermally distorted surface slabs. By averaging
over the results obtained from these thermally distorted surface slabs, the
quantum dynamics of the surface atom degrees of freedom is effectively done on
a sudden approximation level using Monte-Carlo sampling. Thus we essentially
perform QD implicitly even for the surface degrees of freedom, but with the
approximation that energy exchange between H2 and the surface is not possible.
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Furthermore, 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 compared to other models, employing
thermostats and/or other RPMD assumptions (i.e. using Boltzmann statistics
and harmonic potentials) especially relevant for Ts < 300 K for Cu.

For each individual surface configuration, the QD reaction or elastic scatter-
ing curve is obtained via three different WPs, one with an energy range 0.10 to
0.30 eV, another 0.25–0.70 eV, and a third 0.65–1.00 eV, as already used in the
previous chapter on the rovibrational ground state. For the initial rotationally
excited states only those states with mJ ≥ 0 were considered, with the results
for mJ ̸= 0 counted twice in the total average per rotational state, to account
for the mJ < 0 states. Details regarding the computational parameters for
each of these wave packets can be found in the appendix (6.A) of Chapter 6.

5.2.2 Final state binning

There will also be a bigger focus on different methods of binning the final
rovibrational state of the QCD calculations, as also outlined in 2.2.4 of Chapter
2. Here first the modulus of the classical angular momentum (|Lf |) is calculated

|Lf |2 = pθ
2 +

pϕ
2

sin2 θ
(5.1)

where pθ and pϕ describe the conjugate momenta along the two molecular angles.
This angular momentum is then used to determine a classical “rotational state”

Jf =

√
1 + 4|Lf |2 − 1

2
(5.2)

which is found by equating |Lf |2 to J(J + 1).
Next this classical state is binned using one of three methods. Using the

standard binning method, which is how we have performed the binning in
previous studies, the rotational state is binned to the closest allowed J state,
keeping in mind the selection rule for the rotational state of our diatomic
molecule: ∆J = ±2. With the weighted binning method, the integer rotational
state closest to Jf is chosen, and given a weight of Wi = 2 when it is allowed, or
Wi = 0 when it is not allowed, with i for the ith trajectory performed, effectively
ignoring any trajectory with a disallowed transition[38]. Assuming an equal
distribution over all possible classical rotational energies, this would yield an
average total weight equal to the number of trajectories performed. Finally,
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with the floor binning method the classical rotational state Jf is rounded
downward towards the first allowed J state, keeping in mind the selection rule.
For both the standard and floor binning, Wi = 1 is always chosen for every
trajectory.

With the rotational state (J) determined, the vibrational state (v) is chosen
by finding the rovibrational state that is closest in total rovibrational energy to
the states allowed by the binned rotational state. Trajectories are considered
rovibrationally elastically scattered when the final rovibrational state of H2 is
binned to the same state as its initial state, and rovibrationally inelastically
scattered when the binned final state is not the same as the initial rovibrational
state. The mJ state is not taken into account at all for the final state, as it is
degenerate with the other possible mJ states.

Reaction and (state-to-state) scattering probabilities are then determined
by dividing the weight of each by the weight of all trajectories. For the standard
and floor binning methods, these probabilities are equal to dividing the number
of reacted or scattered trajectories by the total number of trajectories performed.

5.2.3 Comparisons to experiment

We will also compare our theoretical dissociation curves to those reported in
several experimental studies[7, 8, 11]. The experimental results we discuss are
all obtained from direct inversion of time of flight (ToF) results obtained from
desorption experiments. These inverted data are then fitted to a functional
form, which range from very simplistic to quite advanced. Here we will only
concern ourselves with the very simple error function

S(v, J, Ts, Ekin) =
A(v, J)

2

[
1 + erf

(Ekin − E0(v, J)

W (v, J)

