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High-dimensional quantum dynamical study of the dissociation
of H, on Pd (110)
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We report the first six-dimensional quantum dynamical study of the dissociative adsorptigronf H

a (110 surface. We have performed quantum coupled-channel calculations for the system
H,/Pd(110) based on a potential energy surfedRES that was derived fronab initio electronic
structure calculations. In particular, we have focused on the effects of the corrugation and anisotropy
of the PES on the Kdissociation 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 Physic§DOI: 10.1063/1.164751]9

I. INTRODUCTION tional quantum numbersand m. Molecules rotating in the
The d . fthe di iati d " d . so-called cartwheel fashiom=0 with their molecular axis
€ dynamics of Ihe dissociative adsorption an aSSOCIa[3referentially oriented perpendicular to the surface have a

tive desorption of i on metal_surfaces has served as 4smaller sticking probability than nonrotating molecules. This
model system for the study of simple reactions at surfaces IR o well-known result17:19 However. we find a surpris-

:Ee Iatl_s t ”}3,’12?55 ’I bOtT. tlaxp(at;:mgnftlénﬂrz as ¢ t\;\ve"k' a?- ingly large rotational enhancement of the dissociation prob-
eoretically.” N particufar, the infilueénce ot the kinetic bility if the preferential orientation of the molecular axis is
energy, the vibrational and rotational motion and the angle o lightly further off from the perpendicular orientation, i.e.,

incidence on the adsorption and desorption dynamics haI’%)r m>0. We attribute this to the strong coupling between

been §tudled in detail. Based'on a ploge Interaction b.etwee[ﬂe corrugation and anisotropy of the potential energy sur-
experiment and theory, these investigations have elu0|datedf§Ce Based on these findings, we predict an unusual rota-

number: of fgndamental MICToscopic reachqn mec:h""msmﬁonal heating and a rather small rotational alignment in de-
that are applicable to the dissociation dynamics of moleculegorption For non-normal incidence, we find a strong

in general. . S deviation from normal-energy scaling which also depends on
As far as the theoretical description is concerned, quathe azimuthal angle of incidence
o .

tum dynamical studies in which all six degrees of freedom This paper is structured as follows. After this introduc-

the H, molecule are explicitly included can nowadays almc’Sttion we first describe the construction of the potential energy

: -16,26,29,31 H
routlrj((jaly zethpelrforr_nza‘.‘ 00 and Ilhle s€ fstud|es. havte;] e}ll surface and the computational details of the quantum dy-
considered the low-inded00 and(111) surfaces since their namical calculations. Then we discuss the results of our cal-

high symmetry allows a considerable reduction of the COMLulations with respect to the influence of the kinetic energy,

putatlonaisysfgort by using symmetry-adapted = Wave qationa| state and angle of incidence on the dissociation

funct|ons_. _ - . dynamics. The paper ends with some concluding remarks.
In this paper, we report the first six-dimensional quan-

tum dynamical study of Kdissociation on 4110 surface,
namely for the system {HPd(110). The potential energy
surface(PES used in our study has been derived from first—”' THEORETICAL METHODS
principles electronic structure calculations based on density |n order to perform the quantum dynamical simulations,
functional theory (DFT) within the generalized gradient we need a continuous analytical form of the potential energy
approximatior?’ and the dynamical calculations have beensurface. Consequently, the first step is the parametrization of
carried out employing a computationally very efficient the ab initio PES as a function of the six coordinates of the
coupled-channel scheme® H, molecule using a suitable analytical form. These six co-
We have in particular focused on the effects of the corordinates are the center-of-mass positidnY,2, the inter-
rugation and anisotropy of the PES on theg #issociation  atomic distance, and the polar and azimuthal orientation of
probability. The(110) surface exhibits a rather open structure the molecular axi® and ¢, respectively. The metal substrate
with troughs running along thigl 107 direction. Our results is usually kept fixed in the quantum dynamical simulations.
agree well with the available experimental data for the stick-This approximation is justified by the large mass mismatch
ing probability as a function of the initial kinetic energy and between hydrogen and the metal atoms which makes any
the angle of incidence. We have further analyzed the influenergy transfer and substrate rearrangement during the colli-
ence of the initial rotational state characterized by the rotasion time rather improbable.
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3.0 By anisotropy we mean the explicit dependence of the po-
[110] tential on the molecular orientation. However, it is important
2 2.4 1 to note that for a molecule interacting with a corrugated sur-
= face, the anisotropy and corrugation are not independent: the
g 18] anisotropy strongly varies as a function of the lateral position
S 1 of the molecule. Hence anisotropy and corrugation are inti-
§ 1.2 mately linked.
i The explicit functional form we have chosen is given by
g 0 ] V= Vg(s) +V(s)cosGy X+ V5(s)cosGyY
ﬁ O'(())_ 0 +V5(s)cosGyX cosGyY, (2
Q
§ i VOt=V{(s)cog §+[V](s)cosGyxX+ V5(s)cosGyY
'; ] +V5(5)coSGyX cosGy Y]sir? 6 cog24¢), 3
g 2.4 1
— vib_# 2 2
3 V=2 w()[p—Ap(s X, Y)T. @
5 1.8 1
‘5 1o ] This PES is constructed by considering two polar orien-
o 7 tations of the molecular axis, paralle#€90°) and perpen-
0.6 \g% dicular (9=0°) to the surface. For the parallel geometry, we
1 b) S //,f’/: have used the published, H?d(110) elbow plots obtained in
0.0 \<(< (¢ DFT calculations by Ledentet al>* The direction corre-
00 07 14 21 28 35 sponding top=0° is associated with the molecular axis of

