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We report the first six-dimensional quantum dynamical study of the dissociative adsorption of H2 on
a 共110兲 surface. We have performed quantum coupled-channel calculations for the system
H2 /Pd(110) based on a potential energy surface 共PES兲 that was derived from ab initio electronic
structure calculations. In particular, we have focused on the effects of the corrugation and anisotropy
of the PES on the H2 dissociation probability. Our results agree well with the available experimental
data for the sticking probability as a function of the initial kinetic energy and the angle of incidence.
Because of the coupling between the anisotropy and corrugation of the potential energy surface our
calculations predict an unusual rotational heating and a rather small rotational alignment in
desorption. © 2004 American Institute of Physics. 关DOI: 10.1063/1.1647519兴

I. INTRODUCTION

tional quantum numbers j and m. Molecules rotating in the
so-called cartwheel fashion m⫽0 with their molecular axis
preferentially oriented perpendicular to the surface have a
smaller sticking probability than nonrotating molecules. This
is a well-known result.14,17,19 However, we find a surprisingly large rotational enhancement of the dissociation probability if the preferential orientation of the molecular axis is
slightly further off from the perpendicular orientation, i.e.,
for m⬎0. We attribute this to the strong coupling between
the corrugation and anisotropy of the potential energy surface. Based on these findings, we predict an unusual rotational heating and a rather small rotational alignment in desorption. For non-normal incidence, we find a strong
deviation from normal-energy scaling which also depends on
the azimuthal angle of incidence.
This paper is structured as follows. After this introduction we first describe the construction of the potential energy
surface and the computational details of the quantum dynamical calculations. Then we discuss the results of our calculations with respect to the influence of the kinetic energy,
rotational state and angle of incidence on the dissociation
dynamics. The paper ends with some concluding remarks.

The dynamics of the dissociative adsorption and associative desorption of H2 on metal surfaces has served as a
model system for the study of simple reactions at surfaces in
the last years, both experimentally1–12 as well as
theoretically.13–30 In particular, the influence of the kinetic
energy, the vibrational and rotational motion and the angle of
incidence on the adsorption and desorption dynamics has
been studied in detail. Based on a close interaction between
experiment and theory, these investigations have elucidated a
number of fundamental microscopic reaction mechanisms
that are applicable to the dissociation dynamics of molecules
in general.
As far as the theoretical description is concerned, quantum dynamical studies in which all six degrees of freedom of
the H2 molecule are explicitly included can nowadays almost
routinely be performed.14 –16,26,29,31 These studies have all
considered the low-index 共100兲 and 共111兲 surfaces since their
high symmetry allows a considerable reduction of the computational effort by using symmetry-adapted wave
functions.15,32,33
In this paper, we report the first six-dimensional quantum dynamical study of H2 dissociation on a 共110兲 surface,
namely for the system H2 /Pd(110). The potential energy
surface 共PES兲 used in our study has been derived from firstprinciples electronic structure calculations based on density
functional theory 共DFT兲 within the generalized gradient
approximation,34 and the dynamical calculations have been
carried out employing a computationally very efficient
coupled-channel scheme.35,36
We have in particular focused on the effects of the corrugation and anisotropy of the PES on the H2 dissociation
probability. The 共110兲 surface exhibits a rather open structure
with troughs running along the 关 11̄0 兴 direction. Our results
agree well with the available experimental data for the sticking probability as a function of the initial kinetic energy and
the angle of incidence. We have further analyzed the influence of the initial rotational state characterized by the rota0021-9606/2004/120(11)/5339/8/$22.00

II. THEORETICAL METHODS

In order to perform the quantum dynamical simulations,
we need a continuous analytical form of the potential energy
surface. Consequently, the first step is the parametrization of
the ab initio PES as a function of the six coordinates of the
H2 molecule using a suitable analytical form. These six coordinates are the center-of-mass position 共X,Y,Z兲, the interatomic distance r, and the polar and azimuthal orientation of
the molecular axis  and , respectively. The metal substrate
is usually kept fixed in the quantum dynamical simulations.
This approximation is justified by the large mass mismatch
between hydrogen and the metal atoms which makes any
energy transfer and substrate rearrangement during the collision time rather improbable.
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By anisotropy we mean the explicit dependence of the potential on the molecular orientation. However, it is important
to note that for a molecule interacting with a corrugated surface, the anisotropy and corrugation are not independent: the
anisotropy strongly varies as a function of the lateral position
of the molecule. Hence anisotropy and corrugation are intimately linked.
The explicit functional form we have chosen is given by
V corr⫽V c0 共 s 兲 ⫹V c1 共 s 兲 cos G X X⫹V c2 共 s 兲 cos G Y Y
⫹V c3 共 s 兲 cos G X X cos G Y Y ,

