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Precursor-mediated adsorption of oxygen on thg€111) surfaces of platinum-group metals
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The dissociative adsorption of oxygen on ttid1) surfaces of platinum, palladium, and nickel has been
investigated usin@b initio local-spin-density calculations. For all three surfaces, adsorption is shown to be
precursor-mediated and the structural, energetic, vibrational and electronic properties of the precursors are in
very good agreement with the available experimental information. The investigation of the transition states
shows that on Pt and Pd the barriers for dissociation are comparafde ab sufficiently high coverage even
higher than the desorption barriers. In combination with large energies for atomic adsorption, this also leads
to a high barrier for associative desorption—in agreement with observation. In contrast, the dissociation barrier
for O, on Ni(11)) is low and occurs already for a less stretched molecule. The trends in molecular and atomic
adsorption and in the dissociation barriers are discussed in relation to the geometric and electronic properties
of the substrate and to the sticking probabilities observed in molecular-beam experiments.

[. INTRODUCTION dominates the adsorption process, and so far no real precur-
sor states could be identified for hydrogen adsorption. For
One of the main fields of interest in modern surface sci-heavier molecules such as,ahe experimental predictions
ence is gas-surface interactions with a background o6f precursor states could be verified by DFT calculations for
catalysist Since all chemical reactions at surfaces are basedd(110.,° Pt(111)° Pd111),** Cu(110," and Ni111).'°
on adsorption and dissociation processes, a detailed knowhe aim of this study is to present a detailed analysis of
ledge in this field is the foundation for the understanding ofoXygen adsorption on th@ 11) surfaces of the metals of the
more complicated surface reactions. From an experimentdllatinum group Ni111), Pd111), P{111), focusing on the
point of view, there are two complementary ways to accessnholecular precursor states and the dissociation process. Fur-
this problem. On the one hand, stable adsorption structurd§ermore, the possible influence of the ferromagnetism of the
can be characterized based on the results of spectroscopy agigbstrate in the case of adsorption on nickel is investigated.
scattering experiments. On the other hand, molecular-beam Our paper is organized as follows. In the following sec-
experiments combined with desorption studies reveal th&on the experimental situation for the three systems is com-
energy/temperature dependence of the adsorption proceg¥led. In Sec. Ill we give the details of the calculations upon
For a microscopic description of the adsorption/dissociatiorvhich our study is based. Sections IV-VI summarize our
process, experimentalists have to rely on models based d@sults on the adsorption of atomic and molecular oxygen on
rather simplistic low-dimensional potential surfaces. the (111) surfaces of platinum, nickel, and palladium. A
During the past few years, theoretical techniques hav&€omparison/discussion of the adsorption behavior of the in-
made increasing contributions in this field. Whie initio  vestigated surfaces follows in Sec. VII. Finally, we close our
density-functional-theoryDFT) calculations can determine Paper with a summary of our results.
the potential-energy surfa¢BES at least for the adsorption
of simple molecules such as,l440,,>%or CO (Refs. 7-9 . EXPERIMENTS
with high accuracy(quantum molecular-dynamics simula-
tions using these potential-energy surfaces link the total- For the adsorption of oxygen on platinuthll) photo-
energy calculations with macroscopic properties such asmission spectroscopy of valence staté$ and core
sticking coefficient®'* or desorption spectr&. levels®?0 electron energy loss spectroscofBELS),'82%22
Modifying the specific features of the PES helps to underthermal desorption spectroscogyDS),t"?1%*?2and near-
stand the relation between the static PES and the dynamidge x-ray-absorption spectroscofyEXAFS) (Refs. 24—
adsorption process. While originally a decrease of the stick26) have distinguished a physisorbed state and molecular as
ing coefficient with increasing beam energy at low energiesvell as atomic chemisorbed phadese Tables | and )l
has always been explained by precursor-mediated adsorp- While there is general agreement that during the chemi-
tion, in which the molecule is trapped before it is finally sorption process charge transfer from the substrate to the
dissociated and adsorb&t,a new mechanism has been molecular Iy orbital of the adsorbate leads to a profound
found based on theoretical investigations: the so-called steemodification of the molecular bond, there is disagreement on
ing effect. A slow molecule impinging on an unfavorable the precise nature of the chemisorbed molecular state: while
orientation can adapt its orientation, so that it has to overthe EELS results have first been interpreted in terms of a
come only the minimal barrier to dissociation and adsorbnonmagnetic peroxolike 8~ phase, a paramagnetic super-
For higher energies, the molecule is too fast for such a reoriexolike O,” state has been postulated on the basis of the
entation mechanism to work, so that the molecule is repellelEXAFS data?® EELS studie®?! have also revealed the
because of an unfavorable orientation. Fog, tteering existence of two different O-O stretching frequencies, and
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TABLE |. Adsorption of atomic oxygen in various high-
symmetry sites of P111) at ®=0.5 in comparison with experi-
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the possible coexistence of two different chemisorbed mo- translational energy [meV]
lecular species is also supported by different core-level L . i