o : o )
H-H distance (A) H, qhgned along thg10] or x dlrectmp. Out _of the nine
published elbow plots we have used six to adjust the param-
FIG. 1. Elbow potentials of kKat the short bridgéa) and the long bridgéb) eters in our interpolation scheme. The remaining three elbow
position of P4110) according to the analytical interpolation of thb initio plots have served as test examples. Unfortunatelgmimi-

results(Ref. 34. The coordinates are the,Henter of mass distance from .. . - .
the surfaceZ and the H—H interatomic distanceThe molecular orientation tio data for the perpendlcuIarzl-brlentatlon on Pdl.lO) was

is parallel to the surface and perpendicular to the corresponding bridge, @vailable. Assuming that the polar anisotropy of thg/IPd
indicated in the insets. The level spacing of the contour lines is 0.2 eV. PES does not vary significantly between different low-index

Pd surfaces, we have used the laterally independent polar
anisotropy calculated for the #APd(100) systen>’

The PES of H interacting with surfaces is usually ana- | "€ functions of the reaction path coordina@ppearing
lyzed in terms of so-called elbow potentials which corre-" EAS-(1)—(4) are given by suitable analytical expressions

spond to two-dimensional cuts through the six-dimensionah@in!y consisting of tanh and coshterms, as for example

PES as a function of the molecular distance from the surfac@ls‘0 used in Ref. 17. In the fit, we have mainly tried to obta_up
7 and the interatomic H—H distancdor fixed lateral center- &N accurate representation of the PES close to the transition

of-mass coordinates and molecular orientation. In the DEPAtES since these regions are crucial for the dissociation dy-
calculations, such elbow plots are determined at high_r_lamlcs. As far as_the transition stattesAenergles of the adsorp-
symmetry points of the surface unit cell tion paths determined by Ledengt al”" are concerned, the

In Fig. 1, two elbow plots are shown which are in fact mean difference between tlad initio results and the inter-

derived from the analytical fit to theb initio PES3 In the polation is below 50 meV. Generally, the deviation is about

insets of Fig. 1, the coordinate axes of the surface unit cef00 me\/ on the average. ) ,
are defined. In the following, we will denote 0] or x the In Fig. 1, two parametrized elbow potentials are plotted

[110] direction and by[01] or y the [001] direction. In a for the. H molepgle above the S0 cglleq short-bridge apd
: . long-bridge position, respectively, with its molecular axis
guantum coupled scheme, the wave function as a function o . .
arallel to the surface and perpendicular to the bridge axes.

the coordinates perpendicular to a chosen reaction path cQ- )

. - ; . . . igure Xa) corresponds to the most favorable reaction route
ordinate is expanded in a set of suitable eigenfunctions. Usu- ; . .

. : ~along which B molecules can spontaneously dissociate. It

ally, one chooses the curvelinear coordinate along one mini- .

