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Abstract

Due to the improvement of computer power and the development of efficient algorithms it is now possible to combine high-
dimensional quantum dynamical calculations of the dissociative adsorption of molecular beams with reliable ab-initio potential
energy surfaces (PES). In this brief review two recent examples of such studies of the systems H,/Cu(111), where adsorption is
hindered by a noticeable energy barrier, and H,/Pd(100), where activated as well as non-activated paths to adsorption exist, are
presented. The effect of lateral surface corrugation on the sticking probability in the tunneling and the classical regime and the role
of additional parallel momentum are discussed in the context of the H,/Cu(111) results. For the system H,/Pd(100) it is shown that
the initial decrease of the sticking probability with increasing kinetic energy, which is usually attributed to a precursor mechanism,
can be explained by dynamical steering. In addition, the influence of rotation on the adsorption and desorption dynamics is examined.
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1. Introduction

In recent years the dynamics of dissociative
adsorption and associative desorption of hydrogen
has been studied in great detail, experimentally as
well as theoretically (see, e.g., Refs. [1,2]). One of
the key motivations for these investigations is that
by studying this simple surface reaction one hopes
to learn about the crucial principles underlying
more complex surface reactions which occur, e.g.,
in heterogeneous catalysis. In the following I will
focus on quantum dynamical investigations aimed
at the understanding of dissociation. For a much
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more detailed discussion see the recent excellent
review by Darling and Holloway [3].

Chemical reactions at surfaces represent the
interaction of a system with a limited number of
degrees of freedom (the molecule) with the half-
infinite solid which posesses in principle an infinite
number of degrees of freedom. However, for the
dissociative adsorption of hydrogen, especially on
metal surfaces, there is little energy transfer to the
substrate phonons due to the large mass mismatch.
The crucial process in the understanding of the
dissociation is the conversion of the kinetic and
internal energy of the molecule into translational
energy of the atoms relative to each other, the
subsequent energy dissipation to the solid is not
relevant for the dissociation. In addition, electronic
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levels of hydrogen molecules in front of metal
surfaces are broadened significantly [4] so that
electronic excitations are very effectively quenched.

This situation seems to be different for hydrogen
adsorption on semiconductor surfaces, especially
in the well studied system H,/Si. It had been
proposed [ 5] that the experimental puzzle of low
sticking coefficient and almost thermal distribution
in desorption — the former result indicating a high
barrier to adsorption, the latter a low barrier (see
Ref. [6] and references therein) — can be reconciled
if lattice distortions on adsorption are taken into
account. The strong rearrangement of the silicon
surface due to hydrogen adsorption has been con-
firmed in total-energy calculations [7,8], and also
the predicted strong surface temperature depen-
dence of the sticking probability of H,/Si [ 5] has
been found experimentally [6,9].

The dynamics of dissociative adsorption of
hydrogen on the more densely packed metal
surfaces, however, can be described using
low-dimensional potential energy surfaces (PES)
because of the large mass mismatch, the smaller
space for surface rearrangements, and the quenched
electronic excitations [3]. In principle the PES
should be six-dimensional describing all the
degrees of freedom of the hydrogen molecule.
However, up to recently there had been no six-
dimensional quantum dynamical investigations of
the adsorption and desorption dynamics because
the calculations were computationally too
demanding. Hence the quantum dynamicists were
restricted to low-dimensional model calculations.
Since the crucial coordinate for the dissociation
process is the intramolecular spacing, a large
number of studies were devoted to the dynamics
on two-dimensional so-called “elbow” potentials
where the H, center of mass distance from the
surface and the H-H distance were considered
[10-157. These studies provided us with a qualita-
tive understanding of the topological features that
realistic potentials should have in these two coordi-
nates in order to describe surface reactions. Further
quantum mechanical model studies coupled the
two-dimensional elbow potential to one surface
oscillator in order to account for recoil and surface
temperature effects [5,16-187. Just recently there
have been a large number of papers dealing with

the effects of rotations on the sticking probability,
especially with steric effects and the non-
monotonous dependence of the sticking probability
on rotational quantum number j in the system
H,/Cu(111) [19-23].