. . . FIG. 1. Initial sticking coefficient for @ adsorption as a func-
SpeCtr.OSCODIe%O' The two different Chemlsorbed states havetion of the translational energy. Values are taken from Ref§N33
been interpreted as due to adsorption at steps or due to two  _, 4 K), 3 (Pd. T.,.— 100 K), and Ref. 23Pt, To,— 200 K)
different adsorption sites. A common conclusion of all these " ’ o suf ’ ' »surt '
studies is that dissociation of,(n P{111) is a thermally For palladium, experiments predict an even more complex
activated process that occurs'B}15Q K.VIa a molecular adsorption mechanism consisting of a system of a phys-
precursor(or molecular precursorgwhich is also supported isorped and up to three molecular precursor st¥tégain,

by the measured sticking behavi@tef. 23 and Fig. Il and e sticking curvé® (cf. Fig. 1) exhibits the typical shape for
that atomic oxygen is adsorbed in the threefold hollows. For, precursor-mediated adsorption.

this atomic phase LEED experimeffthave determined also
the substrate relaxation with high accuracy.

In agreement with a recent scanning tunneling micros-
copy (STM) study?® we identified in a previous studywo Our calculations have been performed using a spin-
distinct molecular precursors. One is in a paramagnetic sisolarized version of the Vienrab initio simulation program
peroxostate, formed at the bridge site with the oxygen atomgasp.3634/asp performs an iterative solution of the Kohn-
oriented towards the on-top sites. The second precursor is iSham equations of local-spin-density-functiondlSDF)

a nonmagnetic peroxostate and located in a slightly tiltedheory via a minimization of the norm of the residual vector
position over a hollow site. and optimized charge- and spin-density mixing routines. The
For the Q-Ni(11D) system, much less information is spin-polarized version ofasp (Ref. 39 has been used to

available in the literature. Most studies deal with the adsorpaccount for the magnetic moment of the Molecule and in

tion of atomic oxygen on the surface, including a LEED the case of Ni for the ferromagnetic character of the sub-
experimert® and a NEXAFS study® According to those, strate. The PW91 generalized gradient correéfitras been
oxygen adsorbs in the fcc-hollow positions with a Ni-O dis- ysed.

tance of 1.85 A The adsorption energy for atomic oxygen  Ultrasoft pseudopotentidare used for the description
on nicke(111) has been determined by microcalorimetry to of the electron-ion interaction. The close similarity between
be 0.8 e\/3.2 Furthermore, a work-function Change of 0.82 eV the ultrasoft pseudopotentidUS_PB method with the
upon adsorption of 0.25 ML oxygen has been observed. projector-augmented-wavéPAW) techniqué'*? allows us
Recently a molecular-beam experim€ntcf. Fig. 1) postu-  to demonstrate that the accuracy of US-PP calculations using
lated a precursor mediated adsorption process similar to that plane-wave basis equals—except in a few special
on Pt111). circumstances—that achieved using the most advanced all-
electron techniques. For all Pt-group metals, the use of US-
parison with experiment: Sites, bond lengthis A and frequencies PP’s allows us to restrict the basis set to plane waves with a

(symmetric stretch frequency of the moleculeand metal oxygen ~Maximum kinetic energy of,=300 eV. For any further
frequencyw,) in wave numbers. Also included are results for the technical aspects ofAsp, see Ref. 37; for details in the
free molecule. The experimental data is taken from Refsconstruction of the US-PP we refer to our earlier work on Pt,

18,20,21,26,28,50, and 51. Pd*® and Ni (Ref. 49 surfaces.