)]
(5.3)

where the three fitted variables A, E0, and W are the saturation value, inflection
point and width respectively. While absolute E0 and W parameters can be
directly obtained from these inverted ToF spectra, the same cannot be said for
the saturation value, for which only relative values can be found directly. Thus
experimental studies often fit their curves under the assumption of a saturation
value of A = 1, while both experimental and theoretical adsorption studies
rarely ever find such a value. Furthermore, care should be taken when scaling
the curves to different saturation values, as some previous studies have found
these three parameters to be not entirely independent[20]. Both references [7]
and [11] have also used beam adsorption experiments to determine absolute
saturation values for their surfaces. It is, however, unclear if these can be
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directly applied to their experimental desorption data, due to differences in
experimental setup, including surface temperature.

Finally, Kaufmann et al. also identified a slow reaction channel, which was
fit separately using

Sslow(v, J,Ekin) = Aslow(v, J) exp
(−Ekin

γ(v, J)

)
(5.4)

where Aslow defines the amplitude, and γ a decay parameter[11]. The older
works by Rettner et al.[7] and Hodgson et al.[8] we compare to, as well as all
theoretical works to date, did not find this separate channel.

5.3 Results and discussion

5.3.1 Rovibrationally excited states and a dynamic surface

First we will compare the reaction probability curves obtained for both the
EAM-SCM and EAM-DCM at a QC level to those obtained using QD-EAM-
SCM. Chapter 4 has already shown that the QD- and QCD-EAM-SCM results
show excellent agreement for the rovibrational ground state of H2. However,
this has not yet been verified for the rovibrationally excited states or when also
considering the moving surface of the EAM-DCM, as previous comparisons
between QCD-EAM-SCM and -DCM were only performed for the D2 scattering
reaction[15]. In Figure 5.1, we show some of the reaction probabilities previously
obtained for the rovibrational ground state (a), as well as a rotationally excited
initial state [(c); v, J = 0, 2]. Similarly for panels (b) and (d) we show the
results obtained for the vibrationally excited (v = 1) state, with J = 0 and
J = 2, respectively. Next to the QCD- and QD-EAM-SCM results, we also
included the QCD- and QD-BOSS results, as well as the QCD-EAM-DCM
results.

As expected, the agreement between QCD and QD, both for the BOSS
and EAM-SCM results, is very good, with some minor differences in curve
width more prominently visible for the vibrationally excited states. The small
fluctuations in the SRP48 CRP PES are much more clearly visible for the QD-
BOSS results, compared to the QD-EAM-SCM. This is primarily attributed
to the averaging over many surfaces we perform to obtain accurate surface
temperature effects, as this will smooth out these smaller inconsistencies in the
results. The agreement between the QCD-EAM-SCM and -DCM (and thus
also with the QD-EAM-SCM) results is again excellent, as was already shown
for the D2/Cu(111) system. This observation is perhaps not too surprising, as
the mass mismatch between H2 and the Cu surface is even bigger than that of
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Figure 5.1: Reaction probabilities obtained for four initial rovibrational states of
H2 on Cu(111): (a) v = 0, J = 0; (b) v = 1, J = 0; (c) v = 0, J = 2; (d) v = 1, J = 2.
Included are the QD- and QCD-EAM-SCM results as a green curve and green squares
respectively, QCD-EAM-DCM results as red crosses, and QD- and QCD-BOSS results
as a black curve and black triangles respectively. A modeled surface temperature of

925 K was used for the SCM and DCM.
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D2 and Cu, but it once again confirms the validity of the sudden approximation
for this system, and demonstrates the (lack of) effect of energy exchange for
the dissociation reaction.