Although already in the earliest studies on dis-
sociative adsorption [24] the important role of
surface corrugation was stressed, except for in the
studies of Nerskov and co-workers [25-277 and
Holloway and co-workers [28-30], little attention
has been paid to the influence of corrugation on
the adsorption dynamics. There are two main
reasons for this. Firstly a large number of adsorp-
tion systems shows the so-called normal-energy
scaling [31-33], ie., the sticking probability is a
function of the normal component of the kinetic
energy of the impinging molecules alone. This
scaling behaviour is usually associated with a flat,
structureless surface. And secondly, the magnitude
of the corrugation had to be more or less guessed
since the mapping out of the whole PES by
ab-initio methods was much too time-consuming,
Since also the electronic density in front of metal
surfaces is rather smeared out [34], the picture of
low-corrugated metal surfaces was widely accepted.

Due to the improvement of computer power and
the development of efficient algorithms it just
recently has become possible to map out the six-
dimensional PES of hydrogen dissociation on
metal surfaces [4,35-37] by reliable density-
functional calculations. It came as a surprise when
elaborate studies of the H,/Cu system [4,35]
revealed that the PES is strongly corrugated
although this system obeyed normal energy scaling
in the beam experiments [ 32,337]. These theoretical
findings renewed the interest in the role of corruga-
tion for the dissociation dynamics [38-40]. In a
three-dimensional model study Darling and
Holloway [38] showed how the apparent contra-
diction between normal energy scaling and strongly
corrugated PES can be reconciled if the PES
exhibits topological features now termed “balanced
corrugation” [3].

The availability of high-dimensional potential
energy surfaces has brought about new efforts for
the improvement of the quantum dynamical algo-
rithms. While up to recently it was believed that
the inclusion of all molecular degrees of freedom
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in a quantum dynamical calculation is too compu-
tationally expensive [22,23], there is now the first
six-dimensional quantum study of dissociative
adsorption and associative desorption [41].
High-dimensional quantum dynamical studies
using ab-initio potentials serve a twofold purpose.
Firstly, they can yield a quantitative as well as also
a novel qualitative understanding of the dissoci-
ation process because all relevant degrees of free-
dom are included. But secondly, also the reliability
of the total-energy calculations can be checked.
The results for the H,/Cu system showed that one
has to go beyond the local-density approximation
(LDA) in the treatment of exchange-correlation
effects in order to obtain realistic barrier heights
[4,35]. But still the non-local corrections are
approximative and their validity is highly debated,
especially in the H,/Si(100) system [7,8,42]. Since
from just looking at a PES one cannot extract
whether the PES is accurate, one has to perform
dynamical calculations on this PES in order to
find out.

In the following I will present two examples of
high-dimensional guantum dynamical studies on
ab-initio potential energy surfaces. The first exam-
ple deals with the H,/Cu(111) system [437] where
dissociation is hindered by noticeable barriers. I
will focus on the effect of lateral surface corrugation
on the sticking probability in the tunneling and
the classical regime and on the role of additional
parallel momentum. The second example is then
devoted to H,/Pd(100) [41], a system where acti-
vated as well as non-activated paths to dissociative
adsorption exist. It will be shown that the initial
decrease of the sticking probability with kinetic
energy found in this system [31] is not due to a
precursor mechanism, as was commonly believed,
but can be explained by dynamical steering. In
addition, rotational effects will be discussed. The
paper ends with some concluding remarks.

2. H,/Cu(111)

H,/Cu has been the benchmark system for the
study of dissociative adsorption. An abundance of
experimental  [33,44-467 and  theoretical
[12,13,19-23] investigations about this system

exists, just to mention a few. The calculated barrier
heights varied substantially over the years (see
Ref. [4]) and the discussion still goes on [35,47].
For the H,/Cu(111) system it was found that the
barrier to dissociative adsorption for the molecular
axis parallel to the surface varied between 0.73 and
1.43 eV within the surface unit cell for a four-layer
substrate in the slab calculations. Convergence
tests suggested that the minimum barrier should
be lowered to 0.5 eV. A five-dimensional parametri-
sation of the ab-initio PES has served as an input
for a dynamical study of the adsorption and
desorption [43], were the consistent four-layer
results have been used. Further convergence tests
which were finished after the completion of the
dynamical calculations showed that the whole bar-
rier region of the PES should be shifted by approxi-
mately the same amount as the minimum barrier
[48]. In the dynamical study the three center-of-
mass coordinates and the interatomic spacing of
the H, molecule have been treated quantum
mechanically, while the azimuthal orientation of
the molecule has been taken into account in a
classical sudden approximation which works quite
well in the H,/Cu system [49]. The polar orienta-
tion is not varied which means that the molecular
axis is kept parallel to the surface. The quantum
dynamics were determined in a time-independent
coupled-channel scheme using the concept of the
local reflection matrix [ 50,517 and the inverse local
transmission matrix [ 527. This very stable method
also yields the wave function of the scattering
problem [40]. It is closely related to the logarith-
mic derivative of the solution matrix and thus
avoids expounentially increasing evanescent waves
which cause numerical instabilities.

