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Hydrogen adsorption on an open metal surface: H/Pd(210)
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We present self-consistent density-functional calculations of the adsorption of atomic and molecular hydro-
gen on the210) surface of palladium using a plane-wave basis set with optimized ultrasoft pseudopotentials.
The layer relaxations of th@10 surface and the preferred adsorption sites for atomic hydrogen adsorption are
determined. Furthermore, we show that on the rather opéalPdsurface a molecular Hadsorption state
becomes stabilized by the presence of atomic hydrogen on the surface. This provides a consistent explanation
of recent experiments. An analysis of the bonding situation in terms of the local density of states is also
presented.
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I. INTRODUCTION up to 125 K has been observed at the step sites, but only after
In the surface science approach, the study of the interadhe surface was passivated with a dense atomic hydrogen
tion of molecules with surfaces has traditionally concentratedayer”® On Cu510), a weakly bound species has been ob-
on well-defined low-index surfaces. In particular, the inter-SeTved at low temperatures on the pure surfacé.
action of hydrogen with metal surfaces has served as a model Recent experiment$'” have identified three atomic and

system for the investigation of fundamental reaction steps am’o molecular adsorption states below 100 K oriZd). As
. : 13 e adsorption of hydrogen on this surface does not lead to
surfaces, both experimentally as well as theoretically

. . any superstructure in low-energy electron diffractibEED)
However, imperfections of the surface, such as steps, argperiments, it is experimentally very difficult to identify the
widely known to have a profound influence on adsorptiongyact location and nature of the hydrogen adsorption states.
and reaction processe$:® For example, the surfaces of |n order to obtain this microscopic information, we have per-
technologically relevant catalysts are very defect rich, andormed density-functional theor¢DFT) calculations within
these defects are often assumed to be the active sites in héte generalized gradient approximati®GA).

erogeneous catalysis. One way of closing this so-called The outline of this paper is as follows. In the next section
“structure gap” between surface science and applied heterowe briefly summarize the computational details involved in
geneous catalysis is to carry out experimental and theoreticalur density-functional theory approach. We then present
studies on well-defined structured or defective surfaces. Byayer relaxation results for the F210) surface in Sec. Il A.
this approach, the influence of a particular defect structure o the main part of this paper, we discuss the DFT results for
the surface reactivity can be thoroughly studied.

In this paper, we report a theoretical study of the interac-
tion of hydrogen atoms and molecules with thg Z2d) sur-
face which was motivated by recent experiments on this
systemt®1” A preliminary account of this theoretical work
has already been publish&dWe will show that the results
of this theoretical study together with the experimental infor-
mation lead to an unambiguous microscopic determination of
the role of the steps in the hydrogen adsorption process at the
Pd210 surface.

The (210 surface is a relatively open surface that can be
regarded as a stepped surface with a high density of steps.
The geometry of this surface is shown in Fig. 1. Vicinal fcc
(n10) surfaces havél00 terraces with steps running along
the[001] direction and forming opefil10-like microfacets.
This specific structure leads to unique properties of the hy-
drogen adsorption, as will be illustrated below.

Usually hydrogen adsorbs dissociatively at metal
surfaces. While at noble metals the dissociation is hindered
by a sizable energy barrier, it occurs spontaneously on most
transition metals, as, e.g., on palladium. Only at very low
temperatures below 20 K, very weakly bound molecular ad-
sorption states can be trapped in shallow physisorption
wells'#1 On the other hand, reports of molecular chemi-  FiG. 1. Side and top view of thé€10) surface. In the lower
sorption of H are rare and restricted to stepped surfaces: Opanel the surface unit cell and the adsorption site labels are in-
Ni(510, a molecular adsorption state at surface temperaturesuded.
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TABLE I. Layer relaxations of the Ra10 surface. The DFT-GGA relaxations were computed for the
pure Pd210) surface, P210 with one monolayer of hydrogen adsorbed, as well a@Fa with half a
monolayer of subsurface hydrogéim the octahedral positionThe relative change to the bulk interlayer
distance(in %) is given in parentheses. Positive numbers correspond to a surface expansion away from the
bulk substrate.