共2兲

V rot⫽V r0 共 s 兲 cos2  ⫹ 关 V r1 共 s 兲 cos G X X⫹V r2 共 s 兲 cos G Y Y
⫹V r3 共 s 兲 cos G X X cos G Y Y 兴 sin2  cos共 2  兲 ,

共3兲

 2
 共 s 兲关  ⫺⌬  共 s,X,Y 兲兴 2 .
2

共4兲

V vib⫽

FIG. 1. Elbow potentials of H2 at the short bridge 共a兲 and the long bridge 共b兲
position of Pd共110兲 according to the analytical interpolation of the ab initio
results 共Ref. 34兲. The coordinates are the H2 center of mass distance from
the surface Z and the H–H interatomic distance r. The molecular orientation
is parallel to the surface and perpendicular to the corresponding bridge, as
indicated in the insets. The level spacing of the contour lines is 0.2 eV.

The PES of H2 interacting with surfaces is usually analyzed in terms of so-called elbow potentials which correspond to two-dimensional cuts through the six-dimensional
PES as a function of the molecular distance from the surface
Z and the interatomic H–H distance r for fixed lateral centerof-mass coordinates and molecular orientation. In the DFT
calculations, such elbow plots are determined at highsymmetry points of the surface unit cell.
In Fig. 1, two elbow plots are shown which are in fact
derived from the analytical fit to the ab initio PES.34 In the
insets of Fig. 1, the coordinate axes of the surface unit cell
are defined. In the following, we will denote by 关10兴 or x the
关 11̄0 兴 direction and by 关01兴 or y the 关001兴 direction. In a
quantum coupled scheme, the wave function as a function of
the coordinates perpendicular to a chosen reaction path coordinate is expanded in a set of suitable eigenfunctions. Usually, one chooses the curvelinear coordinate along one minimum energy path of an elbow plot as the reaction path
coordinate s; the coordinate perpendicular to the reaction
path is denoted by . Hence the six-dimensional potential
energy surface in reaction path coordinates is defined by
V(X,Y ,s,  ,  ,  ). In the parametrization employed in this
work we break up the PES in several contributions due to the
corrugation, the anisotropy and the intramolecular vibration
V 共 X,Y ,s,  ,  ,  兲 ⫽V corr⫹V rot⫹V vib.

