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The dissociative adsorption of hydrogen molecules on(iHg) surface of palladium is studied by total-
energy calculations using the density-functional theory within the framework of the generalized gradient
approximation. A variety of dissociation pathways is investigated. Both activated and nonactivated pathways
are found. We carry out a detailed analysis of the electronic structure along the different pathways to under-
stand the microscopic mechanism of bond breaking and bond formation. This analysis allows us to account for
the energetic ordering of the transition states. Precursor states are also identified for the system considered
here.[S0163-18207)03148-3

I. INTRODUCTION While this picture can account for the initial decrease of the
sticking probability, no direct experimental determination of
Dissociative adsorption of hydrogen on metal surfacesuch precursor states has been reported. Moreover, the pre-
can serve as the simplest prototype of chemical reactions agise conditions under which the steering effect and the pre-
the metal surfaces. The understanding of the dissociative adursor effect come into play are not yet elucidated. For ex-
sorption process over various metal surfaces will give in-ample, quite different dynamic behaviors have been found
sights into the heterogeneou; catalysis of more complex sysor the H, dissociation on RL11) and Ni111) (no initial
tems. The hydrogen-palladium system is one of thejecrease of the sticking probabilitypompared to Pd11).°
extensively studied systems due to its importance in a varietfpis has been attributed to the lack of precursor state. How-
of technological applications. For example, palladium can b%ver, it can be expected that nonactivated paths exist on
used as catalyst for hydrogenation reactions of the Fischerpt(lll) and N{111) for the dissociation of K Why the

Tropsch type. The'd|ssoc[at|ve adsorption of ¢ the sur- steering effect does not seem to operate here? To answer this
face of a catalyst is the first elementary step of such reac-

tions. Now, a large amount of experimental informations isquestion, thorough investigations should pe carried out in
available for the hydrogen-palladium system under well-Parallel for H/Pd111), H,/Pi(111), and H/Ni(111).

controlled conditions thanks to the high vacuum techniques. Thgoretl_cal studies have been also Camed out for_ the
Early experimental efforts have been focused on characteriﬁhem'sorzp_tégn of atomic hydrogen on various palladium
ing the atomic chemisorption of H on various low-index sur-Surfaces. ~ Early work was based on semiempirical ap-
faces of palladiunt~X5 One important general feature found Proaches like embedded-clustef® or embedded-atoff
from these experiments is that the most favorable adsorptioftethods and effective-medium mod&lsab initio calcula-

site is that with a high coordination number. In the case ofions have been carried out at§6*that provide an accurate
Pd111), it is the threefold hollow site. Low-energy-electron- description of the main features of chemisorption on a vari-
diffraction measurements’ have characterized the geomet- ety of metal surfaces. Very recentlgb initio approaches

ric structure of the adsorption site. The electronic structurefiave been applied to study the dissociative adsorption,of H
of the clean and hydrogen-covered palladium surfaces haven a variety of transition- and noble-metal surfat®d>The
been investigated by means of ultraviolet photoelectron spegotential energy surface®ES determined from thesab
troscopy and electron-energy-loss spectroscdpy’.The dy-  initio calculations allow to carry out classic and quantum
namics of dissociative adsorption has been studied witldynamic simulations of the adsorption proc&sg® These
molecular-beam techniqué®:?* Two classes are found for investigations of the dynamics reveal translational and orien-
the behaviors of the sticking probability. In the first one, thetational steering effects driving the,Hnolecule into favor-
sticking probability is a monotonically increasing function of able pathways in the low beam energy regime. For the sys-
the kinetic energy of the impinging molecules. This featuretems studied up to now, no evidence has been found for the
is associated with activated dissociations. In the secondxistence of precursor states.

class, the sticking probability decreases first in the low inci- In this paper, we present a detailed study of the dissocia-
dent energy region and then increases with the beam energyve adsorption of H on the Pd111) surface byab initio
This behavior was attributed to the existence of both acticalculations. A variety of dissociation pathways is examined.
vated and nonactivated pathways and/or to the existence &oth activated and nonactivated pathways are found depend-
molecularly adsorbed precursor states before dissociatioing on the impinging point of the adsorbate molecule on the
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surface. We carefully analyze the electronic structure. This
allows to understand why some pathways are activated and
the others are not. Precursor states are also found for the
system considered here.