; smoothly leads from the molecule in the gas phase to the

mum energy path of an elbow plot as the reaction path

coordinates; the coordinate perpendicular to the reacticmdissociated atoms on the surface. This contour plot corre-
path is denoted by. Hence the six-dimensional potential sponds to Fig. @) of Ref. 34. Note that the regions of the

energy surface in reaction path coordinates is defined btalbOW plot for H-H distances above approximately 2.0 A

V(X.Y,5,p.6,4). In the parametrization employed in this hich are not crucial for the dissociation dynamics have

. Lo been fitted with less accuracy. At the long-bridge position
work we_break up the PES In severa! contributions dL.‘e to_ thfFig. 1(b)], the dissociation is no longer nonactivated, and
corrugation, the anisotropy and the intramolecular V|brat|onthere is a shallow minimum before the barrier which is. how-

V(X,Y,s,p, 8, ¢)=\VC0+ oty Vb, (1)  ever, only about 100 meV high. Furthermore, the minimum
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energy path bends much more sharply. It is important to note 1 w T
that the PES of KHlon Pd110) consists of a combination of 3*;;:;3
nonactivated and activated paths to dissociative adsorption. Z 0z a) Cartwheel rotation

It should also be emphasized here that using a parametri- =
zation such as Eq<1)—(4) which is adjusted taab initio g o
calculations at high-symmetry points represents an assump- éﬁ 06/ \Vs® 5N —-_,f_.-.;;tf,.eo’-‘-'"'" 1
tion about the form of the PES at low-symmetry configura- g 0. § o’ R 0
tions which does not necessarily be correct. That is to say 2 pal ™ .
that even if theab initio PES is accurately reproduced by the ! ! ! !
parametrization at high-symmetry points, it might not be 0 02 Kineﬁ%inergy (%\6;) 08
well-reproduced in the interpolated regions. However, in the
absence ofb initio calculations for low-symmetry configu- 1—331 1009 1705 2402
rations it is not possible to judge the reliability of this inter- Rotational temperature
polation. E | A e

Using the parametrization of tha initio PES, the time- v e
independent Schdinger equation for the two hydrogen nu- Jg L7 - V/vaw-va‘W'v'"'"V"'v’v" .
clei moving on the six-dimensional PES has been solved by &6 0.6/ o0 j=0
coupled-channel calculations using the concept ofldial I IO o
reflection matrix(LORE) and theinverse local transmission B LD HlCOPIET IOt a6 e
matrix (INTRA).>>*6As usual, the H dissociation probabil- ' | e ENLILRIO)
ity is identified with the transmission probability to enter the 0 02 04 0.6 08

Kinetic energy (eV)

dissociation channdlarges) from the gas phase. The quan-
tum mechanical scattering solutions are expressed as a supers. 2. Calculated sticking probability of Hor a range of initial rotational
position of plane waves for the lateral motion of the H statesj as a function of kinetic energy under normal inciden@. Mol-

center of mass, spherical harmonics for the rotational motiOﬁCUIes initially rotating in the cartwheel fashion=0; (b) molecules ini-

d h . illat . " fi for th ibrati Itlally rotating in the helicopter fashiom=j. The rotationally averaged
an armonic oscillator eigentunctions for the vibrational g s have been determined by averaging over rotational quantum numbers

motion perpendicular to the reaction path, according to a Boltzmann distribution with a rotational temperafTig
=0.8Ty, whereT) is the nozzle temperature. The corresponding rotational
\If(X,Y,S,p, 0,¢) temperatures are indicated above the figure. In addition, the experimental
results of a molecular beam experiment are inclugef. 44.
_ i(Gy+k)-R
_G%i (I)Gulmi(s)el( 1k HYIm( 0-¢)X|(P), (5)
I

tice constants of the surface unit cell of thELO) surface
whereR, is the two-dimensional vectdi,Y) describing the along the[10] and[01] directions, respectively.
lateral coordinates of thettenter of mass, an@, are vec- The convergence of the results as a function of the size
tors of the two-dimensional reciprocal lattice of the surface.of the basis set has been carefully checked. Since the vibra-
Using mass-scaled reaction path coordinates irZthglane,  tion corresponds to the fastest time scale in thealfzhamics,

we employ the six-dimensional Hamiltonian givenby its motion is effectively decoupled from the motion of the
42 P P 0 9 L2 rgmaining degrges Qf freedom. Therefore, five—dimeqsipnal
Hep= — _( =g ety = —+ = vibrationally adiabatic calculations give results very similar
2 Js Js dp "dp g to full six-dimensional calculation®. Because of the greatly
52 [ g2 P2 reduced computational effort, the majority of results pre-
— _(_2+ —5| +V(X,Y,s,p,0,0). (6)  sented below have been obtained in 5D vibrationally adia-
2M | 9X% Y batic calculations. However, we have carefully checked