Interlayer Theory Experiment
distance P10 Pd(210)/HE=1) Pd(210)/H@= %) Pd210 (Ref. 23 P1210 (Ref. 29
di,[A] 0.730 (-17) 0.791 ¢11) 0.816 (-8) 0.84:0.04 (—3%6) (—23%4)
dy3[A] 0.854 (-3) 0.859 (-3) 0.856 (-3) 0.93:0.04 (+7%5) (—12%5)
ds, [A] 0.976 (+10) 0.966 (9) 0.974 (+10) 0.90:0.04 (+3+5)  (+4x7)
dss[A]  0.847 (-4) 0.860 (-3) 0.866 (-2) 0.86:£0.04 (-1%x5)  (—3%7)
dguk [A] 0.885 0.885 0.885 0.870 0.877
atomic (Sec. lll B) and moleculaSec. Il © hydrogen ad- [ll. RESULTS AND DISCUSSION
sorption on P10 and compare them to recent experimen-

A. Layer relaxation of Pd(210
tal results.

The interlayer distances at open surfaces can change con-
siderably compared to the bulk values. To determine the
Il. THEORETICAL METHOD layer relaxations, an 11 layer slab was set up with the lower
six slab layers fixed to their bulk truncated positions using
Ab initio density-functional theory calculations were usedthe theoretical bulk lattice constant. The top five layers were
to determine all the structural, electronic, and energetic reallowed to relax until the absolute value of the forces on each
sults presented in Sec. lll. The Kohn-Sham equations wergtom was smaller than 0.02 eV/A. We checked that the re-
solved in a plane-wave basis set using the Vieahanitio  sults were converged with respect to the slab thickness by
simulation packagévasp).>% In all calculations, we em- repeating the calculations with a 21 layer slab where the
ployed the generalized gradient approximati@d&GA) of  upper ten layers were fully relaxed.
Perdew and co-worker$W91).2’ The optimized interlayer distances are given in Table I.
For a (1X1) surface unit cell of P@10, we used a The DFT results suggest that there is indeed a very pro-
Monkhorst-Packk-point sef® of 7x 7% 1, corresponding to nounced layer contraction of the first layer {7%) com-
16 k points in the irreducible Brillouin zone, together with a pensated by an outward relaxation of the third layet0%).
first-order Methfessel-Paxton smeafifgof width o  Lateral displacements along ti@20] direction have been
=0.1 eV. All reported total energies were extrapolated tofound to be very small: Only the first and third layer atoms
o—0 eV. Relaxation calculations were carried out with aexhibit a somewhat significant displacement by 0.04 and
conjugate-gradient minimization using the Hellman-0.05 A, respectively.
Feynman forces computed at a lardgepoint set of 1 11 In Table I, the calculated layer relaxations are compared
X1 (36 k points in the irreducible zondo ensure full con- 0 experimental low-energy electron diffractiéhEED) re-
vergence of the forces. To model the surface, the slab supedylts for Pd210." The relative experimental values with
cell approach with periodic boundary conditions was (ed: fespect to the bulk210 layer spacing differ significantly
The Pd210) surface is described by periodic slabs of eitherfrom the calculations. One has to note, however, that the

11 or 21 layers and a separating vacuum region of 11 A ag.bsolute discrepancies between experiment and theory are
depicted in Fig. 1 still rather small €0.1 A). In fact, the experimentally de-

termined layer relaxations are surprisingly small for such an

The description of the core electronic states using a plane(Spen surface. This becomes evident when the experimental

wave basis set WOUI.d require a very large energy cutoff ' chc{210) results are compared to the interlayer relaxations
reduce the computational effort the electron-ion interaction $neasured for R210).24 One would expect similar relax-

described by ultrasoft Vanderbilt pseudopotentiaiss con-  .iions for Pd and Pt since they have the same number of
structed by G. Kresse and J. Hafriéit was thus sufficient  \alence electrons and an almost identical lattice constant.
to use an energy cutoff of 200 e4.7 Ry to obtain con-  gyjj| the measured RA10) results are considerably smaller
verged total energies. than the R210) results.

