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H2 dissociative adsorption on Pd„111…
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The dissociative adsorption of hydrogen molecules on the~111! 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.@S0163-1829~97!03148-2#
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I. INTRODUCTION

Dissociative adsorption of hydrogen on metal surfa
can serve as the simplest prototype of chemical reaction
the metal surfaces. The understanding of the dissociative
sorption process over various metal surfaces will give
sights into the heterogeneous catalysis of more complex
tems. The hydrogen-palladium system is one of
extensively studied systems due to its importance in a var
of technological applications. For example, palladium can
used as catalyst for hydrogenation reactions of the Fisc
Tropsch type. The dissociative adsorption of H2 on the sur-
face of a catalyst is the first elementary step of such re
tions. Now, a large amount of experimental informations
available for the hydrogen-palladium system under w
controlled conditions thanks to the high vacuum techniqu
Early experimental efforts have been focused on characte
ing the atomic chemisorption of H on various low-index su
faces of palladium.1–15 One important general feature foun
from these experiments is that the most favorable adsorp
site is that with a high coordination number. In the case
Pd~111!, it is the threefold hollow site. Low-energy-electro
diffraction measurements3–7 have characterized the geome
ric structure of the adsorption site. The electronic structu
of the clean and hydrogen-covered palladium surfaces h
been investigated by means of ultraviolet photoelectron sp
troscopy and electron-energy-loss spectroscopy.11–15The dy-
namics of dissociative adsorption has been studied w
molecular-beam techniques.16–21 Two classes are found fo
the behaviors of the sticking probability. In the first one, t
sticking probability is a monotonically increasing function
the kinetic energy of the impinging molecules. This featu
is associated with activated dissociations. In the sec
class, the sticking probability decreases first in the low in
dent energy region and then increases with the beam ene
This behavior was attributed to the existence of both a
vated and nonactivated pathways and/or to the existenc
molecularly adsorbed precursor states before dissocia
560163-1829/97/56~23!/15396~8!/$10.00
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While this picture can account for the initial decrease of
sticking probability, no direct experimental determination
such precursor states has been reported. Moreover, the
cise conditions under which the steering effect and the p
cursor effect come into play are not yet elucidated. For
ample, quite different dynamic behaviors have been fou
for the H2 dissociation on Pt~111! and Ni~111! ~no initial
decrease of the sticking probability! compared to Pd~111!.19

This has been attributed to the lack of precursor state. H
ever, it can be expected that nonactivated paths exist
Pt~111! and Ni~111! for the dissociation of H2. Why the
steering effect does not seem to operate here? To answe
question, thorough investigations should be carried ou
parallel for H2/Pd~111!, H2 /Pt~111!, and H2/Ni~111!.

Theoretical studies have been also carried out for
chemisorption of atomic hydrogen on various palladiu
surfaces.22–33 Early work was based on semiempirical a
proaches like embedded-cluster22,23 or embedded-atom24

methods and effective-medium models.25 Ab initio calcula-
tions have been carried out also26–33that provide an accurate
description of the main features of chemisorption on a va
ety of metal surfaces. Very recently,ab initio approaches
have been applied to study the dissociative adsorption o2
on a variety of transition- and noble-metal surfaces.34–45The
potential energy surfaces~PES! determined from theseab
initio calculations allow to carry out classic and quantu
dynamic simulations of the adsorption process.46–48 These
investigations of the dynamics reveal translational and ori
tational steering effects driving the H2 molecule into favor-
able pathways in the low beam energy regime. For the s
tems studied up to now, no evidence has been found for
existence of precursor states.

In this paper, we present a detailed study of the disso
tive adsorption of H2 on the Pd~111! surface byab initio
calculations. A variety of dissociation pathways is examin
Both activated and nonactivated pathways are found dep
ing on the impinging point of the adsorbate molecule on
15 396 © 1997 The American Physical Society
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56 15 397H2 DISSOCIATIVE ADSORPTION ON Pd~111!
surface. We carefully analyze the electronic structure. T
allows to understand why some pathways are activated
the others are not. Precursor states are also found for
system considered here.