The substrates are modeled by a four-layer slab with a
Site dA) v, (ecm™Y », (em™ D rectangular/3x 2 unit cell[leading to ac(4 X 2) structure,

cf. Fig. 2], separated by a 14-A -thick vacuum layer. One

. METHODOLOGY

TABLE II. Adsorption of molecular oxygen on @tl1) in com-

free mol. calc. 1.24 1550 oxygen molecule is adsorbed on both sides of the slab result-
exp. 1.21 1580 ing in an atomic coverage @ 5=0.5. Brillouin-zone inte-
mol. prec. 1 calc. t-fcc-b 1.43 690 340 grations have been performed on a grid ofx(8x1) K
exp. t-fcc-b 1.40-1.47  690-700 2 points, using a Methfessel-Paxton smedtimaf c=0.2 eV.
All calculations have been performed at the equilibrium lat-
mol. prec. 2 calc. t-b-t 1.39 850 370 tice constant§aN=3.53 A, a"%=3.96 A, a"=3.99 A; ex-

exp. tb 1.37-1.39 860—-875  375-380 perimentally:a'\“=3.52 A,aP%=3.89 A a'=3.92 A] cal-
culated using the gradient-corrected functional.
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FIG. 2. Surface cell and geometry of the reaction channels ex- 15 20 25 A 15 20 25
plored for G adsorption on F111) via elbow-plots(Figs. 3 and 4 dAl

together with a short-hand notation for special points. See the text. £ 3 contour graph for the potential energy of ap 1Bol-

. ) ecule over a P111) surface as a function of the bond length and
Substratg relaxation _effects have been ne_glected since {Re height of the molecule above the surfd@ impinging in a
our preceding calculations for the adsorption 0f ©n  (p-t (3) and fccnt-fec (b) geometry(pathways 1 and 4 in Fig.)2
Pt(111) (Ref. 5 and CO on RHO0 (Ref. § and Pd1000  contour lines are drawn in intervals of 0.25 eV, thick full lines
(Ref. 7 we found only a minor influence of the substrate correspond to integer values €V), dashed lines to negative po-
relaxation on the energetics<(lL00 meV} and geometry of tential energies. In panels) and(d) the variation of the total mag-
the adsorbate<0.1 A). netic moment of the @Pt system is illustrated for the same geom-
Results for the free molecule are compiled in Table Il.etries.
'Ehe problerr;itf description of th§2Cbond energy E‘_DZ above the surfac&) are varied. Within this restricted PES,
=5.87 eV,Eq, =6.2 eV) stems mainly from the error inthe {he evolution of the @ molecule can be traced from the
energy of the free atoms. However, since the density gradimolecular phase in the entrance channel through possible
ents are much lower for the adsorption systems, the descripaolecular precursor statésr transition statesto the final
tion of the energy differences between the adsorbed molatomic adsorbed O-Pt structures.

ecule, the transition state, and the adsorbed atoms is much Since we performed for Qon platinum a rather extensive

more accurate than the abso!ute values. investigation based on these so-called elbow pls¢e Sec.
For results on the clean Ni surfaces, we refer to our pretv B and Fig. 3, we took also the results presented in the
vious publicatiorf** following section for atomic adsorption out of those 2D

All energies given in this paper are potential energies withscans and did no structural relaxation.
respect to the free ©®molecule, where the energy zero is set

to the free molecule. More formally, A. Atomic adsorption
n Figure 2 shows the surface cell and defines a short-hand
E=E(subst-nx0)—E(subsi— zE(O,), notation for special points in the surface cdll 6n top;b,
2 bridge; fcc, hep, threefold hollows; nt, “near top'and for
wheren is the number of oxygen atoms in our cell. the reaction channels used for the investigation of the mo-