All calculations have been performed at the GGA equilib-  These experimental results for(2t0) are in fact rather
rium lattice constant of 3.96 A which is slightly larger than close to our calculated values for R2d0. And indeed,
the experimental value of 3.89 A . The dissociation energyKolthoff et al?® speculated that residual hydrogen coverages
and the bonding length of the free, kholecule were deter- during the LEED experiments which were estimated to be
mined to be 4.55 eV and 0.75 A, respectivédxperiment®  lower than a quarter monolayer might be responsible for the
4.75 eV and 0.74 A). Zero-point energies are neglectegmall Pd210) relaxations measured in their experiment. We
throughout this paper. tested this suggestion by determining the relaxations for
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hydrogen-covered F&10). As Table | shows, one monolayer TABLE Il. Adsorption energies per atom for the different ad-
of adsorbed hydrogen atoms leads to a reduction in the irsorption sites as a function of hydrogen coverage of2 Eal. The
terlayer relaxations, but not enough to reproduce the experpdsorption energies calculated with respect to the experimental
mental results. Therefore we also checked whether subsupinding energy of Hare given in parentheses. F@r 1, the atomic
face hydrogen can account for the observed discrepancie%‘.jso_rption energies are defined as th_e energies for additional ad-
And indeed, already half a monolayer of hydrogen in theSOrption of one H atom per surface unit cell with respect to the H
octahedral subsurface positions reduces the first layer COIzpolecule in the gas phase. The notation of the sites refers to Fig. 1.
traction considerablycf. Table |, but the other layer relax-

ations remain almost unchanged. This is also true for a full . Eaa [eV]
monolayer of subsurface hydrogen that just expands the first-0verage  Site Theory ExpiRef. 1§ State
to second layer distance further to almost its bulk truncated B 0.52(0.42 0.41 Bs
value. Overall, the effect of adsorbed or subsurface hydrogen c’ 0.51(0.41)
resembles the findings on tkikl1), (100), and(110) surfaces 0=1 A 0.45(0.35
of palladium®* Still we conclude from our calculations that 0, 0.21(0.11) 0.19 o
subsurface hydrogen could be the cause for the small inter-
. _ ) Ty 0.15(0.05
layer relaxations of R@10) observed in the experiment by 9—2 BA 0.40(0.3 033
Kolthoff et al?® B ; 40(0-30 ' B2
) 6=3 B,A,C 0.26(0.16 0.23 B1

As far as our hydrogen adsorption results are concerned,
the relaxed geometry as given in the first column of Table |

was used in all adsorption calculations in order to start from i ”
a fully self-consistent setup. Although the energy decreasgnergy as reported for th@00) surfaces previousfy:** Sub-

due to the layer relaxations for the pure surface is just 0.06urface hydrogen either in the octahedi@ or tetrahedral
eV, it was found that adsorbate-induced surface relaxationBosition (Tq) has been found to be exothermic by 0.21 and

cannot be neglected in contrast to close-packed P§-15 eV, respectively. _ .
surfaces Due to the openness of the surface, a full relax- |f @ monolayer of hydrogen is already adsorbed at site B,

ation led to a decrease in total energy between 0.15 and 0.4#€ next most favorable adsorption site &1-a2 coverage is
eV. All final adsorption energies are thus reported for a forceSite A with a slightly decreased adsorption energyEqfy
free, fully relaxed geometry. =0.40 eV compared to the pure surface. At an even higher