II. METHOD

The calculations presented in this work have been car
out using the Vienna ab initio simulation program
~VASP!.49–52 VASP performs an iterative solution of th
Kohn-Sham equations of density-functional theory us
residuum-minimization methods or sequential band-by-b
conjugate gradient techniques and optimized charge-den
mixing routines.51,52 We use the exchange-correlation fun
tional based on the quantum Monte Carlo simulations
Ceperley and Alder53 as parameterized by Perdew a
Zunger.54 The correction based on the generalized grad
approximation~GGA! proposed by Perdew and Wang55 is
also included. In our calculations, GGA is included in t
self-consistent procedure, i.e., not only a GGA correct
based on the local density approximation~LDA ! electron
density being added. The valence orbitals are expanded
plane-wave basis, with the electron-ion interaction descri
by the ultrasoft pseudopotentials proposed by Vanderb56

and optimized by Kresse and Hafner.57 The pseudopotential
used here have been described in details in the previous w
on the atomic chemisorption of H on Pd~111!.32 Thanks to
the efficiency of the ultrasoft pseudopotentials, the pla
wave expansion of the valence wave functions can be t
cated at the cutoff energy of 200 eV that leads to 1 m
convergence for the cohesive and adsorption energ
Brillouin-zone integrations have been performed on a grid
special Monkhost-Pack points,58 using a Gaussian smearin
with a width of 0.4 eV for the one-electron levels within th
generalized finite-temperature density-functional theory~see
Refs. 51 and 52 for details!. To model a surface, we adop
the slab supercell approach. All the calculations presente
this work are made on a slab containing five palladium l
ers. A vacuum space corresponding to five Pd layers is u
to separate the central slab and its periodic images. Du
the adsorption, the substrate is kept at the truncated
geometry with the calculated equilibrium lattice consta
This rigid substrate model can be justified by the fact that
atoms and the H2 molecule have very different time scale
due to the large mass difference between them and the
face Pd layer undergoes a very small relaxation.32 All the
calculations are made with a)3) surface cell~see Fig. 1!.
At low temperatures, thec()3))R30° chemisorption pat-
tern of H on Pd~111! has been identified experimentally.9,10

One dissociation pathway studied in this work leads direc
to this chemisorption pattern.
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III. RESULTS AND DISCUSSIONS

A. End configurations of different pathways

We will first summarize some calculated properties of t
adsorbate and the substrate and of the end configuration
the different pathways to be considered in the followin
Within GGA, we found a bulk lattice constant ofa
53.95 Å which is slightly larger than our previous LDA
result of 3.88 Å,32 but still in good agreement with the ex
perimental value of 3.89 Å.59 The bond length of H2 given
by our GGA calculation is 0.75 Å, in good agreement w
the experimental value of 0.74 Å. In our previous work,32 the
chemisorption of atomic H on Pd~111! has been studied fo
the coverages at 1~ML ! and 1/4 ML. For the)3) surface
cell used in this work, the adsorption of H2 leads to a cov-
erage of 2/3 ML. The end configurations of the different r
action paths considered are depicted in Fig. 1. The ads
tion energies and geometries of these end configurations
summarized in Table I. Among the considered configu
tions, only the top-top configuration is unstable against d
sociation. Here, we recover the energetic ordering of diff
ent adsorption sites already known from the atom
chemisorption study.32 The threefold hollow sites are th
most stable with the fcc site being slightly more stable th
the hcp site. However, the fcc-hcp and fcc-t-hcp configura-
tions are less stable by about 100 meV than the fcc-fcc
hcp-hcp configurations. This destabilization is due to the f
that there is one H-H distance equal only to 1.61 Å in t
fcc-hcp and fcc-t-hcp configurations, leading to a strong r
pulsion between H atoms. The same kind of destabilizat

FIG. 1. Schematic presentation of a~111! surface showing the
different adsorption sites and the end configurations of the disso
tive adsorption:~1! fcc-fcc; ~2! hcp-hcp; ~3! b-t-b ~bridge-top-
bridge!; ~4! fcc-t-hcp; ~5! fcc-hcp; ~6! bridge-bridge;~7! top-top.
TABLE I. Adsorption energyEad and geometries of end configurations,u5
2
3 ML.