The results of the quantum dynamical calcula-
tions of the sticking probability of H,/Cu(111) for
molecules initially in the vibrational ground state
under normal and non-normal incidence are shown
in Fig. 1 versus the normal kinetic energy in a
linear and in a logarithmic plot. For comparison
also the results of two-dimensional calculations
with the minimum barrier are shown. I will first
focus on the normal-incidence data in the low-
energy regime (Fig. 1b) where sticking is impossible
classically. Comparing the 2D and the 5D results
shows that the effect of corrugation in the tunneling
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Fig. 1. Sticking probability versus normal kinetic energy for
molecules initially in the vibrational ground state. (a) Linear
plot, (b) logarithmic plot (note the different energy range).
5D-calculations for different incident angles at the corrugated
surface: solid line 6,=0°, ¢ 8;=15°, Af;=30°, Of;=45°% Dash—
dotted line: 2D-calculations corresponding to a flat surface
with the minimum barrier (from Ref [43]). Dashed line:
Experimental curve (from Ref. [44]).

regime is an almost energy-independent suppres-
sion of the sticking probability, in this case by
about two orders of magnitude. Since the increase
of the sticking probability in 2D calculations is
determined by the barrier width [ 127, this indicates
that at energies below the minimum barrier height
the adsorption dynamics are governed by the mini-
mum barrier path. This result is also confirmed by
wave function plots [39]. It can be simply under-
stood by the fact that the transmission through a
barrier in the tunneling regime is exponentially
suppressed which on the other hand leads to an
exponential preference of the minimum barrier
path compared to all other paths.

In the energy regime where sticking classically
is possible (which will be referred to as the “classical

regime” in the following) the sticking curves of the
2D and the 5D calculations are no longer parallel
(Fig. 1a). Indeed the sticking probability in the 5D
calculations starts rising in the linear plot at an
energy corresponding to the minimum barrier
height and reaches unity at an energy which corres-
ponds to the maximum barrier height (the onset
of the sticking in the linear plot occurs already at
approximately 0.15 eV below the minimum barrier
height due to the softening of the H, bond at the
surface and the accompanying reduction of the
zero-point vibrational energy). Obviously the
whole distribution of the barrier heights determines
the sticking probability. At these high kinetic ener-
gies (larger than 0.6 eV) the dynamics in the classi-
cal regime can be described in the sudden limit. A
molecule impinging on the surface sticks or not
according to whether its energy is larger than the
barrier it hits or not, there are little reorientation
and steering effects. This means that the sticking
in this energy regime can be understood in terms
of the available phase space for dissociation which
is the basic assumption underlying the so-called
hole-model [26].

In the first presentation [43] the theoretical
results were compared to data compiled by
Michelsen and Auerbach [32]. They fitted existing
adsorption data and, via the principle of detailed
balance, also desorption data to a functional form
of the sticking probability of the form,

SO(E)=§[1+tanh (E;PE"):I (1)

These experimental data were at variance with the
theoretical data of Ref. [43] especially at low and
at high energies. In the meantime a new, very
detailed experimental study of the adsorption and
desorption of H,/Cu(111) has been published by
Rettner et al. [44]. To describe the sticking func-
tion they used,