共1兲

This PES is constructed by considering two polar orientations of the molecular axis, parallel (  ⫽90°) and perpendicular (  ⫽0°) to the surface. For the parallel geometry, we
have used the published H2 /Pd(110) elbow plots obtained in
DFT calculations by Ledentu et al.34 The direction corresponding to  ⫽0° is associated with the molecular axis of
H2 aligned along the 关10兴 or x direction. Out of the nine
published elbow plots we have used six to adjust the parameters in our interpolation scheme. The remaining three elbow
plots have served as test examples. Unfortunately, no ab initio data for the perpendicular H2 orientation on Pd共110兲 was
available. Assuming that the polar anisotropy of the H2 /Pd
PES does not vary significantly between different low-index
Pd surfaces, we have used the laterally independent polar
anisotropy calculated for the H2 /Pd(100) system.15,37
The functions of the reaction path coordinate s appearing
in Eqs. 共1兲–共4兲 are given by suitable analytical expressions
mainly consisting of tanh and cosh⫺2 terms, as for example
also used in Ref. 17. In the fit, we have mainly tried to obtain
an accurate representation of the PES close to the transition
states since these regions are crucial for the dissociation dynamics. As far as the transition state energies of the adsorption paths determined by Ledentu et al.34 are concerned, the
mean difference between the ab initio results and the interpolation is below 50 meV. Generally, the deviation is about
100 meV on the average.
In Fig. 1, two parametrized elbow potentials are plotted
for the H2 molecule above the so-called short-bridge and
long-bridge position, respectively, with its molecular axis
parallel to the surface and perpendicular to the bridge axes.
Figure 1共a兲 corresponds to the most favorable reaction route
along which H2 molecules can spontaneously dissociate. It
smoothly leads from the molecule in the gas phase to the
dissociated atoms on the surface. This contour plot corresponds to Fig. 2共b兲 of Ref. 34. Note that the regions of the
elbow plot for H–H distances above approximately 2.0 Å
which are not crucial for the dissociation dynamics have
been fitted with less accuracy. At the long-bridge position
关Fig. 1共b兲兴, the dissociation is no longer nonactivated, and
there is a shallow minimum before the barrier which is, however, only about 100 meV high. Furthermore, the minimum
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energy path bends much more sharply. It is important to note
that the PES of H2 on Pd共110兲 consists of a combination of
nonactivated and activated paths to dissociative adsorption.
It should also be emphasized here that using a parametrization such as Eqs. 共1兲–共4兲 which is adjusted to ab initio
calculations at high-symmetry points represents an assumption about the form of the PES at low-symmetry configurations which does not necessarily be correct. That is to say
that even if the ab initio PES is accurately reproduced by the
parametrization at high-symmetry points, it might not be
well-reproduced in the interpolated regions. However, in the
absence of ab initio calculations for low-symmetry configurations it is not possible to judge the reliability of this interpolation.
Using the parametrization of the ab initio PES, the timeindependent Schrödinger equation for the two hydrogen nuclei moving on the six-dimensional PES has been solved by
coupled-channel calculations using the concept of the local
reflection matrix 共LORE兲 and the inverse local transmission
matrix 共INTRA兲.35,36 As usual, the H2 dissociation probability is identified with the transmission probability to enter the
dissociation channel 共large s兲 from the gas phase. The quantum mechanical scattering solutions are expressed as a superposition of plane waves for the lateral motion of the H2
center of mass, spherical harmonics for the rotational motion
and harmonic oscillator eigenfunctions for the vibrational
motion perpendicular to the reaction path,
⌿ 共 X,Y ,s,  ,  ,  兲
⫽

兺

G储 lmi

⌽ G储 lmi 共 s 兲 e i 共 G储 ⫹k储 兲 •R储 Y lm 共  ,  兲  i 共  兲 ,

冉
冉

ប2
L2




 ⫺1  ⫺1 ⫹  ⫺1  ⫹ 2
2
s
s
  r e

冊

2
ប2 2
⫺
⫹
⫹V 共 X,Y ,s,  ,  ,  兲 .
2M  X 2  Y 2

冊
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Here,  is the reduced mass of the H2 molecule, M is its total
mass, L is the angular momentum operator, r e the H2 minimum energy bond length, and the coupling parameter  is
defined by

 ⬟1⫺  共 s 兲  ,

FIG. 2. Calculated sticking probability of H2 for a range of initial rotational
states j as a function of kinetic energy under normal incidence. 共a兲 Molecules initially rotating in the cartwheel fashion m⫽0; 共b兲 molecules initially rotating in the helicopter fashion m⫽ j. The rotationally averaged
results have been determined by averaging over rotational quantum numbers
according to a Boltzmann distribution with a rotational temperature T rot
⫽0.8T N , where T N is the nozzle temperature. The corresponding rotational
temperatures are indicated above the figure. In addition, the experimental
results of a molecular beam experiment are included 共Ref. 44兲.

共5兲

where R储 is the two-dimensional vector 共X,Y兲 describing the
lateral coordinates of the H2 center of mass, and G储 are vectors of the two-dimensional reciprocal lattice of the surface.
Using mass-scaled reaction path coordinates in the Zr plane,
we employ the six-dimensional Hamiltonian given by15
H 6D⫽⫺
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共7兲

where  (s) is the curvature of the lowest energy reaction
path 关see Fig. 1共a兲兴. The potential is expressed as matrix
elements
along
the
reaction
path
coordinate
V G储 lmi,G⬘储 l ⬘ m ⬘ i ⬘ (s) with respect to the basis function defined
in Eq. 共5兲. The basis set used in the coupled-channel algorithm included rotational quantum numbers up to j max⫽8,
vibrational quantum number up to  max⫽2 and maximum
parallel momentum p max⫽10បG with G⫽min(GX ,GY )
⫽min(2/aX,2 /a Y )⫽2  /a Y , where a X and a Y are the lat-