coverage of§=3, repulsive forces between the hydrogen
atoms become dominant and the distance between the pread-
B. Atomic adsorption sorbed hydrogen atoms at site B as well as site A and the
Recent experiment$ have identified three different hy- third hydrogen atom is maximized so that the third hydrogen
drogen adsorption sites on @d0). As hydrogen adsorbs at atoms actually moves away from sit¢ © the bridge site C
high coordination sites on close-packed palladium surfacedVith a significantly reduced adsorption energy Bfgy
the species with the highest adsorption energy) (was ten- =0.26 eV. The results are summarized in Table Il where the
tatively assigned to the site with the highest coordinationexperimental TDS peakshave been assigned according to
i.e., the site labeled A in Fig. 1 with a fourfold coordination. the DFT adsorption energies.
The weaker bound H specieg{and3,) were assigned to B The energetical ordering of the adsorption sites can be
and C, respectively (C is actually twofold degenerate due anelyzed and understood in terms of t_heir local reaetivity. By
to the mirror symmetry alondleO]). At the low-index Pd projecting the Kohn-Sham wave functions to atomic orbitals

. - 35
surfaces the energetic ordering of the atomic hydrogen adiruncated to a sphere with radiug=1.55 A)* the layer-

sorption sites indeed follows such a coordination argument.resowed local density of statésDOS) as shown in Fig. 2

To verify this assumption, the DFT adsorption energies afan be obtained. As proposed by Hammer and Norsid,
the three adsorption sites were computed in & 1} surface
unit cell corresponding to a coverage of one monolayer. The
hydrogen atoms were adsorbed asymmetrically on just one 1t layer

N

side of the slab. Due to the large size of the unit cell (3.96 E 3 ond laver
X 4.42 A), the interaction between hydrogen adsorbed in ad- e y ,’\j
jacent cells is negligible. A comparison between theoretical @ 5 3rd layer, \ SN
adsorption energies and experimental ones derived from ther- a \ ¥
mal desorption spectroscoyDS) is shown in Table II. To Q 4

account for the rather large error of 0.2 eV in the DFT bind-
ing energy of the hydrogen molecule, adsorption energies
with respect to both the numerical and experimental binding -8 -6 -4 -2 0
energy of B are reported in Table Il. It is found that the
intuitive assignment based on local coordination is not valid FiG. 2. Layer-resolved, local-band density of states. Indicated
on the(210 surface. Instead, the step site B is found to bepy vertical lines are the Fermi level and the centers ofdtibands.
the most attractive one. We note that site A, locally equiva-The third-layer LDOS is already very close to the bulk density of
lent to a(100 hollow site, exhibits a very similar adsorption states of palladium.
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the local reactivity is directly proportional to the distance of 3o
the d-band center to the Fermi level. Within this model, the
interaction energy is approximately given by the perturbatior
expression,

3.0
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Surface distance z [A]
o

Surface distance z [A]
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Assuming a constant filling of thd band and a constant 0.0
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coupling matrixV for different but similar configurations, it H_H distance d [A] H_H distance d [A]
is only the distancés y— £y| that determines the energy gain
due to a bond formation. it | ®yAC

For bulk Pd, thed-band center is located 1.86 eV below
the Fermi level. Going from bulk to the surface, tthdvand
center moves gradually higher in energy towards the Ferrr
level, i.e., thed-band center of the third-layer atom is still
close to the bulk value aty;=—1.80 eV whereas for the
second-layer atom we obtain=—1.56 eV and for the top
atom eq=—1.26 eV. According to the Hammer-Ngrskov
model, it is thus the top Pd atom that is by far the most
reactive one. To estimate the chemisorption potential ener-
gies at the actual adsorption sites A, B, arid tBe geometri- FIG. 3. (8—(c) Two-dimensional sections through the PES for
cal average of the nearest-neighlabband center§ can be  the dissociative adsorption obHn Pd210). The coordinates in the
used. This indeed predicts the right ordering of the adsorpfigure are the H center-of-mass distance from the surfa@nd the
tion sites. The major origin of the variations in the bondingH-H interatomic distancel. The molecular orientation is indicated
strength can thus be attributed to the local variations of thén the insets. The contour spacing is 0.1 eV, and the vacuum energy
electronic structure at the surface. level is marked by the dashed contour lirfd) Potential energy
along the reaction paths for,ton Pd210). The orientation of the
H, molecule is fixed to the one of the corresponding two-
dimensional PES.