5.3.2 Binning methods explored

To achieve the best agreement between QCD and QD results, we also compare
three (relatively simple) binning methods to obtain the final rovibrational state
of our QCD simulations. This is especially valuable not just for this work, but
also for future studies. Finding which QCD binning method compares best
compared to rigorous QD simulations will be very important when comparing
rovibrationally (in)elastic scattering probabilities. We show the effects of these
binning methods on the final dissociation probabilities we compute in Figure
5.2., again for panels (a) the rovibrational ground state, (b) a vibrationally
excited state, (c) a rotationally excited state, (d) and a rovibrationally excited
state. As only the weighted binning will have an effect on the final reaction
probabilities compared to the standard and floor binning, we have not included
the floor binning in this figure. We include binned QCD results obtained with
both the BOSS and EAM-SCM PES, as well as QD results from those PESs as
a comparison.

We find the same trend for all four rovibrational states, with the standard
binning method resulting in slightly higher reaction probabilities compared to
the weighted binning. This effect is most noticeable for the J = 0 states, where
the reaction is up to 3 percentpoint higher when using the standard binning
method, which could be explained by the lack of lower energy rovibrational
states to scatter into compared to the J = 2 states. In general, these slightly
higher probabilities found using standard binning improves agreement with the
QD results, both for BOSS and for EAM-SCM, although this effect is small
enough that it will not significantly affect any conclusions made using either
method.

The same cannot really be said when considering the rovibrationally elastic
scattering curves for the three binning methods we have included. Figure 5.3
and 5.4 present these scattering probabilities for the vibrational ground and
first excited state respectively, split for the standard [(a), (d), and (g)], weighted
[(b), (e), and (h)], and floor [(c), (f), and (j)] binning methods. Again we
take into account the rotational ground state [(a)-(c)]; J = 0, but now two
additional excited states: [(d)-(f)] J = 1, and [(g)-(j)] J = 2. Next to the
binned QCD-EAM-SCM and QCD-BOSS results, we also included the binned
QCD-EAM-DCM results. QD-BOSS and -EAM-SCM results are again included
as a comparison.
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Figure 5.2: Reaction probabilities obtained for four initial rovibrational states of
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results show as blue circles for standard binning, and red squares for weighted binning.

A modeled surface temperature of 925 K was used for the SCM and DCM.
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As noted before, the agreement between the QCD-EAM-DCM and QCD-
EAM-SCM results is again excellent regardless of the binning method chosen.
This matches the findings of earlier work for D2 on Cu(111), and further shows
its independence of the binning method used.

The floor binning method heavily overestimates the elastic scattering prob-
abilities at lower incidence energies compared to the QD results, or underesti-
mates when the initial state is not the lowest allowed rotational state available.
Interestingly, this also applies for the vibrationally excited states, suggesting
that there is little conversion of vibrational to rotational energy, at least at the
QCD level. At high incidence energies the agreement with the QD results does
appear to be relatively good, although we do not think this binning method is
in general a good choice for comparisons to QD results.

We find that the standard binning method generally predicts lower scat-
tering probabilities compared to the weighted binning, which can be partially
explained by the slightly higher reaction probabilities found for standard binning.
Furthermore, those trajectories that are found with a “classical rotational state”
slightly above the first rotational state of the incoming molecule (∆J = +1) are
often binned “upward” to the first allowed state when using standard binning,
while these states are completely disregarded for weighted binning. This effect
would results in higher probabilities for the lower rotational states when dealing
with lower incidence energies, as their energy would not be high enough to
“push” the scattered molecules all the way to the next allowed state. We expect
this effect to be especially strong for those states where the lowest allowed
rotational state is also the initial state, in our results J = 0 and J = 1, and to
be much more important for the scattering results, compared to the dissoci-
ation probabilities. However, it appears to be clearly noticeable only for the
rovibrational ground state, where there is no vibrational energy to convert to
higher rotational states, and to be somewhat important for the v = 1, J = 0
state. Neither of the J = 1 states show any significant difference that we can
ascribe to this binning effect.