Here, 1 is the reduced mass of the IholeculeM is its total whether there is a significant deviation between 5D and 6D

mass,L is the angular momentum operatog, the H, mini- ~ results.
mum energy bond length, and the coupling parametés
defined by IIl. RESULTS AND DISCUSSION
n=1-«k(S)p, (7) In Fig. 2, we have plotted the calculated sticking prob-

ability of H, impinging on P@110 under normal incidence
where «(s) is the curvature of the lowest energy reactiongs g function of the kinetic energy for different initial rota-
path [see Fig. 1a)]. The potential is expressed as matrix tjona| states. In Fig. ®), results of a molecular beam experi-
elements along the reaction path  coordinatement are included. It is obvious that the observed nonmo-
Ve, imi.g/1'mi’(S) with respect to the basis function defined notonous behavior of the sticking probability as a function of
in Eq. (5). The basis set used in the coupled-channel algothe kinetic energy is well-reproduced for initially nonrotating
rithm included rotational quantum numbers upjtp,=8, molecules {=0) in the calculations. It is now well accepted
vibrational quantum number up tg,,=2 and maximum that the initial decrease of the,tticking probability in non-
parallel momentum p,,,,=10AG with G=min(Gx,Gy)  activated dissociation systems with increasing energy is a
=min(2n/ay,2mwlay) =2mlay, whereay anday are the lat- consequence of the suppression of the steering
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effect1#1527.283N¢ |ow kinetic energies, the slow molecules
can be very efficiently steered to nonactivated pathways to-
wards dissociative adsorption by the attractive forces of the
potential. This mechanism becomes less effective at higher
translational energy leading to smaller dissociation probabili-
ties. 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 trappirfthey

do not directly dissociate but transfer energy from the trans-
lation perpendicular to the surface into internal degrees of
freedom and motion parallel to the surface so that they can-
not escape back to the vacuum. Eventually most of the dy-

Sticking probability

namically trapped molecules dissociate. 0 | | I e |
Just recently, the dissociative adsorption gff Ad(110) 04 02 0.4 06 o 0.2 0.4 0.6
for normal incidence has been studied by classical and qua- Kinetic energy (eV)

siclassical molecular dynamics simulatiofisn these calcu- o B )
lations, a PES has been employed that was adjusted to DI'—';‘fG'.3' Calculated sticking probability of #4Pd(110) as a function of

. . A . . inetic energy for H molecules initially in thej =3 state for different azi-
calculations in a corrugation-reducing scheth@his study  mythal quantum numbers. For the sake of comparison, the results for
mainly focused on the role of dynamic trapping. The calcu-=0 are also included. The insets show the probability distribution of the
lated sticking probabilities are in good agreement to the onegerresponding j(=3,m) rotational state.
determined by us, regarding the different methods used in
both studies.

In molecular beam experiments, supersonic beams abf the particular rotational quantum numkeWe note that
molecules are directed at the surface of interest. These bearftg higher rotational quantum numbers there is also a rota-
are formed by the rapid expansion of a gas flowing through aionally adiabatic effect in dissociative adsorption since the
nozzle which leads to translational energy distributions thabond lengthr,(s) and thus the moment of inertia
are considerably narrower than those of thermal besfie = ur(s) increases’* For rotationally adiabatic motion,
mean translational energy is primarily controlled by chosingthe rotational energy
the temperatur@, of the nozzle through which the molecule 2.
emerge. This has the unwanted side-effect of changing the E (j)= M