To determine the dissociation barriers, the transition state!¢cular adsorption.
(TS) have been determined using the nudged elastic band The adsorption energy is largest in the fcc holloviEs=
method (NEB).*#7 In this method, the total energies of a —1.65 eV/moleculg and considerably smaller in the hcp
series of intermediate states distributed along the reactiofollows (E=—0.98 eV/moleculg Comp. Table I.
path connecting the starting and final states are simulta- This rather large energy difference at such similar surface
neously minimized restricting the atomic motions to the hy-Sites has been interpreted by Feibelfffan terms of frus-
perp|ane perpendicu|ar to the reaction path_ We have usé@tedd orbitals: due to adsorption, Charge is transferred to
this method already successfully to determine diffusion barthe oxygen atom leading to a repulsion between the nuetal
riers for CO on PALO0) (Ref. 7 and R{100) (Ref. § and  orbitals and the oxygen atom and hence to a deformation of
for the calculation of reaction barriers in the CO oxidationthe substrate orbitals. Since in the Ri-band only the high-

reaction on Rt.11).4 est (antibonding states are unoccupied, charge donation is
equivalent to bond weakening. Due to the different symme-
IV. OXYGEN ON PLATINUM (111) try, this leads in the case of hcp adsorption to a weakening of

all surface-subsurface bonds, whereas for the fcc hollow one

The potential-energy surface for the dissociative adsorpbond out of three is strengthened. This explains the prefer-
tion of a diatomic molecule over a surfagghen neglecting ence for the fcc site. We shall return to a discussion of these
relaxation effectsis six-dimensional. To map such energy charge-redistribution effects in connection with a detailed
surfaces, the common strategy is to compute two-discussion of the electronic structure of the adsorbates
dimensional cuts through the energy surface, so-called elboBec. IV C 2 for Pt and Sec. V A, Fig. 10 for Ni
plots; the two angles and the two lateral coordinates are fixed The characteristic metal-oxygen stretching frequency for
and only the bond length of the molecule and its heightthe atomic adsorbate is in the fcc-hollaw=470 cm %, to
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compared with experimental values pf=466 cm !, Ref. 1.5 R, 7
22; v=471 cm !, Ref. 50;»=480 cm !, Ref. 18. 10} sdoentfon 2o N\ ot
The comparison of our calculated value for the atomic 05

adsorption with the corresponding experimental value from : =

Ref. 22 is difficult, since in these TDS experiments only the 00 :bb) -
effective barrier for oxygen desorption could be determined, -0.5
which includes in addition to the pure adsorption energy also .1
a possible barrier for the recombination of thg @olecule.
For this barrier, Parkeet al?? obtained in the coverage oV
range of 0.42—-0.5 ML a value between 1.22 and 1.65 eV pel
O, molecule. This large fluctuation has been explained in
terms of a pronounced kinetical hindering of thg @ol- 05
ecules at the surface, rather than by a variation of the chemi

9:b-b-

! 0.0
cal barrier.
Adsorption on bridge and on-top sites is higher in energy, ~ ©0-° S
on-top even endothermic. The height above the surface fol  -1.0 Omnt-b-nt

lows the trend in the energies: the more stable the adsorptior 4 5
site, the higher coordinated the site and therefore, at a simila

Pt-O bond-length, the smaller the adsorption height. The vi- 0.5 10 15 2'2 25 30 35 40
brational frequencies are determined by the geometry of the st

adsorption site: it is lowest for the fcc hollow, Whe.r(_a the i, 4. Adsorption of @ on Pt111): Variation of the potential
molecule can vibrate vertically without any hindrance; in thegpergy along the bottom of the fourteen reaction channels defined in
hcp hollow, the subsurface platinum leads to a slight increasgjg. 2 and in the text. The reaction coordinateeasures the dis-

in frequgncy, Wherea§ on the bridge and eSPeCi_a”y in theance from the starting point 4 A above the surface plane along the
on-top site the stretching frequencies are much higher. deepest points in each channel.