tice constants of the surface unit cell of the 共110兲 surface
along the 关10兴 and 关01兴 directions, respectively.
The convergence of the results as a function of the size
of the basis set has been carefully checked. Since the vibration corresponds to the fastest time scale in the H2 dynamics,
its motion is effectively decoupled from the motion of the
remaining degrees of freedom. Therefore, five-dimensional
vibrationally adiabatic calculations give results very similar
to full six-dimensional calculations.38 Because of the greatly
reduced computational effort, the majority of results presented below have been obtained in 5D vibrationally adiabatic calculations. However, we have carefully checked
whether there is a significant deviation between 5D and 6D
results.
III. RESULTS AND DISCUSSION

In Fig. 2, we have plotted the calculated sticking probability of H2 impinging on Pd共110兲 under normal incidence
as a function of the kinetic energy for different initial rotational states. In Fig. 2共b兲, results of a molecular beam experiment are included. It is obvious that the observed nonmonotonous behavior of the sticking probability as a function of
the kinetic energy is well-reproduced for initially nonrotating
molecules ( j⫽0) in the calculations. It is now well accepted
that the initial decrease of the H2 sticking probability in nonactivated dissociation systems with increasing energy is a
consequence of the suppression of the steering
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effect.14,15,27,28,39 At low kinetic energies, the slow molecules
can be very efficiently steered to nonactivated pathways towards dissociative adsorption by the attractive forces of the
potential. This mechanism becomes less effective at higher
translational energy leading to smaller dissociation probabilities. A more detailed analysis of the adsorption dynamics
yields that a low energies many incoming molecules are
trapped in a transient state due to dynamic trapping;27,28 they
do not directly dissociate but transfer energy from the translation perpendicular to the surface into internal degrees of
freedom and motion parallel to the surface so that they cannot escape back to the vacuum. Eventually most of the dynamically trapped molecules dissociate.
Just recently, the dissociative adsorption of H2 /Pd(110)
for normal incidence has been studied by classical and quasiclassical molecular dynamics simulations.30 In these calculations, a PES has been employed that was adjusted to DFT
calculations in a corrugation-reducing scheme.40 This study
mainly focused on the role of dynamic trapping. The calculated sticking probabilities are in good agreement to the ones
determined by us, regarding the different methods used in
both studies.
In molecular beam experiments, supersonic beams of
molecules are directed at the surface of interest. These beams
are formed by the rapid expansion of a gas flowing through a
nozzle which leads to translational energy distributions that
are considerably narrower than those of thermal beams.5 The
mean translational energy is primarily controlled by chosing
the temperature T N of the nozzle through which the molecule
emerge. This has the unwanted side-effect of changing the
populations of the initial rovibrational states, which are usually given by a Boltzmann distribution according to some
effective temperature. Thus many plots of S(E) are actually
S(T N ) curves. These are only the same when vibration and
rotation have no influence on the dissociation. However, as
we see in Fig. 2, the dissociation probability strongly depends on the rotational state.
Figure 2共a兲 shows the sticking probability for molecules
rotating in the cartwheel fashion with m⫽0. In these rotational states, the molecules have a high probability to hit the
surface in an upright orientation in which they cannot dissociate. In addition, the dissociation probability is further reduced for molecules that are more rapidly rotating 共higher j兲,
in particular a low kinetic energies. Rapidly rotating molecules will rotate out of a favorable configuration for dissociation during the interaction with the surface. This rotational
hindering17,19 becomes less pronounced at higher kinetic energies where the impinging molecules are rather fast.
The rotational hindering can in fact be counterbalanced
by orientational or steric effects. If the molecules are rotating
in the so-called helicopter fashion with m⫽ j, then the rotational axis of the H2 molecule is preferentially oriented perpendicular to the surface which means that the molecular
axis is preferentially parallel to the surface. This orientation
is favorable for dissociation. As Fig. 2共b兲 shows, additional
helicopter rotation indeed leads to an enhanced sticking
probability, which has also been found at other surfaces.14,17
Interestingly, the rotational enhancement of the sticking
probability for helicopter molecules seems to be independent
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FIG. 3. Calculated sticking probability of H2 /Pd(110) as a function of
kinetic energy for H2 molecules initially in the j⫽3 state for different azimuthal quantum numbers m. For the sake of comparison, the results for j
⫽0 are also included. The insets show the probability distribution of the
corresponding ( j⫽3,m) rotational state.