rot(]) (8
populations of the initial rovibrational states, which are usu- 2l

ally given by a Boltzmann distribution according to somein a particular rotational state decreases due to the rise in the
effective temperature. Thus many plots{fE) are actually moment of inertid which leads to an effective energy trans-
S(Tw) curves. These are only the same when vibration anger from rotation to translation. As Fig. 1 indicates, the mini-
rotation have no influence on the dissociation. However, asmum energy paths in the elbow plots of the PES exhibit a
we see in Fig. 2, the dissociation probability strongly de-strong curvature. If there were no rotationally adiabatic ef-
pends on the rotational state. fects, one would expect that the dissociation probability de-
Figure 2a) shows the sticking probability for molecules creases monotonously with increasifpgin particular for
rotating in the cartwheel fashion witm=0. In these rota- molecules rotating in the cartwheel fashidnFigure 2a)
tional states, the molecules have a high probability to hit thghows that the rotational hindering does not rise any further
surface in an upright orientation in which they cannot dissofor j=4. This is an indication that bond length effects play a
ciate. In addition, the dissociation probability is further re- significant role in the dissociation dynamics:®In particular
duced for molecules that are more rapidly rotatihigherj), it means that the adiabatic energy transfer from rotations to
in particular a low kinetic energies. Rapidly rotating mol- translations contributes to the rotational effects in the system
ecules will rotate out of a favorable configuration for disso-H,/Pd(110).
ciation during the interaction with the surface. This rotational  In order to analyze the dependence of the sticking prob-
hindering’'° becomes less pronounced at higher kinetic en-ability on the rotational state in more detail, we have plotted
ergies where the impinging molecules are rather fast. in Fig. 3 the calculated results for,Hnolecules initially in
The rotational hindering can in fact be counterbalancedhe j=3 state as a function of the azimuthal quantum num-
by orientational or steric effects. If the molecules are rotatingoerm. For (j =3,m=0), we find the expected rotational hin-
in the so-called helicopter fashion with=j, then the rota- dering for this cartwheel mode. However, interestingly
tional axis of the H molecule is preferentially oriented per- enough we find for all states withj € 3;m>0) a significant
pendicular to the surface which means that the moleculaenhancement of the sticking probability. We have confirmed
axis is preferentially parallel to the surface. This orientationthat this is indeed true not only for thje=3 states, but also
is favorable for dissociation. As Fig(l® shows, additional for the otherj states. This strong enhancement represents a
helicopter rotation indeed leads to an enhanced stickingurprising results. As far as the rotational effects in the dis-
probability, which has also been found at other surfaéé. sociation of H at the more densely packétill) and(100)
Interestingly, the rotational enhancement of the stickingsurfaces are concerned, usually one finds a rotational en-
probability for helicopter molecules seems to be independertiancement smoothly increasing with®*! We attribute the
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strong rotational enhancement for=1 found here to the T T T T

already rather open structure of tf#10) surface which leads @ 1000__ Dfﬂ'ﬂ |
to a strong corrugation in theFsurface interactiorisee be- £ g0l D,n'” i
low). Perpendicular to the troughs which are running along ‘g i o7 o

the[10] direction there is a pronounced variation of the bar- g 6001 =7 ‘\.@'\" -
rier position®* Then the orientation of the molecule parallel g | P 1
to the surface is not necessarily the energetically most favor- ‘g 400¢ o x@&& 1
able one. This might be the cause for the rotational enhance- '% 200'_ < i
ment of anym>0 rotational mode, not just thea=j heli- 2 I

copter mode. 0

s | s [ s [ s | s |
; : 0 200 400 600 800 1000
This strong rotational .gnhancem_ent has several conse- Surface temperature (K)
guences that could be verified experimentally. As mentioned
above, the H molecules in the molecular beam experimentsFIG. 4. Rotational temperature of desorbing tolecules as a function of
using n-hydrogen are not in their rovibrational ground state.surface temperature. The solid line represents the thermal equilibrium.
The distributions are rather characterized by Boltzmann fac-

tors with effective temperatures. As far as the rotations arg

4 th dina t ¢ is about 80% ﬂi,m‘ace temperature. Indeed we find a small rotational heat-
concerned, the corresponding temperature 1S abou ® g which, to the best of our knowledge, has not been found
the nozzle temperaturéy,

§ by Ep= %o WWE'Ch |s_rel?teddtoh_the fl;lnet:)c before in the desorption of molecules. Usually one finds ro-
energy by Eyin=2KgTy. We have simulated this eflect by .o, cooling in desorptiofUnfortunately, the rotational

determining a rotationally averaged sticking probability aC-ffects in the system HPdA(110) have not been measured

cording to yet. Thus it is very desirable that our prediction will be
1 : —Eo(j,m) checked experimentally. We note, however, that for
Stot( Exin) = ijm S(Exin ,m)exp( Tt) (9  H,/Pt(110), no rotational enhancement has been found for
, roi