B. Potential-energy surface the magnetic moment is Qu4 ; further approach of the mol-

- . . . . ecule towards the surface destroys the magnetic moment,
To distinguish between the different geometries with the \ .- < the dissociation towards t):1e on-top gmz~1 8

molecule parallel to the surface, we will characterize them byA) increases the magnetic moment because of the very lim-
the positions where the dissociated oxygen atoms will be?ted charge transfer over the on-top site
adsorbed and by the center of mass of the molecule. For The second elbow plot shown in pari) corresponds to

example,h_-b-h refe_r_s to a geometry with the center of Mass . annej 4. This time the molecule has to pass a barrier before
over a bridge position and the atoms oriented towards thﬁ']e atoms reach dissociatively the fcc hollow sitds=(

fourfold hollows in which they will finally be adsorbed. —1.65 eV,Z=1.23 A). In this case the magnetic moment

h-t-h leads to the same f|r}al positions of the O atom§3 but th?/anishes continuously along the reaction path, down to the
molecule enters the reaction path over an ontpposition. nonmagnetic adsorption structure. In the exit channels,

Channels 1 to 5, together with the channelst@ 4’ lo- where the molecule is already dissociated, energy as well as

catgdt_ aroufn?hthe hth t!nlstead of the fcc hfollovg{, expflcl:]e th(?nagnetization are a function of height only, as one expects.
variation of the potential energPE) as a function of the In the same way, we investigated all fourteen channels. Fig-

coordinatesx,y in the surface cellsee Fig. 2 The dePe”' ure 4 displays the variation of the PE at the bottom of all
Qence of the PE on rotations p_araIIeI to the surface IS teSt.er%action channels as a function of the reaction coordirate
in channels 5 and 7 for rotations around the top sites, M= the distance from the starting point, measured along the

chan_nels 2 and 6 (2and 6) arounq the fedhcp ho!lows, ___path of minimum PE beginning at a distancef d A from
and in channels 1,8,9,10 for rotations over the bridge sneﬁe surface. Along channels 3 to 5, ® 4’, 7,8 and 10 the

Because of symmetry in all these fourteen reaction channe ssociative adsorption of O a direct, strongly activated

except channels 6,6the PE is stationary with respect to a process with barriers varying between0.3 eV and~1.5

'E:I;ung ?f tl{'r? nlwolelculg out of af;ilr?nilgarallerl]to thelsurfzcel.lev_ However, channels 2 and Zuggest that the barrier
ose 1o the local minimum ot the L, we have relaxed a might be lower along off-symmetry reaction paths.

six degrees of freedom of the,@nolecule. Figure 3 shows
typical elbow plots, as they are described in the introduction

of this section. Pandla) shows the variation of the energy C. Molecular precursor states
along thet-b-t path (channel 1 the molecule enters the
elbow from the upper corner at a height of abduA with a
bond length ofd=1.24 A , and a stretching frequency of  Along channels 1, 2, 6,’2 6', we observe various local
1580 wave numbersgcurvature in thed direction. From  minima that can be identified with molecular precurs@ese
thereon, the energy decreases leading to a local minimuable 1l). The minimum in thet-b-t channel 1 has already
with E=—0.72 eV at a distance &#=1.92 A and a bond been discussed on the basis of Fig. 3. Comparison of channel
length ofd=1.39 A . A further elongation of the molecule 1 with the neighboring channels 2,2Zshifted along they
raises the energy. Pan@) illustrates the variation of the axis) and 10,8,9corresponding to planar rotations over the
magnetic moment for the same geometry. In the minimumbridge position demonstrates that translation as well as ro-

1. Structural and vibrational characterization
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tation lead to a rapid increase of the PE, so that this configu-
ration corresponds to a real minimum on the 6D-PES with a
molecule chemisorbed parallel to the surface ket posi-
tion.