Configuration fcc-fcc hcp-hcp b-t-b fcc-t-hcp fcc-hcp bridge-bridge top-top

Ead ~eV/atom-H!a 20.498 20.446 20.329 20.347 20.347 20.191 0.162
dH-H ~Å! 2.79 2.79 2.79 2.79 1.61 1.40 2.79
hH ~Å! 0.84 0.84 1.01 0.83 0.83 1.04 1.55
dH-Pd ~Å! 1.82 1.82 1.72 1.81 1.81 1.74 1.55

aEad5„E@H2 /Pd(111)#2E@H2#2E@Pd(111)#…/NH .
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15 398 56W. DONG AND J. HAFNER
arises also in the bridge-bridge configuration, leading to
energy-increase of 138 meV compared to theb-t-b configu-
ration.

B. Dissociative adsorption pathways
and potential energy surface

Within the Born-Oppenheimer and rigid-substrate a
proximations, all the dynamic informations about the dis
ciative adsorption can be obtained in principle from the s
dimensional potential energy surface. However, the dir
determination of such a hypersurface remains a daun
task. Therefore, we have to appeal to our physical
chemical intuition for selecting some plausible low-ener
paths in a more restricted space. These different paths
stitute low-dimensional cuts of the 6D PES. From these lo
dimensional cuts, an approximate 6D PES can be built
interpolation, which allows dynamic calculations to be c
ried out.44,46,47We know that the dissociation process co
less energy if the bond breaking of the hydrogen molecul
accompanied by the simultaneous formation of a stro
adsorbate-substrate bond. Based on this argument, on
sumes that the pathways in which the hydrogen molec
remains essentially parallel to the surface with the ato
orientated towards high-symmetry sites are the energetic
favorable ones. In their recent works on the dissociative
sorption of H2 on the~100! surface of Rh, Pd, and Ag, Wilke
and Scheffler41 and Eichler, Kresse, and Hafner42,43 have
shown that a cartwheel rotation~a rotation moving the hy-
drogen molecule out of a plane parallel to the surface! gives
rise to a sharp increase of energy. Hence, in the present w
we will restrict ourselves considering only pathways
which the hydrogen molecule approaches the surface wit
molecular axis parallel to the surface.

In total, we have studied seven different dissociation pa
ways. We name these pathways by their end configurati
The geometry of these pathways is shown in Fig. 1. T
selection of these pathways constitutes a representative
pling with different molecular orientations and locations
the center of mass in the unit cell. This will hopefully supp
sufficient information for building the higher-dimension
PES by interpolation. Among the seven dissociation pa
ways, four lead the H2 molecule to dissociate directly t
hollow sites, i.e., fcc-fcc, hcp-hcp, fcc-t-hcp, and fcc-hcp
paths. In the nomenclature of these dissociation pathw
the sites for which head the two H atoms are given explic
and for the path names with three items, e.g., fcc-t-hcp; the
middle one specifies the position of the center of mass. T
paths considered here bear some resemblance to two of
studied by Wilke and Scheffler41 and Eichler, Kresse, an
Hafner,42,43 for the dissociation of H2 on the~100! surface in
the sense that along the fcc-hcp path, the center of mas
H2 is over the bridge site with the two H atoms dissociati
into two hollow sites and along fcc-t-hcp path, the center o
mass of H2 locates at the top site with two H atoms disso
ating into two hollow sites. There are two paths leading
the dissociation into two bridge sites, i.e., theb-t-b and
bridge-bridge paths and one path to two top sites, i.e.,
top-top path.

The 2D cuts of the seven dissociation pathways are p
ted in Fig. 2. These ‘‘elbow’’ plots are obtained by interp
n
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lating about 60 calculated points scanning different bo
lengths of H2, dH-H , and the height of the center of mas
above the surfacez. Figure 2~h! shows in addition the varia
tion of the energy at the bottom of each reaction path a
function of the distance from the surface. From these pl
one can see that four dissociation pathways are nonactiva
the fcc-fcc, hcp-hcp,b-t-b, and fcc-t-hcp paths. However
for none of these paths the potential energy decreases m
tonically along the reaction coordinate. This is similar
along theb-t-b dissociation path on Pd~100!.42,43In contrast,
the potential energy decreases monotonically along the o
nonactivated pathways for the dissociation of H2 on
Pd~100!.41 The most favorable dissociation pathway is t
fcc-fcc path. There are two transition states~TS! along this
path. The first is an unimportant one. By this, we mean t
this first TS does not characterize the bond breaking of
H2 molecule. After this first TS, there is a precursor sta
We will come back later to discuss the very existence of
precursor state. The bond breaking of the H2 molecule is
characterized by the second TS. This TS gives a barrie
115 meV with respect to the precursor state but it is s
lower by 95 meV compared to the noninteracting H2 and
Pd~111! @see Fig. 2~h!#. This TS is a late one in the exi
channel. The H-H bond is stretched to 1.06 Å. The TS is a
quite short distance to the surface,z51.38 Å. The hcp-hcp
path is similar to the fcc-fcc path in nearly all the aspe
@see Fig. 2~b! and Table II#. This resemblance is expecte
from the similarity between the geometries of the two pa
and that between the fcc and hcp sites. The second TS on
hcp-hcp path is about 20 meV higher than the correspond
TS on the fcc-fcc path. This correlates well with the fact th
the fcc site is slightly more favorable than the hcp site.