For hydrogen adsorption at temperatures below 100 K,
two additional adsorption states were identified in TDSclearly from Fig. 3d), the H, molecule is first attracted to-
experiments’ These states were attributed to two molecularwards the top Pd atom. Nevertheless, the DFT results sug-
H, species as no mixing was found in H/D isotope exchangegests that at closer distances the rHolecule is able to dis-
experiments. This is surprising as hydrogen dissociates sposeciate spontaneously into the A and B sites as illustrated in
taneously and without any activation barrier op/Rd(100)  Fig. 3(a). That the top site is most favorable at larger dis-
systemsH13 tances has also been found for other syst8m&®It is evi-

In Figs. 3a)—(c), three two-dimensional sectioielbow dent from Fig. 3 that no stable molecular adsorption state
plots”) of the potential energy surfad®ES for the H, ad-  should exist at the clean Pl0) surface due to the fact that
sorption on P@10) are shown. These sections were com-hydrogen can always dissociate spontaneously.
puted using a X1 or a 2x 1 surface unit cell where neces-  This scenario is changed considerably by the presence of
sary and plotted by cubic interpolation of the total energiesatomic hydrogen on the surface: In Fig. 4, the elbow plots
and Hellman-Feynman forces at more than 56 calculatednd reaction path energies are shown for a surface precov-
points scanning different bond lengths of, Hd, and the ered with a monolayer of hydrogen at site B. Dissociation
height of the center of mass above the surfac&he slab Pd along the B-A path is now obviously prohibited by the pres-
atoms were kept fixed at the positions of the relaxed purence of atomic hydrogen at site B, but more important, the
slab. Only for the determination of the final adsorption ge-path to dissociation into the A and C sites is now blocked by
ometry and energy was a full relaxation including the topa much more pronounced barrier of 220 meV. On the other
five slab layers performed. These two-dimensional cuts arband, the attraction of the Hmolecule to the top-layer Pd
characterized as, e.g., B-Aindicating that the section is giveatom(site D in Fig. 1 is hardly influenced by the presence of
by the final atomic adsorption sites B and#@nd the surface the preadsorbed H atoms. The presence of hydrogen atoms
norma), or B-D-B indicating that the section is determined thus leads to a metastable molecular adsorption state with a
by two neighboring B sites with the molecule’s center of well depth of 270 meV. That the top site’s reactivity is hardly
mass fixed over the D site. The geometry of the hydrogernfluenced by the preadsorbed hydrogen atom can be traced
atoms is also shown by the insets in Fig&)3(c). The fixed  back to the induced change in the local density of states
orientation of the molecule is chosen according to the finaFig. 5): Although there is a resonance of tHéand formed
adsorption geometry, i.e., for the B-A and A-C path the mol-with the H 1s state at approximately6.5 eV below the
ecule is slightly tilted out of the plane parallel to the surface.Fermi level(dashed ling the center of thel band just shifts
The corresponding reaction path energies as a function of thieom e4=—1.26 eV toeq=—1.45 eV. The top Pd atom is
surface distance are depicted in Fig. @). As can be seen thus still more reactive than all other surface atoms.