SO(E)=§ {1+erf <E;E°>} (2)

because this functional form reproduces the
adsorption data better at low energies [53]. And
indeed, while in the old parametrisation the experi-
mental sticking probability did not drop below
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107# [32], now at low energies in Fig. 1b the
experimental and the theoretical curve no longer
disagree substantially. The two curves are almost
parallel, whereby the shift of approximately 0.25 eV
can be related to the minimum barrier height in
the calculations which seems to be to too high by
the same amount [4]. This indicates that, except
for the barrier height, the minimum barrier path
is properly described by the ab-initio PES. The
same shift of 0.25eV between theory and experi-
ment is also seen at the onset of sticking in the
linear plot, Fig. la (note the different energy scale
in the linear and the logarithmic plot). However,
while the experimental curve saturates at a sticking
probability of 0.25, the theoretical curve reaches
almost one. The issue of the maximum sticking
probability for H,/Cu(l111l) is still strongly
debated. Rettner et al. [44] state that their experi-
mental sticking probabilities fitted equally well
with A values between 0.15 and 0.5 since the
measurements do not extend to energies above
0.55 V. Just one fitting parameter W for the width
of the sticking curve may not be sufficient, since
the increase of the sticking probability is deter-
mined by two different properties: in the tunneling
regime by the barrier width, and in the classical
regime by the distribution of the barrier heights.
On the other hand the polar rotation of the
molecule had not been considered for the theoreti-
cal results in Fig. 1. Particles that hit the surface
in the upright orientation can not dissociate. So
the inclusion of the polar orientation will probably
reduce the maximum sticking probability since at
high energies molecules will not have enough time
to reorientate towards a more favorable configura-
tion towards dissociative adsorption during the
scattering process.

With regard to the effect of additional parallel
momentum, Fig. 1a shows that for non-normal
incidence the sticking probabilities fall upon the
normal incidence sticking curve if they are plotted
versus the normal kinetic energy, at least in the
classical regime. This normal-energy scaling is sur-
prising considering the strong corrugation of the
surface which is shown in Fig. 2. Darling and
Holloway [38] have first addressed this issue. They
showed that the variation of the barrier height
(energetic corrugation) and the variation of the

Reaction path coordinate (A)
o

Surface coordinate (A)

Fig. 2. Positive real part of the wave function of H, scattered
at a PES with one-dimensional lateral corrugation simulating
H,/Cu(111). The incident beam has a kinetic energy of E;=
1.08 eV, the incident angle is §;=45°. The contour spacing for
the potential (thick lines) is 0.1 eV. The positions of the Cu
atoms are at the potential maxima (from Ref., [43]).

barrier position (geometric corrugation) have
opposing effects as far as the role of additional
parallel momentum is concerned. The plot of the
wave function [40,43] scattered at the corrugated
PES in Fig. 2 illustrates these effects. In order to
make both the incoming and the reflected part of
the beam visible in one single plot, the lateral
extension of the beam perpendicular to its propaga-
tion direction, which is in principle infinite, is
restricted. Thus by following the wave fronts the
propagation of the beam and its splitting in a
reflected and transmitted part can be followed.
Due to the energetic corrugation, molecules with
additional parallel momentum will sample a range
of energy barriers which leads to an averaging
process over the barriers. If their normal kinetic
energy is less than the mean barrier height then
this averaging process leads to a suppression of
the sticking probability [39]. Fig.2 shows that
molecules which encounter the high-barrier sites
are scattered back into the gas phase.

On the other hand the area in the surface unit
cell where the propagation direction of the incom-
ing beam is aligned to the local gradient of the
potential becomes actually larger for additional
parallel momentum due to the geometric corruga-
tion. This results in an enhancement of the sticking
probability [38,39]. Now if the maximum barriers
are at a greater distance from the surface, the
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opposing effects of energetic and geometric corru-
gation can balance [3,38] leading to normal-
energy scaling in spite of the strong corrugation.

The question now arises whether this is just a
coincidence that nature has hidden the fact of the
strongly corrugated surfaces by these peculiar bal-
ancing features of the PES. However, total energy
calculations show that usually the larger barriers
to dissociative adsorption are in front of on-top
positions [4,357]. And there the interaction between
molecule and surface occurs further away from the
surface as compared to, e.g, bridge and hollow
sites [ 35,43 ] since in front of the atoms the electron
density spills further out into the vacuum. So the
topological features responsible for the normal-
energy scaling do not seem too peculiar regard-
ing the underlying principles of the chemical
interaction.