FIG. 2. 2D cuts of PES for different dissociation pathways:~a!
fcc-fcc; ~b! hcp-hcp; ~c! b-t-b; ~d! fcc-t-hcp; ~e! fcc-hcp; ~f!
bridge-bridge;~g! top-top; ~h! energy variation on the bottom o
different paths. Contours in full line correspond to positive valu
and those in dashed line to negative values. Contour spacing i
meV/molecule.



56 15 399H2 DISSOCIATIVE ADSORPTION ON Pd~111!
TABLE II. Transition states along dissociation pathways,u5
2
3 ML.

Pathway fcc-fcc hcp-hcp b-t-b fcc-t-hcp fcc-hcp bridge-bridge top-top

DE ~eV!a 20.095 20.074 20.005 20.002 0.019 0.021 0.012
dH-H ~Å! 1.06 1.08 1.35 1.35 0.78 0.79 0.78
hH ~Å! 1.38 1.37 1.45 1.45 1.93 1.93 2.01
dH-Pd ~Å! 1.68 1.68 1.60 1.60 2.42 2.31 2.25

aNoninteracting H2 and Pd~111! as energy reference.
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The other two nonactivated dissociation pathways are
b-t-b and fcc-t-hcp paths. For both configurations, the ce
ter of gravity of the molecule is located on top of a Pd ato
The orientations of the H2 molecule in these two paths ar
perpendicular to each other~see Fig. 1!. These two paths are
nearly identical. First, the adsorbate encounters a precu
state with a depth of about 210 meV and then a TS whic
still slightly more stable by a few meV than the nonintera
ing molecule and surface~see Tables II and III!. The TS is
found in the exit channel and the H-H bond is more stretc
than in fcc-fcc and hcp-hcp paths~see Table II!. This ac-
counts for the higher energy at this TS. The close liken
between theb-t-b and fcc-t-hcp paths shows that an in
plane rotation on the top site is almost free. This is in co
trast to the~100! surface where large differences in the e
ergies ofh-t-h and b-t-b configurations at constant heigh
have been found.42,43

The fcc-hcp and bridge-bridge paths are two activated
sociation pathways. They share some common featu
There is no precursor state along these paths and the
along both the paths are located in the entrance cha
~early TS! with the H-H bond being stretched only by 0.03
compared to the bond length of the free molecule. A we
known rule of thumb in chemistry states that an early
corresponds to a low-energy barrier. In terms of the H
bond stretching, the TS’s along the four nonactivated pa
ways are all much later than the TS’s along the fcc-hcp
bridge-bridge paths~see Table II!. However, it should be
noted that the TS’s along these latter two ones are m
distant from the surface. The fcc-hcp path studied here
sembles somehow theh-b-h path on Pd~100! studied in
Refs. 41–43 in the sense that these paths are all located
a bridge site and lead to the dissociation into two holl
sites. While such a path is nonactivated for the dissocia
of H2 on Pd~100!,41 it is activated on Pd~111!. Although the
fcc-hcp and bridge-bridge paths are activated ones, the
quired activation energies are quite small~about 20 meV!.
These barrier heights are comparable to those found a
the h-b-h dissociation path on the~100! surface of Pd and
Rh ~10 and 20 meV, respectively!. A much higher barrier is
found, however, along theb-h-b path on Pd~100! ~90
meV!.43

TABLE III. Energies and geometries of precursor states.