of the particular rotational quantum number j. We note that
for higher rotational quantum numbers there is also a rotationally adiabatic effect in dissociative adsorption since the
bond length r e (s) and thus the moment of inertia I
⫽  r 2e (s) increases.17,19 For rotationally adiabatic motion,
the rotational energy
E rot共 j 兲 ⫽

ប 2 j 共 j⫹1 兲
2I

共8兲

in a particular rotational state decreases due to the rise in the
moment of inertia I which leads to an effective energy transfer from rotation to translation. As Fig. 1 indicates, the minimum energy paths in the elbow plots of the PES exhibit a
strong curvature. If there were no rotationally adiabatic effects, one would expect that the dissociation probability decreases monotonously with increasing j, in particular for
molecules rotating in the cartwheel fashion.17 Figure 2共a兲
shows that the rotational hindering does not rise any further
for j⭓4. This is an indication that bond length effects play a
significant role in the dissociation dynamics.17,19 In particular
it means that the adiabatic energy transfer from rotations to
translations contributes to the rotational effects in the system
H2 /Pd(110).
In order to analyze the dependence of the sticking probability on the rotational state in more detail, we have plotted
in Fig. 3 the calculated results for H2 molecules initially in
the j⫽3 state as a function of the azimuthal quantum number m. For ( j⫽3,m⫽0), we find the expected rotational hindering for this cartwheel mode. However, interestingly
enough we find for all states with ( j⫽3,m⬎0) a significant
enhancement of the sticking probability. We have confirmed
that this is indeed true not only for the j⫽3 states, but also
for the other j states. This strong enhancement represents a
surprising results. As far as the rotational effects in the dissociation of H2 at the more densely packed 共111兲 and 共100兲
surfaces are concerned, usually one finds a rotational enhancement smoothly increasing with m.19,41 We attribute the
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strong rotational enhancement for m⭓1 found here to the
already rather open structure of the 共110兲 surface which leads
to a strong corrugation in the H2 -surface interaction 共see below兲. Perpendicular to the troughs which are running along
the 关10兴 direction there is a pronounced variation of the barrier position.34 Then the orientation of the molecule parallel
to the surface is not necessarily the energetically most favorable one. This might be the cause for the rotational enhancement of any m⬎0 rotational mode, not just the m⫽ j helicopter mode.
This strong rotational enhancement has several consequences that could be verified experimentally. As mentioned
above, the H2 molecules in the molecular beam experiments
using n-hydrogen are not in their rovibrational ground state.
The distributions are rather characterized by Boltzmann factors with effective temperatures. As far as the rotations are
concerned, the corresponding temperature is about 80% of
the nozzle temperature T N , which is related to the kinetic
energy5 by E kin⫽ 52 k B T N . We have simulated this effect by
determining a rotationally averaged sticking probability according to
S tot共 E kin兲 ⫽

1
Z

S 共 E kin , j,m 兲 exp
兺
j,m

冉

冊

⫺E rot共 j,m 兲
,
k B T rot

共9兲

where Z is the partition sum, and T rot is specified by T rot
⫽0.8•T N ⫽0.8•2E kin /(5k B ). In principle, for n-hydrogen
the Boltzmann summation should be performed independently for para- and ortho-hydrogen, i.e., for even and odd
rotational quantum numbers. However, considering the uncertainties in the determination of the rotational distribution
of the molecular beams,6,9 we have not taken into account
the distinction between para- and ortho-hydrogen in the summation. In fact, our results are relatively insensitive to the
exact value of the rotational temperature, as we have carefully checked.
The sticking probability determined according to Eq. 共9兲
is also included in Fig. 2共b兲. Due to the fact that almost all
rotational states with m⬎0 cause an enhancement of the
sticking probability, the combined effect of all rotational
states is to lead to an effective increase in the sticking probability at kinetic energies larger than 0.1 eV. This effect
should in fact be seen experimentally, if the rotational temperature of the molecular beam is changed by seeding techniques. Please note that the agreement between experiment
and theory for j⫽0 is in fact deteriorated when the rotational
effects are included in the simulations.
The rotational effects evident in the sticking probabilities
should also be observable in the time-reversed process of
dissociative adsorption, the associative desorption. According to the principles of microscopic reversibility and detailed
balance, the calculated state-resolved sticking probabilities
can directly be used to determine the relative populations in
desorption.8,17 The strong rotational enhancement in adsorption should lead to a so-called rotational heating in desorption. The rotational temperature in desorption is related to the
mean rotational energy T rot⫽E rot /k B . Thus, the mean rotational energy of desorbing molecules should be larger than in
thermal equilibrium. In Fig. 4, we have plotted the calculated
rotational temperatures in desorption as a function of the
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FIG. 4. Rotational temperature of desorbing H2 molecules as a function of
surface temperature. The solid line represents the thermal equilibrium.