Surface distance z [A]
Reaction path energy AE [eV]

7
, B-D-B

00 05 10 15 20 25 30
H—H distance d [A] Surface distance z [A]

C. Molecular adsorption
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5 FIG. 5. Top panel: Local density of states of the top-most Pd
@ 05 atom before atomic hydrogen adsorpti@otted, after atomic hy-
drogen adsorptioridashegl and after additional adsorption of,H
0'00 510 15 (solid line). Lower panel: Differences in orbital-resolved LDOS in-
H. H d"t ' dTA duced by H adsorption on H/P@10 of thed 2 (solid line) and the
~Hdistanee CIAT d,, orbitals (dotted line.
04| D-A-B', \'AB-C (©

! vated, an “adiabatic” reaction pathwas computed: Starting
0.2 5 % \ from an arbitrary but flat orientation far away from the sur-
/—\\ face over the most attractive site D, the hholecule was
60 T \ ...... fully relaxed within the four-dimensional subspace of a plane
_02 parallel to the surface, then pulled a little bit further towards
.y the surface and relaxed again. By choosing different initial
orientations we checked that the adiabatic reaction path does
-0.6 A-C not depend on the initial conditions. This procedure mimics
the discretized motion of a molecule with infinite mass and
00 05 1.0 15 20 25 30 thus yields approximately the energetically most favorable
Surface distance z [A] reaction pathways. The reaction path energies for the pure
(lower solid curve and the H precovered surfadepper
FIG. 4. (a) and (b) Two-dimensional sections through the PES solid curve are shown in Fig. 6. At large distances, the mol-
for the dissociative adsorption of,-bn Pd210) precovered with a ecule is always steered towards the top Pd atom again, but
monolayer of hydrogenf=1). (c) Potential energy along the re- then moves away to dissociate into the B aridsifes on the
action paths for K on Pd210 precovered with a monolayer of pure surface. On the precovered surface, thentblecule
hydrogen ¢=1). Cf. Fig. 3. ends up in a local minimum in two adjacent 6ites. The
increase in the barrier height towards dissociation again
It is important to note that this is not just a site-blocking demonstrates the stabilization of the molecular adsorption
effect due to the hydrogen atom at site B. If the hydrogersite above the top Pd atom.
atom is placed at the octahedral subsurface position instead,
the same stabilization effect can be observed. Both B-A and
A-C paths are then activated and the local minimum in the
B-t-B section of the PE$Figs. 3c) and 4b)] corresponds to
a true metastable molecular adsorption state. This stabiliza-
tion can also be interpreted in terms of a bonding
competitiof® between the preadsorbed hydrogen and the H o ST
molecule lowering the adsorption energy and in turn increas- sutacedsance A
ing the dissociation barriers, due to the strong correlation of FIG. 6. Adiabatic reaction path energies fok ldn the pure
transition state energies and adsorption energiés. (lower solid curvé and the H pre-covered surfadepper solid
To verify that the presence of atomic hydrogen indeedcurve. For comparison, the B-&dotted and B-D-B(dashedi reac-
changes the dissociation channels from nonactivated to actiion path energies are also shown.

Reaction path energy AE [eV]

Reaction path energy AE [¢V]
\ \
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TABLE Ill. Adsorption energies per molecule for the different
adsorption configurations as a function of hydrogen coverage on
Pd210.

Ead [eV] %

Coverage Site Theory ExpRef. 17 State g

0=1 D 0.27 0.25 v 8

0=2 D 0.22 0.16 1 3
0=3 D 0.09 S

This molecular adsorption well at site D prevails even at
higher atomic hydrogen coverages @#£2 and 3. The ad- (@)
sorption energies for the fully relaxed geometries are 220
and 90 meV, respectively. We thus suggest that the two mo-
lecular adsorption species found in the TDS experinténts
correspond to the molecular wells for two different local pre-
coveragesf=1 andfd=2. The two observed species thus do
not populate different molecular adsorption sites, but just
correspond to two different underlying atomic hydrogen cov-
erages. Our findings are summarized in Table III.