Pathway fcc-fcc hcp-hcp b-t-b fcc-t-hcp

DE ~eV!a 20.210 20.116 20.213 20.211
dH-H ~Å! 0.83 0.86 0.82 0.84
hH ~Å! 1.75 1.59 1.80 1.74

aNoninteracting H2 and Pd~111! as energy reference.
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Finally, the top-top path does not lead to dissociative
sorption. From Fig. 2~g!, we see that along this path there
a very shallow potential well. After this well, the stretchin
of H-H bond causes the energy to increase continuously
leads to an end-configuration unstable with respect to
noninteracting H2 and Pd~111! ~see Table I!.

Now, let us come back to discuss in some details
precursor states. The existence of precursor states has
postulated as a possible explanation for the decrease of s
ing coefficient with the increase of incident beam energy
the low-energy regime. To our knowledge, the very ex
tence of precursor state has never been directly determ
from experiments. In the work of Wilke and Scheffler41 on
the dissociation of H2 on Pd~100!, there seems to appea
some sign for the existence of precursor state along ah-t-h
dissociation path over the top site. Nevertheless, they h
checked that the potential well before the TS does not c
respond to a local minimum of the PES. Its presence is
to the restriction for the motion of the center of mass of t
molecule. If it is allowed to relax, the dissociation tak
place along a purely attractive path by sliding away from
top site when approaching more and more the surface. T
behavior has also shown clearly for the dissociation of H2 on
the ~100! surface of Rh, Pd, and Ag in the recent works
Eichler, Kresse, and Hafner.42,43 Hence, no precursor stat
exists on the~100! surface of Pd and Rh. The quantum d
namic simulation of Gross, Wilke, and Scheffler47 have dem-
onstrated that the observed nonmonotonic behavior of
sticking coefficient arises from the simultaneous presenc
nonactivated and activated reaction pathways leading to
namic stearing effects whose efficiency in increasing
sticking probability depends on the kinetic energy. To ma
sure that the potential wells before TS’s along the fcc-f
hcp-hcp,b-t-b, and fcc-t-hcp paths correspond really to pre
cursor states, we have carried out calculations at these p
tions, relaxing all the six degrees of freedom of the H2 mol-
ecule. The results show that they are all the true lo
minima of the PES. So precursor states indeed exist for
dissociation of H2 on Pd~111!. The existence of the precurso
state makes the dissociation of H2 over the top site on
Pd~111! somewhat different from that happening on Pd~100!
and Rh~100!. On Pd~100! and Rh~100!, the H2 molecule ini-
tially centered at the top position will slide away when a
proaching more and more the surface. This sliding ta
place spontaneously without any energy barrier and the
sociation follows a purely attractive path. If there were
precursor state on Pd~111!, the b-t-b path would be able to
join gradually the fcc-fcc or the hcp-hcp path by paral
sliding without activation when H2 approaches more an
more the surface. However, we have found that there is
energy barrier for such a sliding. The results for the prec
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15 400 56W. DONG AND J. HAFNER
sor states are summarized in Table III. These precursor s
should be qualified as chemisorbed molecular states in w
there are already significant binding with the substrate
non-negligible stretching of the H-H bond length.

C. Chemical bond breaking and forming—electronic structure

The breaking and forming of chemical bonds result fro
the electronic reorganization between reactants, i.e., the
sorbate and the substrate in the case of dissociative ad
tion. Thus, the analysis of the electronic structure chan
accompanying the dissociative adsorption process furnis
valuable insights into the microscopic mechanism.60,61 The
electronic reorganization manifests itself through the mod
cation of the density of states~DOS! projected on the orbitals
involved in the adsorbate-substrate interactions.36,37,42,43,60,61

In the followings, we will analyze the electronic reorganiz
tion along the dissociation paths presented in the last sub
tion. The transition state is a characteristic point for the H
bond breaking and the adsorbate-substrate bond forma
All the projected DOS’s presented here are made at the t
sition states~see Ref. 62 for some details of angular proje
tions!.