Fig. 1b also reveals that in the tunneling regime
additional parallel momentum enhances sticking.
This is due to the fact that in the realm of tunneling
dynamics parallel momentum is effectively con-
verted into normal momentum for energetic as
well as for geometric corrugation [39]. The obser-
vation that in beam experiments normal energy
scaling is found for all energies in the system
H,/Cu(111) [33,447] can be explained by the fact
that a low kinetic energies sticking in the beam
experiments is dominated by the vibrationally
excited molecules, and for these molecules the
range where normal-energy scaling is obeyed is
shifted to lower energies [40].

3. H,/Pd(100)

Molecular beam experiments of the dissociative
adsorption of H, on various transition metal sur-
faces like Pd(100) [31], Pd(111l) and Pd(110)
[54], W(111) [55], W(100) [55-57],
W(100)-c(2x 2)Cu [58] and Pt(100) [59] show
that the sticking probability initially decreases with
increasing kinetic energy of the beam in these
systems. Such a behaviour is usually attributed to
a precursor mechanism: before dissociation the
molecules are temporarily trapped in a molecular
adsorption state, the so-called precursor state,
where they accomodate to the surface temperature.

In order to be trapped, the molecules have to lose
their initial kinetic energy which is assumed to
happen primarily by energy transfer to the sub-
strate phonons [1]. And it is this trapping prob-
ability which decreases with increasing energy and
thus determines the sticking probability for dissoci-
ative adsorption. At higher energies the sticking
probability rises again in all systems mentioned
above indicating that the adsorption via direct
activated paths becomes dominant.

However, for hydrogen adsorption the large
mass mismatch between adsorbate and substrate
should make the energy transfer process inefficient.
Together with the missing surface temperature
dependence this led to a dynamical steering process
being proposed in order to explain the initial
decrease of the sticking probability [57,59], but
there had been no theoretical confirmation whether
this mechanism could be effective. Recent density-
functional theory calculations show that there exist
non-activated as well as activated paths to dissocia-
tive adsorption in the system H,/Pd(100), but
no molecular adsorption well [36]. And three-
dimensional quantum dynamical calculations using
a model PES with such features suggested that a
steering mechanism can indeed be responsible for
the initial decrease of the sticking probability [397,
but large quantitative discrepancies to the experi-
ment remained.

Using a parametrization of the ab-initio PES of
H,/Pd(100) dynamical calculations of the dissocia-
tive adsorption and associative desorption have
been performed where for the first time all six
degrees of freedom of the hydrogen molecule have
been treated quantum dynamically [41]. Fig. 3
shows a comparison between experiment [317] and
the 6D calculations. The dashed curve which cor-
responds to molecules initially in the rotational
ground state exhibits a strong oscillatory structure
which is at variance with the experimental data.
Performing three-dimensional model calculations
on a PES with similiar features as the ab-initio
PES of H,/Pd(100) it has been shown that the
quantum nature of the hydrogen beam leads to an
oscillatory structure in the sticking probability
[39]. Whenever the kinetic energy becomes large
enough to open up new scattering channels, the
reflection rate has a maximum. Since the reflection
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Fig. 3. Sticking probability versus kinetic energy for a H, beam
under normal incidence on a Pd(100) surface. Experiment:
circles (from Ref. [317]); theory: H, molecules initially in the
rotational ground state (dashed line) and with an initial
rotational and energy distribution adequate for molecular
beam experiments (solid line) (from Ref. [41]).

rate and the sticking probability are related by
unitarity, this means that at these energies the
sticking probability shows a minimum. Strong
oscillations in the sticking probability were also
found in three-dimensional wave-packet calcula-
tions [29] where the PES included a precursor
well. They were attributed to the existence of
resonance states in the attractive well which, how-
ever, does not exist in the ab-inito potential of
H,/Pd(100) [36,37].

In order to compare the results of the 6D
calculations with the beam experiment data one
has to take into account that the experimental
beam does not correspond to a single quantum
state. Firstly, excited rotational states are popu-
lated according to a Boltzmann distribution with
a temperature of 0.8 of the nozzle temperature in
the case of hydrogen beams [31]. And secondly,
the beam is not strictly monoenergetic, but has a
certain energy spread of typically AE/E;=2Av/v,=
0.2 [31] (E; and v, are the initial kinetic energy
and velocity, respectively). If the theoretical results
are averaged over initial states according to the
experimental conditions (solid line in Fig, 3), the
strong oscillations disappear.