Our interpretation is further confirmed by monitoring the
work function change upon hydrogen adsorption: It was
found in the experimefit!’ that one monolayer of atomic
hydrogen increases the work function by 120 meV whereas
the work function decreases by 375 meV relative to the pure (b) X A1
surface upon molecular hydrogen adsorption. To compute the
work function change within the periodic plane-wave setup, FIG. 7. (&) Electron-density contour plot of the molecular ad-
an artificial dipole layer was introduced in the vacuumsorption state in the-z plane |[001]). The positions of the H
regiorf? to account for the different vacuum potential ener-atoms and the top Pd atom are marked by open and filled circles,
gies on the pure and on the covered slab side. The differend¢@spectively. The top Pd atom and the H atoms at site B are exactly
in the vacuum levels exactly represents the induced worklocated within the plane, whereas the H atoms of the molecule are
function change. For a monolayer of atomic hydrogen, Wélctually residing gbovg and below the drqwn pldm.Correspond-
find an increase of 250 meV. Molecular hydrogen on thd"d e_lec.tron dqulw difference plot. Regions of_ reduced electron
other hand leads to a decrease of approximately 700 me§/ensity (i.e., positively chargedcompared to the isolated systems
almost independent of hydrogen precoveragie 0,1,2). Al- H, and H/Pd210 are_marl_<ed with a minus sign, regions of en-
though the absolute numbers are somewhat larger than tﬁ'eanced electron density with & plus sign.
experimentally observed work-function change, the qualita-
tive behavior is C|ear|y reproduced_ local denSity of Statég as shown in Flg 5. In the upper

The pronounced effect of the adsorbed molecule on th®anel, the local density of states befédashedand after H
work function can also be inferred from the charge rear-adsorption(solid) is depicted. A pronounced resonance peak
rangement as shown in Fig. 7. The strong hybridization beat —8 €V is clearly visible. This resonance peak can be
tween the H molecule sitting 1.7 A above the surface andtraced back to the interaction of the It orbital with the Pd
the top Pd atom is visible in the electron-density contour plodz2 band as illustrated by the induced change in the
of Fig. 7(a) and more clearly in the electron-density differ- d2-resolved LDOSsolid curve in the lower panelFurther-
ence plot of Fig. ). The electron-density difference is more, the H o* orbital shows a resonance peak with the
computed as the difference of the electron densities of thband at—2 eV below the Fermi level and thus gets popu-
interacting system and the isolated hholecule as well as lated. Due to the symmetry of the minimum-energy configu-

Surface distance z [A]

the H-covered P@10) surface. It is evident that the;Hnol-  ration, there is no interaction with tfug, band. The follow-
ecule becomes strongly polarized upon adsorption and thugg interaction picture can thus be derived: When
leads to a decrease of the work function. approaching over the top site, the hholecule interacts with