In general, the QCD binning method that leads to the best agreement with
the QD results appears to heavily depend on the initial rovibrational state of
the H2. The standard binning performs somewhat better than the weighted
binning for the v = 0 states and the v = 1, J = 0 state, while the weighted
binning method performs a bit better for the v = 1, J = 1, 2 states, although not
by much. The standard binning method underestimates the elastic scattering
probabilities for the v = 1 states primarily at the lower incidence energies,
where reaction is also lower. The weighted binning instead overestimates the
v=1, J=0 probabilities much more over the entire energy range, but shows
almost perfect agreement for the rotationally excited states.
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For further comparisons to experimental work, the QCD results we present
will be obtained using the standard binning method, as it is the method used
in our previous studies. However, future work could focus on applying more
complicated Gaussian binning methods, which have shown to improve agreement
with QD results when properly used[38, 39].

5.3.3 Comparisons to experiment

Having chosen a binning method that yields QCD results that accurately
reproduce our QD curves, we next aim to further validate the (QD-)EAM-SCM
approach by comparing our reaction probability curves to those obtained in
experimental studies. The three studies we compare to - published by Rettner
et al.[7], Hodgson et al.[8] and Kaufmann et al.[11] - all obtained their results
from desorption experiments, from direct inversion of their ToF results under
the assumption of detailed balance.

As we discuss in section 5.2.3, this allows these studies to fit absolute values
of the width parameter (W ) and the inflection point (E0) as described in
equation 5.3. However, only relative saturation values (A) can be obtained from
these experiments. Several approaches were suggested to obtain saturation
values that allow for an accurate comparison to our theoretical results.

First, both Rettner et al. and Kaufmann et al. have performed beam
adsorption experiments on their surfaces, which would yield accurate absolute
saturation values ofARett = 0.25 eV andAKauf = 0.35 eV respectively. However,
due to differences in experimental conditions it is unclear if this can directly
apply[11]. Primarily the much lower surface temperature of 120 K (vs 925
K here), the use of an incidence angle to vary the normal incidence energy
of the molecular beam and the final rovibrational composition of this beam
could all have an effect on the final results of the adsorption measurements
when compared to the desorption experiments. Additional discussion on these
differences can be found in Ref. [11]. Next, it is suggested to use the theoretical
curves to estimate an appropriate saturation value, by setting the saturation
value to be equal to the theoretical sticking probability at the incidence energy
to which the experiment is sensitive[11]. This will generally yield values in the
range 0.50–0.60 eV. Finally, Wijzenbroek and Somers also found very good
agreement between the experimental results of Hodgson et al. and Rettner et
al. when the saturation for the Hodgson results is chosen as two times that of
the Rettner curve (AHodg = 0.50 eV)[20].

In Figure 5.5 we present these fitted experimental S-curves and compare
them to our QD- and QCD-EAM-SCM results. We have again included the
initial rovibrational states of (v, J) = (0, 0), (0, 1), (0, 2), (1, 0), (1, 1), and (1, 2)
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for (a)-(f), respectively. The uncertainty in the saturation values are shown as
shaded areas for each of the curves, choosing as a minimum the results from the
beam adsorption experiments when available, or AHodg

Min = 0.25 for the curve
where these data are not available. As a maximum a value of A = 0.60 eV
is chosen, as no experimental works to our knowledge have reported values
higher than this. Thus the shaded areas of each color reflect the range of A
parameters [see (5.3)] each of the experimental curves could have, and visualises
the uncertainty in the experimental absolute saturation values. Also included
as solid lines are those curves where experimental beam adsorption results
were used to obtain saturation values, when available for the experimental
study, however these did not use exactly the same conditions as the desorption
experiments that were fitted originally.

Finally, the estimated saturation values for the work by Hodgson et al.,
based on the experimental work by Rettner et al., and those estimated based
on the theoretical sticking probabilities are included as dashed lines in orange
and red respectively. The theoretically estimated saturation values of the
Kaufmann experimental fit are set to be equal to our QCD-EAM-SCM results
at the highest available energy of the experimental results, as has been done in
previous studies[11, 21].