The resulting theoretical curve agrees quite satis-
factory with experiment. Although no precursor
state exists in the PES and the energy transfer to
substrate phonons is not taken into account due

to the fixed substrate atoms, the initial decrease of
the sticking probability with increasing kinetic
energy is well reproduced. Since the precursor
mechanism cannot be responsible, only a dynami-
cal steering effect can cause the initial decrease.
This steering effect is confirmed in the coupled-
channel calculations by the fact that at low energies
more channels are needed in order to get converged
results than at high energies. Usually it is the other
way around since at higher energies more channels
are energetically accessible. This unusual behavior
indicates that at low energies there is a strong
dynamical redistribution among the different chan-
nels while at high energies the dynamics is closer
to the adiabatic limit with little transitions between
the channels.

The classical analogue to the quantum dynami-
cal description of the steering effect is illustrated
in Fig.4 which shows a two-dimensional cut
through the six-dimensional PES together with
two typical trajectories of impinging H, molecules.
By symmetry, both trajectories have equivalent
impact parameters, but while the slower molecule
(left trajectory) can be steered towards a non-

Reaction path coordinate (A)
o

Surface coordinate (A)

Fig. 4. Classical illustration of the steering effect. The contour
lines show the potential energy surface ineV along a two-
dimensional cut through the six-dimensional configuration
space of a hydrogen molecule with the molecular axis parallel
to the surface. The Pd atoms are at the potential maxima. The
surface coordinate corresponds to the X-axis, while the reaction
path coordinate s for s—co is equivalent to the H, center of
mass distance from the surface, for s< —2.5 A to the distance
between two adsorbed H atoms. The left trajectory corresponds
to a slow molecule (kinetic energy E;,=0.05¢V), the right
trajectory to a fast molecule (Eyy;, =0.15eV) (from Ref. [41]).
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activated path to adsorption by the attractive
forces, the other molecule (right trajectory) is too
fast for the forces to divert it significantly. It hits
the repulsive part of the potential and is reflected
back into the gas phase. By further increasing the
kinetic energy the molecule will eventually have
enough energy to directly cross the barrier which
leads to the increase of the sticking probability at
higher energies (see Fig. 3).

The steering effect should also be observed in
desorption properties, e.g., the mean kinetic energy
in desorption. In Ref [39] three-dimensional
dynamical calculations on a model potential with
non-activated as well as activated paths to dissocia-
tive adsorption have been performed where the
PES looked quite similiar to Fig. 4. In order to
desorb the molecules have to have enough kinetic
energy normal to the surface to overcome the
barrier for desorption. This corresponds to trajec-
tories starting from below in Fig. 4. Now most
desorbing molecules propagate along minimum
barrier paths [39]. Except for the molecules
following the high-symmetry path there are forces
acting on the molecules which will divert them
from the normal desorption direction. And again,
the slower the molecules are, the more they will be
diverted. This also means that at high desorption
angles primarily low-energy molecules will be
found. Indeed the 3D model calculations follow
this trend (see Fig. 5) [39]. While for normal
desorption the mean kinetic energy is in equilib-

100 ——T——T et

Mean kinetic energy (meV)

g S S —
o 10° 20° 30" 40° 50" 80" 70" 80°
Desorption angle

Fig. 5. Angular distribution of the mean kinetic energy of
molecules desorbing from a one-dimensional corrugated surface
simulating H,/Pd. Surface temperature T,=3500K (from
Ref. [39]).

rium with the surface temperature (note that in
two-dimensions the flux-corrected mean kinetic
energy of a gas in equilibrium is 3/2 kT'), for high
desorption angles the mean kinetic energy is
strongly lowered. This means that a peaked mean
kinetic energy in desorption is not always indica-
tive of non-thermal processes [60]. In addition, it
shows that one-dimensional models [61] are not
sufficient in order to describe angular distributions
in desorption.