j=1 andj=2, but rather a rotational hinderifig.
where Z is the partition sum, and ,,; is specified byT,y As a further property of desorbing molecules, the rota-
=0.8 Ty=0.8 2E,,/(5kg). In principle, for n-hydrogen tional alignment can be measurett:*?It is defined by the
the Boltzmann summation should be performed indepenguadrupole moment of the orientational distribution of des-
dently for para- and ortho-hydrogen, i.e., for even and oddrbing molecules
rotational quantum numbers. However, considering the un- 2 .2
S S . Lo 3m°—j
certainties in the determination of the rotational distribution A<02)= <T>
of the molecular beanfs’ we have not taken into account ]

the distinction between para- and ortho-hydrogen in the sumviolecules rotating preferentially in the cartwheel fashion
mation. In fact, our results are relatively insensitive to thehave an alignment parametét{?)(j)<0, while for mol-
exact value of the rotational temperature, as we have carecules rotating preferentially in the helicopter fashion
fully checked. A?(j)>0. From the calculated sticking probabilities, de-
The sticking probability determined according to B9).  sorption distribution can be directly derived using the prin-
is also included in Fig. ®). Due to the fact that almost all ¢iple of microscopic reversibilit§:!” Figure 5 shows the cal-
rotational states wittm>0 cause an enhancement of the cylated rotational alignment for a surface temperature of 700
sticking probability, the combined effect of all rotational k. Since the sticking probability is enhanced for>0, the
states is to lead to an effective increase in the sticking probmglecules desorb preferentially in states with>0. This
ability at kinetic energies larger than 0.1 eV. This effectjeads to a positive alignment parameter. However, this align-
should in fact be seen experimentally, if the rotational temment is much smaller than found for,Hind D, desorbing
perature of the molecular beam is changed by seeding teclom other surfaces”**~**This is at first sight surprising
niques. Please note that the agreement between experimgaharding the strong enhancement of the sticking probability
and theory fofj =0 is in fact deteriorated when the rotational
effects are included in the simulations.

(10

The rotational effects evident in the sticking probabilities 0157 T T T T
should also be observable in the time-reversed process of -
dissociative adsorption, the associative desorption. Accord- é 0.101 . .
ing to the principles of microscopic reversibility and detailed &
balance, the calculated state-resolved sticking probabilities = 005k e o
can directly be used to determine the relative populations in § , .
desorptiorf'!” The strong rotational enhancement in adsorp- O |
tion should lead to a so-called rotational heating in desorp- &
tion. The rotational temperature in desorption is related to the
mean rotational energy,=E,,/Kg . Thus, the mean rota- 0055 ] A5 6 ] 78
tional energy of desorbing molecules should be larger than in Rotational quantum number j

thermal equilibrium. In Fi_g- 4, we ha_V9 plotted the (_:alcmatedFlG. 5. Calculated rotational alignment in desorption as a function of the
rotational temperatures in desorption as a function of theotational quantum number for a surface temperaturg=e700 K.
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FIG. 6. Sticking probability as a function of the normal component of the
incident energy for molecules initially in the vibrational and rotational FIG. 7. Sticking probability as a function of the total kinetic energy under
ground state. The solid line denotes the normal-incidence data while theon-normal incidence along tH&0] and[01] directions, respectively. The
results for non-normal incidence are grouped according to their angle oparallel momentum has been kept fixed p=32Gx=[30] and p,
incidence#: 0°-30°, circles; 30°—60°, boxes; 60°—90°, triangles. Note that =4/ Gy=[04]. The corrugation along these different directions is indicated
the non-normal incidence data are obtained for different azimuthal anglesin the insets. The angles of incidence for fi€] direction are shown at the
upper axis, and the difference in the incident angles td @i&direction are
added in the figure.