fcc bridge hcp

II. METHOD

The calculations presented in this work have been carried
out using the Viennaab initio simulation program
(VASP).*°-52 VASP performs an iterative solution of the
Kohn-Sham equations of density-functional theory using
residuum-minimization methods or sequential band-by-band
conjugate gradient techniques and optimized charge-density
mixing routines>>? We use the exchange-correlation func-
tional based on the quantum Monte Carlo simulations of
Ceperley and Aldéf as parameterized by Perdew and FIG. 1. Schematic presentation of(a11) surface showing the
Zunger>* The correction based on the generalized gradienﬂiﬁerem ads_orption sites and the end configurations o_f the dissocia-
approximation(GGA) proposed by Perdew and Wa‘iﬁgs tlv'e adsorption:(1) fcc-fcc; (2) hcp-hc_p;(S) p-t-b (bridge-top-
also included. In our calculations, GGA is included in the Pridge; (4) fec-t-hep; (5) fee-hep; (6) bridge-bridge;(7) top-top.
self-consistent procedure, i.e., not only a GGA correction
based on the local density approximatidrDA) electron [ll. RESULTS AND DISCUSSIONS
density being added. The valence orbitals are expanded in a
plane-wave basis, with the electron-ion interaction described
by the ultrasoft pseudopotentials proposed by Vandéfbilt  We will first summarize some calculated properties of the
and optimized by Kresse and HafréiThe pseudopotentials adsorbate and the substrate and of the end configurations of
used here have been described in details in the previous wotke different pathways to be considered in the following.
on the atomic chemisorption of H on @Ad1).** Thanks to  Within GGA, we found a bulk lattice constant od
the efficiency of the ultrasoft pseudopotentials, the plane=3 95 A which is slightly larger than our previous LDA
wave expansion of the valence wave functions can be trunyegylt of 3.88 A32 but still in good agreement with the ex-
cated at the cutoff energy of 200 eV that leads to 1 MRy,qrimental value of 3.89 A The bond length of K given
convergence for the cohesive and adsorption ene_rgleEy our GGA calculation is 0.75 A, in good agreement with
Bnllo_um-zone Integrations h%ge b_een perform_ed ona gr_ld Othe experimental value of 0.74 A. In our previous wéfkhe
spemal Monkhost—Pack pointS,using a Gaussian smearing chemisorption of atomic H on RHl11) has been studied for
with a width of 0.4 eV for the one-electron levels within the
generalized finite-temperature density-functional theege the coverages at(ML) and 1/4 ML. For the/3 X3 surface

cell used in this work, the adsorption of, Heads to a cov-

Refs. 51 and 52 for deta)lsTo model a surface, we adopt ¢ h p . f the diff
the slab supercell approach. All the calculations presented ifrage of 2/3 ML. The end configurations of the different re-

this work are made on a slab containing five palladium lay-2ction paths considered are depicted in Fig. 1. The adsorp-
ers. A vacuum space corresponding to five Pd layers is usdipn energies _and geometries of these end_ conflguratl(_)ns are
to separate the central slab and its periodic images. Duringummarized in Table |. Among the considered configura-
the adsorption, the substrate is kept at the truncated buons, only the top-top configuration is unstable against dis-
geometry with the calculated equilibrium lattice constant.sociation. Here, we recover the energetic ordering of differ-
This rigid substrate model can be justified by the fact that P@nt adsorption sites already known from the atomic
atoms and the Fimolecule have very different time scales chemisorption study? The threefold hollow sites are the
due to the large mass difference between them and the sumost stable with the fcc site being slightly more stable than
face Pd layer undergoes a very small relaxaffoAll the  the hcp site. However, the fcc-hcp and febep configura-
calculations are made withv& X v3 surface cellsee Fig. 1L tions are less stable by about 100 meV than the fcc-fcc and
At low temperatures, the(v3Xv3)R30° chemisorption pat- hcp-hcp configurations. This destabilization is due to the fact
tern of H on P@d111) has been identified experimentally?  that there is one H-H distance equal only to 1.61 A in the
One dissociation pathway studied in this work leads directlyfcc-hcp and fca-hcp configurations, leading to a strong re-
to this chemisorption pattern. pulsion between H atoms. The same kind of destabilization

A. End configurations of different pathways

TABLE |. Adsorption energyE,4 and geometries of end configurationﬁ;,% ML.