Now, let us start with theb-t-b pathway. In Fig. 3, the
projected DOS’s presented in full line are those at the TS
those in dashed line for the noninteracting H2 molecule and
the Pd~111! substrate. The comparison between them sho
clearly the orbitals involved in the interaction. The bondi
level of the H2 molecules is shifted to a lower energy due t
its interaction with thed3z22r 2, s and pz bands of the sub-
strate. The largest interaction is that betweens andd3z22r 2.
At the TS, the antibonding state of the H2 molecules* starts
to be filled due to its interaction with thedxz band@see Fig.
3~b!#. This interaction transforms the initially broaddxz band
into a quite narrow peak located at the bottom of thed band
@see Fig. 3~d!#. In summary, the main feature of the ele
tronic structure at this TS is a split-off peak appearing bel
the d band due to essentially the interaction betweens and
d3z22r 2 and an important depletion of thed band near the
Fermi level with increasing populations at the bottom of t
d band. The deformation of thed band@see Fig. 3~h!# results
mainly from thes* 2dxz and s2d3z22r 2 interactions. For

FIG. 3. Density of states at the TS onb-t-b path projected on
the following orbitals:~a! s; ~b! s* ; ~c! d3z22r 2; ~d! dxz ; ~e! dyz ;
~f! dxy ; ~g! dx22y2; ~h! total d band;~i! s; ~j! pz . DOS in full line
is for H2 on Pd~111! and that in dashed line for the noninteractin
H2 and Pd~111!.
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the fcc-t-hcp path, the electronic structure at the TS is ess
tially the same as that we have just seen. This is expe
since the two TS’s are very similar. The only difference
that for the fcc-t-hcp path,s* interacts withdyz instead of
dxz since on this path the H2 molecule is rotated by 90° with
respect to theb-t-b path~see Fig. 1!. We will not reproduce
here the extremely similar projected DOS’s for the fcc-t-hcp
path.

In Fig. 4, the projected DOS’s at the TS for the fcc-f
path are presented. On the fcc-fcc path, the H2 molecule is
displaced in they direction by 0.81 Å compared to its pos
tion on theb-t-b path@see the sketch in Fig. 4~k!#. At the TS
of this path, the H2 molecule interacts significantly only with
the atom Pd~1! @see Fig. 4~k!#. Hence, the projected DOS’
for the substrate presented in Fig. 4 are those locate
Pd~1!. As on theb-t-b path, the bondings orbital of H2
interacts with thed3z22r 2, s, andpz bands and the antibond
ing s* orbital interacts with thedxz band. Thes* 2dxz in-
teraction is weaker than on theb-t-b path because the orbita
overlap is decreased due to the sliding away from Pd~1!. The
weaker interaction betweens* anddxz can be seen from the
DOS’s projected on these orbitals and comparing them w
the corresponding projected DOS’s on theb-t-b path. A new
feature appearing here is that thes orbital can now also
interact with thedyz orbital on Pd~1! @see Fig. 4~e!#. This
interaction is forbidden on theb-t-b path by the orbital sym-
metries. This can help to understand why the TS on the
fcc path is lower in energy than that on theb-t-b path. On
the fcc-fcc path, thes orbital of H2 interacts less well with
the d3z22r 2 orbital on Pd~1! than on theb-t-b path. Never-
theless, thiss2d3z22r 2 interaction is still significant and
moreover, thes2dyz interaction comes into play. These tw

FIG. 4. Density of states at the TS on fcc-fcc path projected
the following orbitals:~a! s; ~b! s* ; ~c! d3z22r 2; ~d! dxz ; ~e! dyz ;
~f! dxy ; ~g! dx22y2; ~h! total d band;~i! s; ~j! pz ; ~k! Sketch of the
TS geometry. DOS in full line is for H2 on Pd~111! and that in
dashed line for the noninteracting H2 and Pd~111!.
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56 15 401H2 DISSOCIATIVE ADSORPTION ON Pd~111!
interactions together make a larger stabilization. The e
tronic structure of the TS on the hcp-hcp path is essenti
the same as that on the fcc-fcc path. Hence, the proje
DOS’s for the hcp-hcp pathway will not be shown.

On the bridge-bridge path, the H2 molecule is moved still
a little bit further away from Pd~1! @see the sketch in Fig
5~q!#. The orbital interaction betweens andd3z22r 2 on Pd~1!
nearly disappears@see Fig. 5~c!#. There are only very weak
interactions betweens and dyz and s bands@see Figs. 5~e!
and 5~i!#. At the TS on this path,s* does not play any role
in orbital interactions@see Fig. 5~b!#. Even at this TS, no
interaction is found with Pd~2! and Pd~3!. This is shown
clearly by Figs. 5~j!–~p! which display the projected DOS’
located on Pd~2!. One sees hardly modifications with respe
to the clean Pd~111! surface. The very week orbital interac
tion at the TS accounts well for the fact that the bridg
bridge path is an activated one.