A dynamical degree of freedom that has not
been considered so far in this brief review is the
rotational degree of freedom. As for the influence
of additional rotational motion on the sticking
probability, there are two different mechanisms
operative. Just recently it has been pointed out
[20] that, apart from the change in moment of
inertia, an isomorphism exists between surface
corrugation and a planar rotor which means that
there is a close correspondence in the way the
lateral surface corrugation and the orientational
anisotropy of the molecule-surface potential enter
into the dynamics. The barrier to dissociative
adsorption strongly depends on the molecular ori-
entation [4,37]. Thus additional rotational motion
acts like additional parallel momentum in the case
of energetic corrugation. Due to the range of
barrier heights which is probed by the rotating
molecule the sticking probability is effectively sup-
pressed [20]. However, in the case of the H,/Cu
system due to the late barrier to adsorption the
molecular bond is strongly extended when the
barrier region is crossed. The resulting increase in
the moment of inertia causes a decrease of the
rotational energy. This leads to a lowering of the
effective barrier with increasing rotational
quantum number j and to an enhancement in the
sticking probability for high j values [20,21] in
agreement with the experiment [53].

Now in the system H,/Pd(100) there are non-
activated paths to dissociative adsorption so that
the concept of early and late barriers is not applica-
ble. Indeed Fig.3 shows that by taking into
account the rotational population of the incoming
beam in adsorption, the averaged sticking prob-
ability is slightly decreased as compared to mole-
cules in the rotational ground state [41] at all
kinetic energies. Especially at low energies
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additional rotational motion strongly reduces the
sticking probability, This is shown in Fig. 6 for a
initial kinetic energy of E;=10 meV. The diamonds
correspond to the orientationally averaged sticking
probability,

Ji

= S; mlE).
2J1+1 m.z . J,,m,( ) (3)

=T

S ji(E )

The strong decrease is caused by a suppression of
the steering effect. The faster a molecule is rotating,
the harder the molecular axis can be focused to a
favorable orientation towards adsorption, and the
more molecules will be reflected at the surface.

In addition, Fig. 6 shows the effect of molecular
orientation on the sticking probability. The most
favorable orientation to adsorption is with the
molecular axis parallel to the surface. Molecules
with azimuthal quantum number m=j have their
axis preferentially oriented parallel to the surface.
These molecules rotating in the so-called helicopter
fashion dissociate more easily than molecules rotat-
ing in the cartwheel fashion (m=0) with their
rotational axis preferentially parallel to the surface
since the latter have a high probability of hitting
the surface in an upright orientation in which they
cannot dissociate. This steric effect has also been
investigated in a number of model studies for
purely activated adsorption [19-23].

Invoking the principle of detailed balance, from
the suppresion of the sticking probability by rota-

06 F T T T n
44— orientationally averaged
kA m, = 0, cartwheel rotation

056 O—Om, = j, helicopter rotation

o
~
T

Sticking probability
o o
n ©

E,=10meV

o
=
T

O.o L Il il
] 1 2 3 4

Initial rotational quantum number j;

Fig. 6. Sticking probability versus initial rotational quantum
state j; for the system H,/Pd(100). Diamonds: orientationally
averaged sticking probability (Eq. (3)); triangles: m;=0 (cart-
wheel rotation); circles: m;=j; (helicopter rotation). The initial
kinetic energy is E;=10 meV.

tion it follows that the population of rotational
states in desorption should be lower than expected
for molecules in thermal equilibrium with the
surface temperature. This so-called rotational cool-
ing has indeed been found for H, molecules desorb-
ing from Pd(100) [62] and is also well reproduced
by the six-dimensional quantum dynamical calcu-
lations [417.

4. Conclusions

In this brief review two recent examples of high-
dimensional quantum dynamical studies using
ab-initio potential energy surfaces have been pre-
sented. For the interaction of light diatomic mole-
cules interacting with metal surfaces the continous
excitation spectrum of the solid can be often
neglected. For these systems now an almost com-
plete understanding of the dissociation process can
be gained since translational, vibrational, rota-
tional and lateral effects no longer have to be
treated separately. Our current understanding of
simple surface reactions is mostly based on low-
dimensional dynamical studies on model poten-
tials. These studies provided us with a great deal
of insight into the crucial principles underlying
these simple surface reactions. However, high-
dimensional studies do not only enhance the quan-
titative agreement with experiment. Due to the
microscopic information also a new qualitative
understanding of dissociation and scattering at
surfaces can be obtained. Since this development
has just started, many interesting results should be
anticipated in the near future.
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