Configuration fce-fec hcp-hcp  b-t-b fcct-hcp  fece-hep bridge-bridge  top-top
E.q(eV/atom-H* —0.498 —0.446 —0.329 —0.347 —0.347 -0.191 0.162
dyy A 2.79 2.79 2.79 2.79 1.61 1.40 2.79
hy (R) 0.84 0.84 1.01 0.83 0.83 1.04 1.55
dy.pg (B) 1.82 1.82 1.72 1.81 1.81 1.74 1.55

3~ (E[H,/Pd(111)] — E[H,]— E[Pd(111))/Ny.
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arises also in the bridge-bridge configuration, leading to an
energy-increase of 138 meV compared tolhe-b configu-
ration.

B. Dissociative adsorption pathways
and potential energy surface

dHfH(A)

Within the Born-Oppenheimer and rigid-substrate ap-
proximations, all the dynamic informations about the disso-
ciative adsorption can be obtained in principle from the six-
dimensional potential energy surface. However, the direct =
determination of such a hypersurface remains a daunting TIS BEs S 0008 1TENATe 0o 08 1yt
task. Therefore, we have to appeal to our physical and
chemical intuition for selecting some plausible low-energy
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foc-t-hep  b-t-b |

stitute low-dimensional cuts of the 6D PES. From these low-
dimensional cuts, an approximate 6D PES can be built by
interpolation, which allows dynamic calculations to be car-
ried out*454"We know that the dissociation process costs
less energy if the bond breaking of the hydrogen molecule is L e
accompanied by the simultaneous formation of a strong zA)
adsorbate-substrate bond. Based on this argument, one 85115 2 2D cuts of PES for different dissociation pathwags:
sumes that the pathways in which the hydrogen molecul?cc_fcc;' (5) hep-hep: (©) b-t-b: (d) fec-t-hep: (e) fec-hep; (f)'
remains essentially parallel to the surface with the atom%ridge-bridge;(g) top-top; (h) energy variation on the bottom of

orientated towards hlg'h-symmetry sites are thg energ,et'ca”éfifferent paths. Contours in full line correspond to positive values
favorable ones. In their recent works on the dissociative ads

¢ : and those in dashed line to negative values. Contour spacing is 80
sorption of H on the(100) surface of Rh, Pd, and Ag, Wilke mev/molecule.
and Schefflé!t and Eichler, Kresse, and Haffiéf® have
shown that a cartwheel rotatidia rotation moving the hy- . . . .
drogen molecule out of a plane parallel to the surfagees lating about 60 calculated p0|r_1ts scanning different bond
rise to a sharp increase of energy. Hence, in the present wotRNgths of H, dy.y, and the height of the center of mass
we will restrict ourselves considering only pathways inabove the surface. Figure Zh) shows in addition the varia-
which the hydrogen molecule approaches the surface with itgon of the energy at the bottom of each reaction path as a
molecular axis parallel to the surface. function of the distance from the surface. From these plots,
In total, we have studied seven different dissociation pathene can see that four dissociation pathways are nonactivated:
ways. We name these pathways by their end configurationshe fcc-fce, hep-hepb-t-b, and fect-hep paths. However,
The geometry of these pathways is shown in Fig. 1. Thdor none of these paths the potential energy decreases mono-
selection of these pathways constitutes a representative satenically along the reaction coordinate. This is similar as
pling with different molecular orientations and locations of along theb-t-b dissociation path on R#00).“>3In contrast,
the center of mass in the unit cell. This will hopefully supply the potential energy decreases monotonically along the other
sufficient information for building the higher-dimensional nonactivated pathways for the dissociation of, tén
PES by interpolation. Among the seven dissociation pathPd100).** The most favorable dissociation pathway is the
ways, four lead the K molecule to dissociate directly to fcc-fcc path. There are two transition statd@ss) along this
hollow sites, i.e., fcc-fce, hep-hep, fdehep, and fcc-hep  path. The first is an unimportant one. By this, we mean that
paths. In the nomenclature of these dissociation pathway#his first TS does not characterize the bond breaking of the
the sites for which head the two H atoms are given explicitlyH, molecule. After this first TS, there is a precursor state.
and for the path names with three items, e.g.,titcp; the  We will come back later to discuss the very existence of the
middle one specifies the position of the center of mass. Twrecursor state. The bond breaking of the mHolecule is
paths considered here bear some resemblance to two of thosearacterized by the second TS. This TS gives a barrier of
studied by Wilke and Scheffl&rand Eichler, Kresse, and 115 meV with respect to the precursor state but it is still
Hafner>*3for the dissociation of Klon the(100) surface in  lower by 95 meV compared to the noninteracting &hd
the sense that along the fcc-hep path, the center of mass 8d111) [see Fig. Zh)]. This TS is a late one in the exit
H, is over the bridge site with the two H atoms dissociatingchannel. The H-H bond is stretched to 1.06 A. The TSis at a
into two hollow sites and along fashcp path, the center of quite short distance to the surfages 1.38 A. The hcp-hcp
mass of H locates at the top site with two H atoms dissoci- path is similar to the fcc-fcc path in nearly all the aspects
ating into two hollow sites. There are two paths leading to[see Fig. 2b) and Table I]. This resemblance is expected
the dissociation into two bridge sites, i.e., thet-b and  from the similarity between the geometries of the two paths
bridge-bridge paths and one path to two top sites, i.e., thand that between the fcc and hcp sites. The second TS on the
top-top path. hcp-hep path is about 20 meV higher than the corresponding
The 2D cuts of the seven dissociation pathways are plotTS on the fcc-fcc path. This correlates well with the fact that
ted in Fig. 2. These “elbow” plots are obtained by interpo- the fcc site is slightly more favorable than the hcp site.