for molecules rotating in the helicopter mode. However, all
but them=0 rotational states show a strong enhancement of
the sticking probability. The small alignment is caused by thqlo] or x [see the inset in Fig.(&)] are in fact close-packed.
fact that the rotational enhancement is similar forraltt0  One would expect that along this direction the corrugation is
states so that there is no pronounced preference for the maxelatively weak. However, the DFT calculatidfsshowed
mumm=j state. that there is a strong variation of the barrier height to disso-
Let us now focus on the role of the corrugation in the cjative adsorption between the top site and the short bridge
dissociation dynamics. The dependence of the sticking probsite along[10], whereas along thE001], [01] or y direction
ability on the angle of incidencé; is directly related to the perpendicular to the troughs, it is rather both the barrier po-
corrugation of a surface. For a perfectly smooth surface, thejtion and height that vary.
sticking scales with the normal component of the transla-  |n Fig. 7, we have plotted the sticking probability for
tional energy, i.e., it exhibits the so-calletbrmal-energy non-normal incidence along tfj&0] and[01] directions, re-
scaling while for a corrugated surface also the parallel com-gpectively, for constant parallel momentum. For the sake of
ponent of the kinetic energy influences the sticking probabilcomputational efficiency, we have determined the sticking
ity. In Fig. 6, we have summarized our results for the stickingprobability for non-normal incidence only for parallel mo-
probability for different angles of incidence as a function of menta that correspond to vectors of the surface reciprocal
the normal component of the kinetic energy. If we had|attice. Note that the ratio between the length of the two unit
normal-energy scaling, all the data would fall onto the stick-yectors of the surface reciprocal latticeds /Gy =v2. Since
ing curve for normal incidence)=0°. However, we see that v7 is no rational number, it is impossible to get the same
additional parallel momentum strongly influences the stick-angle of incidence along different azimuths if the parallel
ing probability indicating the strong corrugation of the momenta are multiples of the reciprocal lattice vectors. In
H,/Pd(110) PES. The dependence on the angle of incidengeig. 7, we show results for two parallel momentg,
is in fact much stronger than on the smoothet1®@) sur-  =3%G, andp,=44Gy, since 3By~4Gy .
face(see Fig. 9 in Ref. 16 We find that except for the lowest energies, the sticking
We first note that there is no unique trend in the role ofprobability for an angle of incidence along tfi] direction
additional parallel momentum. For an angle of incidences larger than along thE01] direction. However, the differ-
larger than 30° the dissociation is suppressed compared #hces are still relatively small. We have analyzed the depen-
the normal-incidence results. For angles of incidence belowence of the sticking probability on the angle of incidence
30°, there is both a suppression and an enhancement of thér three different azimuths in more detail in Fig. 8. In addi-
sticking probability caused by additional parallel momentum.tion to the[01] and[10] directions we have also considered
For the majority of incidence conditions with<30°, how-  the [11] direction which corresponds to the diagonal of the
ever, additional parallel momentum enhances the dissocigurface Brillouin zone. At the lowest kinetic energy;
tion. =0.05 eV, the sticking probability is almost independent of
Furthermore, we see a large scatter in the data for théhe angle of incidence, in agreement with the experirfieAt.
same normal kinetic energy. This is caused by the strongimilar behavior has also been found in the case of
corrugation which leads to a strong dependence of the stick4, /Pd(100)1*° At higher kinetic energies, there is first a
ing probability on the lateral kinetic energy at the same nors|ight increase in the sticking probabilities with increasing
mal kinetic energy. In addition, it is caused by the azimuthalangle of incidence, and then a decrease which is most pro-
anisotropy of the(110 surface. The atom rows along the nounced at the highest kinetic energy consideréd,
troughs running in th¢110] direction which we denote by =0.7 eV. Except for the lowest kinetic energies, the highest
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Ml__%%_ osk =T incident angle with a maximum at 20°-30°, and then a de-
I { t = 110} di. | | crease which is the stronger, the higher the kinetic energy.
2 oof ] 0o oo lildin] | The[10] direction corresponds to the direction along the
;: 04; =—a (10]dir.| | M%' close—packeq rows of the110) surfacg. Ope would expect
S | Bm0msey oo fljdi] | 7T E=02eV that along this direction the corrugation is less pronounced
EE 02—kt 02— than along thg01] direction which is perpend]c'ular to the
g —— . — ' troughs of the(110) surface. Hence it is surprising that we
% 08F E=04ev |21 081 E=07ev (2721000 find an initial increase in the sticking probability as a func-
7 o6h ‘:"ii'jei 0.6 oo liljdir] ] tion of the angle of incidence in an energy regime where the
—i] L sticking probability is rising as a function of kinetic energy
04 \ 0.4 . for normal incidence. Hence this increase is indicative of a
Y RN ST RN I strong corrugation effect along this direction. And indeed, an
020 40 60 80 0 20 40 60 30 analysis of theab initio reaction paths listed in Ref. 34 con-
Incident angle (9,) firms that the variation of the transition state energies for

FIG. 8. The sticking probability as & function of incident angle at different some fixed molecular orientation has a larger variation along
. O. ICKI 1 u | INCI | . . . .
initial kinetic energies. The azimuthal angles of incidence are alonftfe the Close-packe{ﬂO] direction than alpng thg)l] direction
[10], and[11] directions, respectively. (compare, e.g., pathways 4, 5, 6 with pathways 1, 2, 3 or
pathways 1 and 8 with pathways 8 and 9 of Ref). 24ong
the [01] direction, i.e., perpendicular to the troughs of the
sticking probabilities are found for the incidence along the(?lo? .surfa.ce, the sticking propablllty does not ex.h'b.'t any
significant increase as a function of the angle of incidence.