Comparing the experimental results to each other, keeping in mind especially
the uncertainty in saturation values, we find good agreement. Only for the
rovibrational ground state do we find some disagreement for the curve onset,
which cannot be directly explained by this uncertainty. Interestingly, the
experimentally obtained curves with saturation values predicted based on the
desorption experiments (shown as solid lines in blue and red) show much better
agreement for the vibrationally excited states compared to the vibrational
ground state. Kaufmann et al. make a similar observation when directly
comparing experimentally obtained E0 and W parameters. They believe this
disagreement to be primarily caused by errors in the calibration of the older
works by Rettner et al., which primarily affected accurate analysis of the faster
(less rovibrationally excited) molecules[11].

We had already previously noted the generally good agreement between
the QCD- and QCD-EAM-SCM results for some of these rovibrational states,
although the differences for the vibrationally excited states is also clearly present
for the v = 0, J = 1 state, with the QD results predicting a slightly higher
dissociation probability across the entire energy range investigated.

Choosing the experimental saturation values based on the theoretical sticking
values, in particular, leads to great agreement, as can be seen when comparing
the red dashed line to our theoretical results in green for every state except
v = 1, J = 0. For this state in particular we do see excellent overlap between
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the QD-EAM-SCM results and the results presented by Kaufmann et al.,
with a saturation value based on their beam adsorption experiments. Overall
agreement between the theoretical work and the experimental work is good, with
the theoretical results falling well within the range of experimental saturation
values we expect.

5.3.4 Logscale results

To more carefully inspect the curve onset of our dissociation results, we have
plotted them again on a logarithmic scale. In Figure 5.6. we again present
our QD- and QCD-EAM-SCM, QD- and QCD-BOSS results, as well as the
QCD-EAM-DCM results, where a moving surface is included. The rovibrational
states are the same as presented in Figure 5.1., also using the same curves and
symbols.

One of the first things that can be clearly noticed is the unexpected noise,
or unexpected curvature, found in the QD results of both the BOSS and EAM-
SCM results. As the reaction probabilities reach very low values, noise from our
QD implementation starts becoming a much more important factor of the final
results. This noise can clearly be seen in the unphysical behaviour in the BOSS
curves, when considering the vibrational ground state (a) and (c) results at
low incidence energies. One of the main contributions of this noise, we believe,
is the error inherent to the SPO method in Eq. 6.1, which is inherent to the
step-wise integration method of the SPO and scales with ∆t3. Thus smaller
and smaller time steps are needed to accurately describe reaction probabilities
(P ≈ 10−3), much lower than those we have used for our calculations (see 6.A).
Reducing the time step by a factor 10 should reduce the expected noise due to
the SPO propagation by as much as a factor of 103 while only increasing the
computational load by a factor of 10. However, other factors and parameters
of the WPs would also start to play a more dominant role in the final error
that we observe. We consider the additional computational time needed to
properly sample enough distorted surfaces for the SCM while also reducing this
time step to be unfeasible for this study, although we believe it could be an
important topic for later work.

Those results that we expect to be either partially, or perhaps fully, domi-
nated by this noise we have included using a different curve color, with a lighter
shade of either black for BOSS or green for the EAM-SCM results. However, an
upturn of the reaction probability does seem to appear for very low incidence
energies which is not visible at all for our QCD results. Recent work by Dutta
et al. report a similar upturn for the D2/Cu(111) system, investigated with
the same SRP48 BOSS PES and QD implementation, but using the effective
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Figure 5.6: Reaction probabilities obtained for four initial rovibrational states of
H2 on Cu(111): (a) v = 0, J = 0; (b) v = 1, J = 0; (c) v = 0, J = 2; (d) v = 1,
J = 2, with the reaction probabilities on a logarithmic scale. Theoretical QD- and
QCD-EAM-SCM results are shown as a green curve and green squares respectively,
and QD- and QCD-BOSS results as a black curve and black triangles, respectively. QD
results where noise is expected to play a major role are shown as a lighter shade curve.
QCD-EAM-DCM results are included as red crosses. A modeled surface temperature