fec-fec

0.4L

060

-0.8F
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TABLE Il. Transition states along dissociation pathwa&';,% ML.

Pathway fce-fee hcp-hep b-t-b fcct-hep fce-hep bridge-bridge top-top
AE (eV)? —0.095 —0.074 —0.005 —0.002 0.019 0.021 0.012
dyn R) 1.06 1.08 1.35 1.35 0.78 0.79 0.78
hy A) 1.38 1.37 1.45 1.45 1.93 1.93 2.01
dppg (A) 1.68 1.68 1.60 1.60 2.42 2.31 2.25

Noninteracting H and Pd111) as energy reference.

The other two nonactivated dissociation pathways are the Finally, the top-top path does not lead to dissociative ad-
b-t-b and fcct-hcp paths. For both configurations, the cen-sorption. From Fig. @), we see that along this path there is
ter of gravity of the molecule is located on top of a Pd atom.a very shallow potential well. After this well, the stretching
The orientations of the Hmolecule in these two paths are of H-H bond causes the energy to increase continuously and
perpendicular to each oth&ee Fig. 1 These two paths are leads to an end-configuration unstable with respect to the
nearly identical. First, the adsorbate encounters a precursmoninteracting H and Pd111) (see Table)l
state with a depth of about 210 meV and then a TS which is Now, let us come back to discuss in some details the
still slightly more stable by a few meV than the noninteract-precursor states. The existence of precursor states has been
ing molecule and surfacesee Tables Il and IJl The TS is  postulated as a possible explanation for the decrease of stick-
found in the exit channel and the H-H bond is more stretchedhg coefficient with the increase of incident beam energy in
than in fcc-fcc and hep-hcp pathisee Table . This ac-  the low-energy regime. To our knowledge, the very exis-
counts for the higher energy at this TS. The close likenestence of precursor state has never been directly determined
between theb-t-b and fcct-hcp paths shows that an in- from experiments. In the work of Wilke and Schefffeon
plane rotation on the top site is almost free. This is in conthe dissociation of K on Pd100, there seems to appear
trast to the(100) surface where large differences in the en-some sign for the existence of precursor state alohgteh
ergies ofh-t-h andb-t-b configurations at constant height dissociation path over the top site. Nevertheless, they have
have been fountf*3 checked that the potential well before the TS does not cor-