Furthermore, the proposed scenario is corroborated by thée d,2, d,,, andd,, orbitals of the top Pd atoms. By sym-
experimentally observed vibrational frequency of the ad-metry arguments, the Ho orbital can only interact with the
sorbed H molecule,f w,;,=420 meV. The theoretical vi- d,2 orbital leading to a very small charge loss in ttg
brational frequency of the molecule at site D is computed tdand. On the other hand, the interaction of the antisymmetric
be 422 meV in the harmonic approximatigitee H,: 546  H, o* orbital with thed,, (d,,) orbital gives rise to a filled
meV). The H-H molecular bond is thus slightly weakened dy,— o™ resonance level yielding a net energy gain. Overall,
indicating a population of the antibonding* orbital. This  the H-H bond is weakened and the H-Pd bond strengthened.
picture is confirmed by analyzing the induced change of théA very similar scenario was also found for,Hon Ni*°
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As discussed in Ref. 17, the following scenario foy H IV. CONCLUSION
adsorption on P@10) is thus suggested: On clean (Ri0),
hydrogen adsorbs dissociatively. Once atomic hydrogen iﬁo
present on _the_F(ﬂlO) _surface, further hydrogen dissociation peen found to be significant. They are considerably reduced
becomes kinetically h||_1dered cIo_se to.the adsorb_ed hy(_jroge[_r)y the presence of hydrogen either on the surface or in sub-
atoms although atomic adsorption sites are still availablegrface positions. This suggests that the surprisingly small
T_h's cgn_be regarded as a local _self-p0|son|ng of hydrogepiyer relaxations of R@10 found in the experiment might
dissociation. In contrast to experimental results foratl-  pe caused by subsurface hydrogen which is hard to detect in
sorption on N{510),° where all adsorption sites for disso- the experiment.
ciative adsorption are occupied, op Bn Cu510),***where We have examined and identified the hydrogen atomic
step sites are occupied by the, holecules on the pure adsorption sites for coverages of upé&e 3 per surface unit
surface, this local self-poisoning is essential to stabilize theell. It was found that the energetic ordering of the adsorp-
molecular adsorption state on Rd0) according to our DFT tion sites does not follow the simple coordination argument
results. Nevertheless, this molecular adsorption state showBat the most favorable sites are those with the highest coor-
similar characteristics as the, HCu(510) system discussed dination of the at_jsprbate. Instead, the atom-surface bonds
by Bengtssoret al?? with respect to the azimuthal anisot- Were analyzed within the Hammer/Mixov d-band model.
ropy of the molecular state. Even with H preadsorbed at sitd e lower coordination of the surface atoms at the kinked
B (#=1) and at a full monolayer coverage of H.e., with  Steps of the P@10) surface leads to a locatband shift that
every top site populated, the,Hnolecule is still able to correlates well with the hydrogen adsorption energies and

rotate almost freely around its azimuthal angle. The maxi-thus accounts correctly for the high reactivity of the steplike

mum variation of the potential energy for an azimuthal rota_top-layer Pd atom. . o .
Furthermore, we have identified a molecular chemisorp-

tion of the molecule byr/2 is just 4 meV. It should thus . ) o
exhibit the same two-dimensional rotor states as found fog?]r;st;t:tg; Eoor?oi)giii?a\;v:‘tlgtambégIggrfe;ceergygé)@Zthv'
th(alts?;Stiﬁ:s]:rEét(i:r?g(5t%>0;ﬁalyze why the B10 surface has molecular state is stabilized by the presence of_atomic hy-
such unique features with respect to hydrogen adsorptiorg.rOgen at _the surfac_e. A hydrogen precoverage 1s necessary
Since the steps at th@10) surface represerit.10-like mi- as otherwise nonactivated pathways for dissociative hydro-
gen adsorption exists. Preadsorbed atomic hydrogen does not

%ﬁ)ga;teésé Zti(g el %(;f(;)f as(ijerf?clg(ztezhlgig Sil?élﬁgspggﬁg;“teos' significantly disturb the interaction of the,Hnolecules with
) the Pd atoms as long as the Hholecules are further away

the so-called long-bridge position at t10) surface. How- from the surface, but it locally hinders the ldissociation on

ever, on the PA10 surface the most favorable site for _ ) : . .
atomic adsorption of hydrogen is the pseudothreefold site o d210 although atomic adsorption sites are S'F'" available.
uch unique features of structured surfaces might be useful

the micro¢111)-like facets* and not the long-bridge site. . . ;
Furthermore, the top layer atoms are not protruding as mucf?r catalyzing certain reactions.
as on the P@10 surface which also modifies the local re-
activity. Consequently, it is the combination of specific struc-
tural elements that enables the coexistence of atomic and We would like to thank P. K. Schmidt and K. Christmann
molecular adsorption states on(R#i0). Other stepped sur- for providing us with detailed results of their recent experi-
faces might have similar specific properties. By studyingments as well as A. Eichler and G. Kresse for helpful discus-
structured surfaces in more detail one might discover specifisions and comments. Financial support of this work by the
sites with special chemical properties that can be useful foDeutsche Forschungsgemeinschaft through Sonderfors-

We have presented DFT calculations for hydrogen adsorp-
n on Pd210). Layer relaxations of this open surface have
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