of 925 K was used for all the SCM and DCM results.
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Hartree potential method, to include surface temperature effects[40]. They
believe this could be attributed to the vibrational degrees of freedom, due to
a modeled elevated surface temperature, which could match the slow channel
as reported by Kaufmann et al.[11]. This EfHP work, however, uses the same
SPO propagation method and is thus also expected to exhibit errors of a similar
magnitude as our work, which is covered in both works. Furthermore, we also
observe an upturn for the ideal lattice BOSS model, which suggests something
more than purely attributing this to surface vibrational DoF. Thus, this would
be a prime target for further studies, using more carefully crafted WPs and
employing much smaller time steps in the SPO to investigate the very low
incidence energy regions of our H2 on the Cu(111) system, because at the
moment we also do not yet have theoretical explanations of why such an upturn
should be present in our BOSS results.

For the higher incidence energies, where the error in our QD results is
expected to be small, we do still see great agreement with the QCD results,
both for the BOSS and EAM-SCM results. The much more rapid drop in
reactivity as the incidence energy decreases seen in the BOSS results, when
compared to the EAM-SCM results, matches the observation of increased curve
broadness when higher surface temperatures are taken into account[20, 21, 41].
For both PESs and every initial rovibrational state, the QCD calculations yield
slightly higher reaction probabilities, except for the EAM-SCM results of the
v = 1, J = 0 state, where this relation is inverted. This confirms again the
quality of the EAM-SCM implementation at a QD level, and shows that we
can accurately include the thermal surface effects into our QD simulations,
even at lower energies. Furthermore, the EAM-DCM results almost perfectly
match those of the EAM-SCM. This again shows the validity of a static surface
approximation for our specific system, and the minimal effect energy exchange
has for this dissociation reaction.

Finally, in Figure 5.7 we will compare the curve onset of our theoretical
dissociation curves to those found in the experimental studies that we considered.
The same states and results are presented as we had shown in Figure 5.5., but
now we also included the QD- and QCD-BOSS results. Again we have used
shaded areas to mark the uncertainty in the absolute experimental A values,
which appears as a small static shift on the logarithmic scale. Furthermore, the
contribution of the slow reaction channel reported by Kaufmann et al. now also
becomes much more apparent at low incidence energies. Neither the work by
Rettner et al. nor the work by Hodgson et al. reported observing this channel
in their work.

Overlap between our QD- and QCD-EAM-SCM curves and the experimental
results of Kaufmann et al. is, in general, excellent even for very low reaction
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probabilities. The biggest differences are found for the rovibrational ground
state and the highest excited state that we included (v = 1, J = 2). However, a
clear difference is found for the QCD-EAM-SCM results at very low incidence
energies, as they do not predict any kind of slow channel. While the QD-
EAM-SCM, and even the QD-BOSS, results do appear to predict an increase in
reactivity at these very low energies, it is at the moment still unclear if this is an
actual physical effect or an artifact introduced by our QD approach (or the CRP
BOSS PES). Nevertheless, an upturn has been observed both in this study, and
by Dutta et al. using a similar QD approach, but with a different method for
including surface temperature effects, but also using the same BOSS PES and
the same Vcoup of the SCM to construct the effective time-dependent Hartree
potential[40]. Again it should be emphasised that this work, as well as the work
of Dutta et al., is still as of yet inconclusive given the expected magnitude of
errors in the QD simulations for these low probabilities. Fascinating though
is the suggested presence of the apparent signal, even in our older BOSS
calculations, and as of yet we lack an explanation for it (predominantly because
of the errors in the approximations that we have to make in the QD). Thus,
a more thorough theoretical investigation of this upturn, both with the SCM
and the EfHP method, would be a very important topic for further studies.
However, these computations will be computationally challenging, as reducing
the time step by a factor of 10 will increase the computational costs by a factor
of 10. Especially when also considering this for Ts = 925 K. One then has to
perform these ten times more expensive calculations for at least 100 individual
surface configurations, making such a study truly state-of-the-art and currently
out of the scope for this paper.