The fcc-hep and bridge-bridge paths are two activated disrespond to a local minimum of the PES. Its presence is due
sociation pathways. They share some common featureso the restriction for the motion of the center of mass of the
There is no precursor state along these paths and the TSsolecule. If it is allowed to relax, the dissociation takes
along both the paths are located in the entrance channelace along a purely attractive path by sliding away from the
(early TS with the H-H bond being stretched only by 0.03 A top site when approaching more and more the surface. This
compared to the bond length of the free molecule. A well-behavior has also shown clearly for the dissociation 9bhl
known rule of thumb in chemistry states that an early TSthe (100 surface of Rh, Pd, and Ag in the recent works of
corresponds to a low-energy barrier. In terms of the H-HEichler, Kresse, and Hafnéf:*3 Hence, no precursor state
bond stretching, the TS’s along the four nonactivated pathexists on thg100 surface of Pd and Rh. The quantum dy-
ways are all much later than the TS's along the fcc-hcp anghamic simulation of Gross, Wilke, and Schefffenave dem-
bridge-bridge pathgsee Table ). However, it should be onstrated that the observed nonmonotonic behavior of the
noted that the TS’s along these latter two ones are morsticking coefficient arises from the simultaneous presence of
distant from the surface. The fcc-hcp path studied here renonactivated and activated reaction pathways leading to dy-
sembles somehow thk-b-h path on P@00 studied in namic stearing effects whose efficiency in increasing the
Refs. 41-43 in the sense that these paths are all located owvsticking probability depends on the kinetic energy. To make
a bridge site and lead to the dissociation into two hollowsure that the potential wells before TS’s along the fcc-fec,
sites. While such a path is nonactivated for the dissociatiomcp-hcp,b-t-b, and fcct-hcp paths correspond really to pre-
of H, on Pd100),* it is activated on Pd.11). Although the  cursor states, we have carried out calculations at these posi-
fcc-hep and bridge-bridge paths are activated ones, the reions, relaxing all the six degrees of freedom of therhbl-
quired activation energies are quite sm@bout 20 meV. ecule. The results show that they are all the true local
These barrier heights are comparable to those found alonginima of the PES. So precursor states indeed exist for the
the h-b-h dissociation path on thél00) surface of Pd and dissociation of Hon Pd111). The existence of the precursor
Rh (10 and 20 meV, respectivglyA much higher barrier is state makes the dissociation of, Hver the top site on
found, however, along thé-h-b path on P@LO00 (90 Pd111) somewhat different from that happening on(Fab)

meV).* and RK{100). On Pd100) and RK100), the H, molecule ini-
) _ tially centered at the top position will slide away when ap-
TABLE lll. Energies and geometries of precursor states. proaching more and more the surface. This sliding takes

place spontaneously without any energy barrier and the dis-

Pathway fec-fec hcp-hcp — b-t-b fect-hcp sociation follows a purely attractive path. If there were no
AE (eV)? —0.210 ~0.116 ~0.213 ~0.211 precursor state on PHll), the b-t-b path would be able to
diw () 0.83 0.86 0.82 0.84  join gradually the fcc-fcc or the hep-hcp path by parallel
hy (A) 1.75 1.59 1.80 174 sliding without activation when K approaches more and

more the surface. However, we have found that there is an
@Noninteracting H and Pd111) as energy reference. energy barrier for such a sliding. The results for the precur-
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FIG. 3. Density of states at the TS bnt-b path projected on
the following orbitals:(@) o; (b) 6*; (C) dgz2_;2; (d) dy,; (€) dy;;
(f) dyys (@) dya_y2; (h) total d band;(i) s; (j) p,. DOS in full line
is for H, on Pd111) and that in dashed line for the noninteracting
H, and Pd112).

sor states are summarized in Table Ill. These precursor states
should be qualified as chemisorbed molecular states in which
there are already significant binding with the substrate and
non-negligible stretching of the H-H bond length.