surface temperature. Indeed we find a small rotational heating which, to the best of our knowledge, has not been found
before in the desorption of molecules. Usually one finds rotational cooling in desorption.8 Unfortunately, the rotational
effects in the system H2 /Pd(110) have not been measured
yet. Thus it is very desirable that our prediction will be
checked experimentally. We note, however, that for
H2 /Pt(110), no rotational enhancement has been found for
j⫽1 and j⫽2, but rather a rotational hindering.9
As a further property of desorbing molecules, the rotational alignment can be measured.7,11,42 It is defined by the
quadrupole moment of the orientational distribution of desorbing molecules
A 共02 兲 ⫽

冓

冔

3m 2 ⫺ j 2
.
j2

共10兲

Molecules rotating preferentially in the cartwheel fashion
have an alignment parameter A (2)
0 ( j)⬍0, while for molecules rotating preferentially in the helicopter fashion
A (2)
0 ( j)⬎0. From the calculated sticking probabilities, desorption distribution can be directly derived using the principle of microscopic reversibility.8,17 Figure 5 shows the calculated rotational alignment for a surface temperature of 700
K. Since the sticking probability is enhanced for m⬎0, the
molecules desorb preferentially in states with m⬎0. This
leads to a positive alignment parameter. However, this alignment is much smaller than found for H2 and D2 desorbing
from other surfaces.7,17,41– 43 This is at first sight surprising
regarding the strong enhancement of the sticking probability

FIG. 5. Calculated rotational alignment in desorption as a function of the
rotational quantum number for a surface temperature of T⫽700 K.

Downloaded 10 Mar 2004 to 129.187.254.46. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp

5344

J. Chem. Phys., Vol. 120, No. 11, 15 March 2004

FIG. 6. Sticking probability as a function of the normal component of the
incident energy for molecules initially in the vibrational and rotational
ground state. The solid line denotes the normal-incidence data while the
results for non-normal incidence are grouped according to their angle of
incidence : 0°–30°, circles; 30°– 60°, boxes; 60°–90°, triangles. Note that
the non-normal incidence data are obtained for different azimuthal angles.

for molecules rotating in the helicopter mode. However, all
but the m⫽0 rotational states show a strong enhancement of
the sticking probability. The small alignment is caused by the
fact that the rotational enhancement is similar for all m⬎0
states so that there is no pronounced preference for the maximum m⫽ j state.
Let us now focus on the role of the corrugation in the
dissociation dynamics. The dependence of the sticking probability on the angle of incidence  i is directly related to the
corrugation of a surface. For a perfectly smooth surface, the
sticking scales with the normal component of the translational energy, i.e., it exhibits the so-called normal-energy
scaling, while for a corrugated surface also the parallel component of the kinetic energy influences the sticking probability. In Fig. 6, we have summarized our results for the sticking
probability for different angles of incidence as a function of
the normal component of the kinetic energy. If we had
normal-energy scaling, all the data would fall onto the sticking curve for normal incidence,  ⫽0°. However, we see that
additional parallel momentum strongly influences the sticking probability indicating the strong corrugation of the
H2 /Pd(110) PES. The dependence on the angle of incidence
is in fact much stronger than on the smoother Pd共100兲 surface 共see Fig. 9 in Ref. 15兲.
We first note that there is no unique trend in the role of
additional parallel momentum. For an angle of incidence
larger than 30° the dissociation is suppressed compared to
the normal-incidence results. For angles of incidence below
30°, there is both a suppression and an enhancement of the
sticking probability caused by additional parallel momentum.
For the majority of incidence conditions with  ⭐30°, however, additional parallel momentum enhances the dissociation.
Furthermore, we see a large scatter in the data for the
same normal kinetic energy. This is caused by the strong
corrugation which leads to a strong dependence of the sticking probability on the lateral kinetic energy at the same normal kinetic energy. In addition, it is caused by the azimuthal
anisotropy of the 共110兲 surface. The atom rows along the
troughs running in the 关 11̄0 兴 direction which we denote by
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FIG. 7. Sticking probability as a function of the total kinetic energy under
non-normal incidence along the 关10兴 and 关01兴 directions, respectively. The
parallel momentum has been kept fixed to p 储 ⫽3បG X ⬅ 关 30兴 and p 储
⫽4បG Y ⬅ 关 04兴 . The corrugation along these different directions is indicated
in the insets. The angles of incidence for the 关10兴 direction are shown at the
upper axis, and the difference in the incident angles to the 关01兴 direction are
added in the figure.