[10] direction, which confirms the findings of Fig. 7. Thi It is in fact i th ) ol
In order to analyze the effect of the corrugation on the IS result Is in fact in agreement with previous simple

sticking probability, it is helpful to distinguish between so- three-dimensional palculaﬂons for a s_ystem W'th both agtl-
called energetic and geometric corrugati®f® Energetic vated and nonactivated paths to dissociative adsorption,
corrugation corresponds to a situation in which only the bar—Where the role of gdglltlonal parallel momentL_lm has be_en
rier height but not its position is varied while in the case Offound to be rat_her similar t(;ﬁthe case of energetic corrugation
geometric corrugation it is the other way around. In the casd' @ purely aciivated systefn.

of energetic corrugation, additional parallel momentum IeadsI Th(laofactdthlalt the result.s _flor ;he azupu;chaltr:nfldence
to an effective averaging over the barriers within the surfac ong[10] and[11] are very similar demonstrates that a mo-

unit cell. This causes a suppression of the sticking probabil—eCUIar beam incident along the diagonal of the surface Bril-

ity for kinetic energies below the average barrier heige.  1°Uin _zonefmalso experiences a strong corrugation. In the
At a geometrically corrugated surface, on the other hand, thgxperlmen , the |nC|de_nt 'a2|muth hg; not been specified.
sticking probability is increased by additional parallel mo- orE;=0.35 ?V’ the sticking E“’bab'“‘y has' been founq 0
mentum. This increase is caused by the fact that an impings-cal_e a(_:cordlng 65(6) o™ 6. We h?“’e included this
ing molecular beam under non-normal incidence will hit ascalmg ”1 theopanel _fOE‘:0'4 eV of Fig. 8. For angles_
larger fraction of barriers where the local potential gradientbeIOW 30__40 experlmerlt and theory agree well, depending
is aligned to the direction of incidené&*5This effect can be on the azimuth. Above 40°, the theoretical results seem to be

S0 strong that it leads to an enhanced sticking probability fopmallgr than the expenmental curve. However, also the range
non-normal incidence for constant kinetic energy. HoweverOf incident angles used in the experiment has not been speci-

it is important to note that for a highly corrugated surface nofIecj in Ref. 44.

clear distinction between energetic and geometric corruga-
tion can be made. For example, strong energetic corrugatiofly coNCLUSIONS
can lead to a variation of equipotential contour lines below
the minimum barrier height that is rather similar to the varia- ~ We have performed a quantum dynamical study of the
tion caused by geometric corrugation alone. Furthermore, fodissociative adsorption and associative desorption of
a system with both activated and nonactivated paths to didd2/Pd(110). The potential energy surface has been derived
sociative adsorption, such as HPd(110), again no real dis- from ab initio electronic structure calculations. Our results
tinction between energetic and geometric corrugation can bare in good agreement with the available experimental data.
made since for the nonactivated paths no barrier location cafit low kinetic energies, the dissociative adsorption dynamics
be defined. is dominated by the steering effects due to the coexistence of
At the lowest kinetic energies in Fig. B;=0.05 eV, the nonactivated and activated paths towards. The ofi46)
steering effect is operative. The fact that the sticking probsurface is characterized by troughs running along] thi0]
ability is almost constant as a function of the polar and azidirection. The strong corrugation and anisotropy of the po-
muthal angle of incidence indicates that the steering effectential energy surface lead to pronounced orientational ef-
does not depend on the angle of incidence. At the highefects in the adsorption and desorption dynamics. We found a
energies, steering becomes less effective. As Fig. 8 showstrong enhancement of the sticking probability for molecules
the angular dependence of the sticking probability for inci-rotating with azimuthal quantum numbens>0. This en-
dent beams along tHeL.0] and the[11] direction are rather hancement causes an unusual rotational heating in desorption
similar. Both show first a slight increase as a function of theand a rather small rotational alignment. Due to the strong
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