(k)

FIG. 4. Density of states at the TS on fcc-fcc path projected on

the following orbitals:(a) o; (b) o*; (c) d3,2_,2; (d) dy,; (e) d

C. Chemical bond breaking and forming—electronic structure ) d e

xy+ (@) dy2_y2; (h) total d band;(i) s; (j) p,; (k) Sketch of the
The breaking and forming of chemical bonds result fromTS geometry. DOS in full line is for flon Pd111) and that in
the electronic reorganization between reactants, i.e., the agashed line for the noninteracting ldnd Pd111).
sorbate and the substrate in the case of dissociative adsorp-
tion. Thus, the analysis of the electronic structure changethe fcct-hcp path, the electronic structure at the TS is essen-
accompanying the dissociative adsorption process furnishdilly the same as that we have just seen. This is expected
valuable insights into the microscopic mechanf&ift The  since the two TS’s are very similar. The only difference is
electronic reorganization manifests itself through the modifithat for the fcct-hcp path,o™ interacts withd,, instead of
cation of the density of staté®OS) projected on the orbitals dy, since on this path the Hnolecule is rotated by 90° with
involved in the adsorbate-substrate interactini€:#2436061  respect to thd-t-b path(see Fig. 1 We will not reproduce
In the followings, we will analyze the electronic reorganiza- here the extremely similar projected DOS’s for the feuep
tion along the dissociation paths presented in the last subsepath.
tion. The transition state is a characteristic point for the H-H In Fig. 4, the projected DOS’s at the TS for the fcc-fcc
bond breaking and the adsorbate-substrate bond formatiopath are presented. On the fcc-fcc path, thentblecule is
All the projected DOS'’s presented here are made at the tramlisplaced in they direction by 0.81 A compared to its posi-
sition stategsee Ref. 62 for some details of angular projec-tion on theb-t-b path[see the sketch in Fig(K4)]. Atthe TS
tions). of this path, the BHlmolecule interacts significantly only with
Now, let us start with théo-t-b pathway. In Fig. 3, the the atom P¢ll) [see Fig. 4k)]. Hence, the projected DOS's
projected DOS's presented in full line are those at the TS anfbr the substrate presented in Fig. 4 are those located at
those in dashed line for the noninteracting iHolecule and Pd1). As on theb-t-b path, the bondingr orbital of H,
the Pd111) substrate. The comparison between them showsteracts with thels,2_,2, s, andp, bands and the antibond-
clearly the orbitals involved in the interaction. The bondinging o* orbital interacts with theal,, band. Thes* —d,, in-
level of the H, moleculec is shifted to a lower energy due to teraction is weaker than on thet-b path because the orbital
its interaction with theds,2_,2, s andp, bands of the sub- overlap is decreased due to the sliding away frorflPd he
strate. The largest interaction is that betweeandds,2_ 2. weaker interaction betweer* andd,, can be seen from the
At the TS, the antibonding state of the hholeculec* starts DOS'’s projected on these orbitals and comparing them with
to be filled due to its interaction with thd, band[see Fig. the corresponding projected DOS'’s on th&-b path. A new
3(b)]. This interaction transforms the initially broag, band  feature appearing here is that tleorbital can now also
into a quite narrow peak located at the bottom of dheand  interact with thed,, orbital on Pdl) [see Fig. 4e)]. This
[see Fig. &)]. In summary, the main feature of the elec- interaction is forbidden on the-t-b path by the orbital sym-
tronic structure at this TS is a split-off peak appearing belowmetries. This can help to understand why the TS on the fcc-
thed band due to essentially the interaction betweeand  fcc path is lower in energy than that on thet-b path. On
d;,2_,2 and an important depletion of th& band near the the fcc-fcc path, ther orbital of H, interacts less well with
Fermi level with increasing populations at the bottom of thethe ds,2_,2 orbital on Pdl) than on theb-t-b path. Never-
d band. The deformation of thetband[see Fig. 8h)] results  theless, thiso—d3,2_,2 interaction is still significant and,
mainly from theo* —d,, and o—d3,2_,2 interactions. For moreover, ther—d,, interaction comes into play. These two
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FIG. 6. Density of states at the TS on fcc-hep path projected on
the following orbitals:(a) o; (b) o*; (C) d32_2; (d) dy,; (€) dy,;
(f) dyy; (9) dya_y2; (h) total d band; (i) s; (j) Sketch of the TS
geometry. DOS in full line is for HHon Pd111) and that in dashed
line for the noninteracting Hand Pd111).