关10兴 or x 关see the inset in Fig. 1共a兲兴 are in fact close-packed.
One would expect that along this direction the corrugation is
relatively weak. However, the DFT calculations34 showed
that there is a strong variation of the barrier height to dissociative adsorption between the top site and the short bridge
site along 关10兴, whereas along the 关001兴, 关01兴 or y direction
perpendicular to the troughs, it is rather both the barrier position and height that vary.
In Fig. 7, we have plotted the sticking probability for
non-normal incidence along the 关10兴 and 关01兴 directions, respectively, for constant parallel momentum. For the sake of
computational efficiency, we have determined the sticking
probability for non-normal incidence only for parallel momenta that correspond to vectors of the surface reciprocal
lattice. Note that the ratio between the length of the two unit
vectors of the surface reciprocal lattice is G X /G Y ⫽&. Since
& is no rational number, it is impossible to get the same
angle of incidence along different azimuths if the parallel
momenta are multiples of the reciprocal lattice vectors. In
Fig. 7, we show results for two parallel momenta, p 储
⫽3បG X and p 储 ⫽4បG Y , since 3G X ⬇4G Y .
We find that except for the lowest energies, the sticking
probability for an angle of incidence along the 关10兴 direction
is larger than along the 关01兴 direction. However, the differences are still relatively small. We have analyzed the dependence of the sticking probability on the angle of incidence
for three different azimuths in more detail in Fig. 8. In addition to the 关01兴 and 关10兴 directions we have also considered
the 关11兴 direction which corresponds to the diagonal of the
surface Brillouin zone. At the lowest kinetic energy, E i
⫽0.05 eV, the sticking probability is almost independent of
the angle of incidence, in agreement with the experiment.44 A
similar behavior has also been found in the case of
H2 /Pd(100). 1,15 At higher kinetic energies, there is first a
slight increase in the sticking probabilities with increasing
angle of incidence, and then a decrease which is most pronounced at the highest kinetic energy considered, E i
⫽0.7 eV. Except for the lowest kinetic energies, the highest
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FIG. 8. The sticking probability as a function of incident angle at different
initial kinetic energies. The azimuthal angles of incidence are along the 关01兴,
关10兴, and 关11兴 directions, respectively.