The electronic structure at the TS on the fcc-hcp path
quite similar to that of the bridge-bridge path. There are o
very weak interactions ofs with dxz ands orbitals ands*
does not enter into any interaction~see Fig. 6!. Since the
top-top path does not lead to a stable dissociation state
will not present its electronic structure. We point out just th
there are only extremely week orbital interactions. From

FIG. 5. Density of states at the TS on bridge-bridge path p
jected on the following orbitals:~a! s; ~b! s* ; ~c! d3z22r 2; ~d! dxz ;
~e! dyz ; ~f! dxy ; ~g! dx22y2; ~h! total d band;~i! s. The projections
shown inc to i are located on Pd~1! and those inj to p are the same
projections but located on Pd~2!. ~q! Sketch of the TS geometry
DOS in full line is for H2 on Pd~111! and that in dashed line for th
noninteracting H2 and Pd~111!.
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these results, we see that there exists a correlation betw
the filling of thes* orbital and the bond stretching of H2 at
the TS: the mores* is occupied the more the H-H bond
stretched. This is just the very mechanism of the bond bre
ing. Comparing our results with those obtained for the~100!
surface,41–43we find that on the more compact~111! surface
the corrugation experienced by the impinging molecule
much less pronounced. This reduced corrugation is refle
by a less pronounced variation of energies of the differ
pathways located on different positions of the substrate.

IV. CONCLUSION

In the present work, we have studied the dissociative
sorption of H2 on Pd~111! by applying a pseudopotentia
based ab initio density functional technique within th
framework of the generalized gradient approximation. A v
riety of dissociation pathways with different impingin
points and different azimuthal orientations is investigat
Among the considered pathways only one, the top-top p
does not lead to a stable dissociation state and all the ot
are either nonactivated or slightly activated with activati
energies of about 20 meV. Hence, these results show
Pd~111! can dissociate H2 molecules quite efficiently. This
agrees fairly well with the quite large sticking coefficient
H2 on Pd~111! found experimentally. Precursor states ha
been identified, representing chemisorbed molecular state
which there is already significant binding with the substr
and appreciable bond stretching of the H2 molecule. The pre-
cursor states found here have well depths of about 100–
meV. These are in very good agreement with the experim
tal result19 for the beam energy at which the sticking pro

-

FIG. 6. Density of states at the TS on fcc-hcp path projected
the following orbitals:~a! s; ~b! s* ; ~c! d3z22r 2; ~d! dxz ; ~e! dyz ;
~f! dxy ; ~g! dx22y2; ~h! total d band; ~i! s; ~j! Sketch of the TS
geometry. DOS in full line is for H2 on Pd~111! and that in dashed
line for the noninteracting H2 and Pd~111!.
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15 402 56W. DONG AND J. HAFNER
ability is minimum ~this beam energy is usually consider
as a measure of the well depth of precursor states!. The pre-
cursor states we have found here differ from what was
lieved about a precursor state—a quite uniform poten
well in front of the surface depending little on the point
impact of the adsorbate. In fact, our results show that pre
sor states are corrugated also. Therefore, even in the p
ence of precursor states, dynamic steering effects will
play an important role in driving the adsorbate into favora
reaction pathways. The simultaneous presence of non
vated paths and precursor states makes the system we
studied here a quite unique one for studying in details
dynamic mechanics of dissociative adsorption. Up to no
two effects are considered to be the cause for the initial
crease of the sticking probability as function of beam ener
However, the precise role of each effect is not so clear,
example, a powerful method is still lacking for distinguis
ing these two effects from each other. Therefore, further
vestigations on dynamics are expected to make progress
this direction. The results obtained in this work supply t
prerequisite informations for building the PES needed
such investigations. We have also analyzed in details
electronic structure at the transition state along the differ
G
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pathways to understand the microscopic mechanism of b
breaking and formation. This analysis allows to account
the energetic ordering of the different TS’s. At the TS’s co
sidered here, the main role is played by the interaction of
s-bonding orbital of H2 with the d orbitals of the substrate
The filling of the antibondings* molecular orbital correlates
with the bond stretching of H2 at the transition state. This i
nothing but the microscopic mechanism of the bond bre
ing. The high-dimensional PES can be constructed from
results obtained in this work which will allow dynamic simu
lations to be carried out. Work in this direction is bein
undertaken.
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