FIG. 5. Density of states at the TS on bridge-bridge path prothese results, we see that there exists a correlation between
jected on the following orbitalga) o; (b) o*; () d3,2_,2; (d) d,; the filling of the o* orbital and the bond stretching of,tt
(e) dy,; (f) dyy; (9) dy2—y2; (h) totald band;(i) s. The projections  the TS: the mores* is occupied the more the H-H bond is
showniinc toi are located on Rd) and those irj to p are the same  stretched. This is just the very mechanism of the bond break-
projections but located on F2). (g) Sketch of the TS geometry. ing. Comparing our results with those obtained for ¢he0)
DOS in full line is for H, on Pd111) and that in dashed line for the surfaced;l_43we find that on the more compa11) surface
noninteracting K and Pd111). the corrugation experienced by the impinging molecule is

much less pronounced. This reduced corrugation is reflected

interactions together make a larger stabilization. The elecPy @ less pronounced variation of energies of the different
tronic structure of the TS on the hcp-hcp path is essentiaII)PathwayS located on different positions of the substrate.
the same as that on the fcc-fcc path. Hence, the projected

DOS'’s for the hcp-hcp pathway will not be shown. IV. CONCLUSION
On the bridge-bridge path, the,holecule is moved still '
a little bit further away from P@) [see the sketch in Fig. In the present work, we have studied the dissociative ad-

5(q)]. The orbital interaction betweenandds,2_,2 on Pd1)  sorption of H on Pd111) by applying a pseudopotential-
nearly disappearksee Fig. &c)]. There are only very weak basedab initio density functional technique within the
interactions betweenr anddy, ands bands[see Figs. )  framework of the generalized gradient approximation. A va-
and i)]. At the TS on this pathg* does not play any role riety of dissociation pathways with different impinging
in orbital interactiongsee Fig. B)]. Even at this TS, no points and different azimuthal orientations is investigated.
interaction is found with P@) and Pd3). This is shown Among the considered pathways only one, the top-top path,
clearly by Figs. §)—(p) which display the projected DOS’s does not lead to a stable dissociation state and all the others
located on P(2). One sees hardly modifications with respectare either nonactivated or slightly activated with activation
to the clean PA.11) surface. The very week orbital interac- energies of about 20 meV. Hence, these results show that
tion at the TS accounts well for the fact that the bridge-Pd111) can dissociate FHimolecules quite efficiently. This
bridge path is an activated one. agrees fairly well with the quite large sticking coefficient of
The electronic structure at the TS on the fcc-hcp path i, on Pd111) found experimentally. Precursor states have
quite similar to that of the bridge-bridge path. There are onlybeen identified, representing chemisorbed molecular states in
very weak interactions ofr with d,, ands orbitals ando™ which there is already significant binding with the substrate
does not enter into any interactidsee Fig. 6. Since the and appreciable bond stretching of therHolecule. The pre-
top-top path does not lead to a stable dissociation state, waursor states found here have well depths of about 100—-200
will not present its electronic structure. We point out just thatmeV. These are in very good agreement with the experimen-
there are only extremely week orbital interactions. From alltal result® for the beam energy at which the sticking prob-
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ability is minimum (this beam energy is usually considered pathways to understand the microscopic mechanism of bond
as a measure of the well depth of precursor sjaf#se pre- breaking and formation. This analysis allows to account for
cursor states we have found here differ from what was bethe energetic ordering of the different TS’s. At the TS’s con-
lieved about a precursor state—a quite uniform potentiakidered here, the main role is played by the interaction of the
well in front of the surface depending little on the point of ;+-ponding orbital of H with the d orbitals of the substrate.
impact of the adsorbate. In fact, our results show that precurfhe filling of the antibonding-* molecular orbital correlates
sor states are corrugated also. Therefore, even in the pregith the bond stretching of Hat the transition state. This is
ence of precursor states, dynamic steering effects will stilhothing but the microscopic mechanism of the bond break-
play an important role in driving the adsorbate into favorableing. The high-dimensional PES can be constructed from the
reaction pathways. The simultaneous presence of nonaciesults obtained in this work which will allow dynamic simu-

vated paths and precursor states makes the system we ha¥@ions to be carried out. Work in this direction is being
studied here a quite unique one for studying in details thgndertaken.

dynamic mechanics of dissociative adsorption. Up to now,

two effects are considered to be the cause for the initial de-

crease of the stlckl_ng probability as functhn of beam energy. ACKNOWLEDGMENTS
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