5.4 Conclusion

We investigated the quality of the EAM-SCM approach, including all relevant
surface temperature effects, at both a quantum dynamical and quasi-classical
level, using the dissociative chemisorption of H2 on Cu(111) (at a surface
temperature of 925 K) as a model system. We computed both reaction and
rovibrationally elastic scattering probabilities, and compared those to values
obtained from the dynamic surface EAM-DCM and to H2 sticking curves from
experimental studies. We also investigated several simple binning methods, to
validate the agreement between the QCD probabilities, and those obtained using
rigorous quantum dynamics simulations. Our BOSS PES was constructed by
Nattino et al.[29] using the CRP, with datapoints obtained from DFT using the
SRP48 functional, while the SCM distorted surface corrections were described
by the effective three-body SCM coupling potential as published by Spiering
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et al.[25]. The thermally distorted surface configurations for the SCM were
obtained from a highly accurate EAM potential using molecular dynamics, as
described in Chapter 3.

While previous work had already shown that the QCD- and QD-EAM-SCM
dissociation probabilities agreed well for the rovibrational ground state, we that
demonstrated this also holds true for several initially rovibrationally excited
states. The three different binnings methods that we investigated did not
appear to significantly affect these probabilities, although weighted binning
did slightly reduce the predicted QCD reaction probabilities, which reduced
agreement with the QD curves.

Larger effects were found for the rovibrational elastic scattering, where either
this weighted binning or our standard binning demonstrated better agreement
with the curves obtained from QD simulations, for both the EAM-SCM and
the BOSS approach. The final method of binning - floor binning - was found
to greatly overestimate rovibrationally elastic scattering probabilities for the
lower energy rovibrational states, but then greatly underestimated the same
probabilities for those states that had more rovibrational energy available and
had allowed scattering states with similar energies. As it only affected the
determination of the final state of scattered molecules, the floor binning did not
change the reaction probabilities compared to our standard binning method.
Overall, we believe both the standard and weighted binning methods performed
equally well, and as such could both be of interest for further studies.

Taking into account the uncertainty in absolute experimental saturation
values, due to the nature of the direct inversion of desorption results used
in the experimental method, we also found excellent agreement between our
(QD-)EAM-SCM results and the experimental curves published by Rettner et
al.[7], Hodgson et al.[8] and Kaufmann et al.[11]. Even for the curve onset,
where reaction is best plotted on a logarithmic scale, we see good overlap with
our theoretical results. At very low incidence energies, our QD results even
indicate a small upturn in reaction similar to those found by Kaufmann et
al., also found by Dutta et al. using their EfHP method and the same QD
code[40], but not been reported before in any other theoretical works. However,
great care should be taken when interpreting our QD results in this regime,
as the very low probabilities involved enables the noise inherent to the SPO
method to become an important contribution to our final results. More carefully
constructed wave packets, using a much smaller time step to minimise the error
when propagating, would allow for a more thorough analysis of this slow channel
using QD simulations.

In general, this work has shown that the EAM-SCM approach, which
included surface temperature effects into quasi-classical and quantum dynamical
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simulations works well for the H2 on the Cu(111) system, at least at a surface
temperature of 925 K. Comparisons to the dynamic surface EAM-DCM results
further validate the sudden approximation made in the model, while comparisons
to experimental results show that the model holds both for the rovibrational
ground state, as well as several rovibrationally excited states. However, several
other observables found in the literature, such as rotational/vibrational efficacies
and rovibrationally inelastic scattering probabilities, have not yet been verified
and thus are an interesting subject for further study. Equally, the noise
introduced by the SPO method made it difficult to convincingly show that the
slow channel of the H2/Cu(111) system can be observed at a theoretical level
using the EAM-SCM and thus would be an excellent target for further work,
both using our SCM and the EfHP method by Dutta et al.
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