sticking probabilities are found for the incidence along the
关10兴 direction, which confirms the findings of Fig. 7.
In order to analyze the effect of the corrugation on the
sticking probability, it is helpful to distinguish between socalled energetic and geometric corrugation.19,45 Energetic
corrugation corresponds to a situation in which only the barrier height but not its position is varied while in the case of
geometric corrugation it is the other way around. In the case
of energetic corrugation, additional parallel momentum leads
to an effective averaging over the barriers within the surface
unit cell. This causes a suppression of the sticking probability for kinetic energies below the average barrier height.19,45
At a geometrically corrugated surface, on the other hand, the
sticking probability is increased by additional parallel momentum. This increase is caused by the fact that an impinging molecular beam under non-normal incidence will hit a
larger fraction of barriers where the local potential gradient
is aligned to the direction of incidence.19,45 This effect can be
so strong that it leads to an enhanced sticking probability for
non-normal incidence for constant kinetic energy. However,
it is important to note that for a highly corrugated surface no
clear distinction between energetic and geometric corrugation can be made. For example, strong energetic corrugation
can lead to a variation of equipotential contour lines below
the minimum barrier height that is rather similar to the variation caused by geometric corrugation alone. Furthermore, for
a system with both activated and nonactivated paths to dissociative adsorption, such as H2 /Pd(110), again no real distinction between energetic and geometric corrugation can be
made since for the nonactivated paths no barrier location can
be defined.
At the lowest kinetic energies in Fig. 8, E i ⫽0.05 eV, the
steering effect is operative. The fact that the sticking probability is almost constant as a function of the polar and azimuthal angle of incidence indicates that the steering effect
does not depend on the angle of incidence. At the higher
energies, steering becomes less effective. As Fig. 8 shows,
the angular dependence of the sticking probability for incident beams along the 关10兴 and the 关11兴 direction are rather
similar. Both show first a slight increase as a function of the
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incident angle with a maximum at 20°–30°, and then a decrease which is the stronger, the higher the kinetic energy.
The 关10兴 direction corresponds to the direction along the
close-packed rows of the 共110兲 surface. One would expect
that along this direction the corrugation is less pronounced
than along the 关01兴 direction which is perpendicular to the
troughs of the 共110兲 surface. Hence it is surprising that we
find an initial increase in the sticking probability as a function of the angle of incidence in an energy regime where the
sticking probability is rising as a function of kinetic energy
for normal incidence. Hence this increase is indicative of a
strong corrugation effect along this direction. And indeed, an
analysis of the ab initio reaction paths listed in Ref. 34 confirms that the variation of the transition state energies for
some fixed molecular orientation has a larger variation along
the close-packed 关10兴 direction than along the 关01兴 direction
共compare, e.g., pathways 4, 5, 6 with pathways 1, 2, 3 or
pathways 1 and 8 with pathways 8 and 9 of Ref. 34兲. Along
the 关01兴 direction, i.e., perpendicular to the troughs of the
共110兲 surface, the sticking probability does not exhibit any
significant increase as a function of the angle of incidence.
This result is in fact in agreement with previous simple
three-dimensional calculations for a system with both activated and nonactivated paths to dissociative adsorption,
where the role of additional parallel momentum has been
found to be rather similar to the case of energetic corrugation
in a purely activated system.45
The fact that the results for the azimuthal incidence
along 关10兴 and 关11兴 are very similar demonstrates that a molecular beam incident along the diagonal of the surface Brillouin zone also experiences a strong corrugation. In the
experiment,44 the incident azimuth has not been specified.
For E i ⫽0.35 eV, the sticking probability has been found to
scale according to S(  i )⬀cos0.2  . We have included this
scaling in the panel for E i ⫽0.4 eV of Fig. 8. For angles
below 30°– 40° experiment and theory agree well, depending
on the azimuth. Above 40°, the theoretical results seem to be
smaller than the experimental curve. However, also the range
of incident angles used in the experiment has not been specified in Ref. 44.
IV. CONCLUSIONS

We have performed a quantum dynamical study of the
dissociative adsorption and associative desorption of
H2 /Pd(110). The potential energy surface has been derived
from ab initio electronic structure calculations. Our results
are in good agreement with the available experimental data.
At low kinetic energies, the dissociative adsorption dynamics
is dominated by the steering effects due to the coexistence of
nonactivated and activated paths towards. The open 共110兲
surface is characterized by troughs running along the 关 11̄0 兴
direction. The strong corrugation and anisotropy of the potential energy surface lead to pronounced orientational effects in the adsorption and desorption dynamics. We found a
strong enhancement of the sticking probability for molecules
rotating with azimuthal quantum numbers m⬎0. This enhancement causes an unusual rotational heating in desorption
and a rather small rotational alignment. Due to the strong
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corrugation, we found a significant deviation from normalenergy scaling in the adsorption at non-normal incidence.
For an angle of incidence along the close-packed rows of the
Pd共110兲 surface, we find an initial increase of the sticking
probability as a function of the angle of incidence which is
indicative of a strong corrugation effect. For an azimuthal
incidence perpendicular to the troughs of the Pd共110兲 surface, there is no significant maximum in the sticking probability for non-normal angles of incidence.
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