Other local minima are identified in channels
2,2 [nt-fco(hcp-nt] and 6,6 [b-fcc(hcp)-t]. The energies
are —0.18 to—0.27 eV/molecule for a position of the mol-
ecule parallel to the surface, at a heightZe£1.84 A . For
configurations 6 and'6the PE is not stationary with respect
to a tilting of the molecule. A free minimization of the mol-
ecule starting from these t-fdwcp)-b configurations leads to
the two essentially equivalent molecular precursor states de-
scribed in Tables Il and VI: an Omolecule stretched td
=1.43 (1.42) Ais adsorbed close to the fbecp hollow, in
a position oriented from top to bridge and slightly canted
with respect to the surface plane, so that the end of the mol-
ecule over the surface atom is slightly higher. The parameter
Ax in Table VI describes the lateral shift of the molecule out
of the ideal hollow site towards the on-top position.

The adsorption energy E:_ —0.68 (0.58) eV/molecule; FIG. 5. Adsorption of Q on P{111): (a,b Isosurfaces of the
compared to the configuration parallel to the surface, thjifference electron densities (o[ Pt(111)+ O,]— p[Pt(111)]
molecule sinks somewhat deeper into the hollow, —,(0,)) for (a) the superoxoprecursor in tfeb-t configuration
=1.78 (1.81) A. and (b) the peroxoprecursor in thefcc-b configuration. Charge

Hence our calculations support the conjecttifé®of the  flows from the dark into the light regiongc,d) Isosurfaces of the
existence of two distinct but energetically almost degeneratepin densities iric) the superoxoprecursor aid) the free Q mol-
chemisorbed molecular precursor states fgrad Pt(111). ecule.

In the first state, the molecule is adsorbed in a symmetric

t-b-t position characterized by a bond lengthaf 1.39 A The filling of the 7] states but not therj states is also

and an O-O stretching frequency of=850 cm ! (see . . e
Table Il). The predicted bond length is in good agreementcormborated by the analysis of the spin densitigg. 5(c)],

with the experimental estimates based on NEXAF® (WhICh shows that the remaining magne.uc momentrey,
=1.37 A, Ref. 26 and photoemission spectroscopg ( =0-4up is carried by ther| states only, in contrast to the
=1.39 A, Ref. 20. The stretching frequency is confirmed free ©, molecule where the spin density is distributed homo-
by various EELS measurements,;842 cml, Ref. 21;  geneously over both types of states[see Fig. &)]. Note
v,=875 cnm' !, Ref. 18;»,=870 cni'!, Ref. 50. In the that there is an induced magnetizatiordef symmetry of the
second state, the molecule sits in a slightly asymmetri®t atoms interacting with the adsorbate. The precursor in the
t-fcc(hep)-b position in a threefold hollow, with a bond- t-fcc-b configuration, on the other hand, has no magnetic
length of d=1.43 (1.42 A and a stretching frequency of Moment; the difference electron densities demonstrate an in-
v;=690 (710) cm'. Again this is in good agreement with Creased occupation ef and#| stategsee Fig. %0)]. We
estimates based on photoemission spectroscdpyl(40 A,  also note an increased population of thedRirbitals perpen-
Ref. 51;d=1.43 A from core-level andi=1.47 A from dicular to the Pt-O axis, due to redistribution effects. The
valence-band spectra, Ref.)2énd EELS ¢;=700 cm adsorbate/substrate electron-transfer effects together with the
Refs. 21 and 18y,=710 cm !, Ref. 50. From the curva- redistribution within the substrate orbitals confirm the model
ture of the elbows in th& direction we can derive also the Of Feibelmaf® to explain the site preference observed in the
lower metal-oxygen vibration frequencies. For this fre- O adsorption.
quency v, we get 340(370) cm™ ! for the t-fcc-b(t-b-t) These general charge-transfer/redistribution effects are
precursor. Experimenta| EELS values have On|y been meaﬁ.lso confirmed by a detailed anaIySiS of the local partial den-
sured for the precursor over the bndge S|tg:(: 380 Cmfl, sities of StatE$F|g 6) For the free Q molecule the lowest
Ref. 18;v,=375 cnmi !, Ref. 21 and agree well with our group of four eigenvalues corresponds to the spin-split bond-
result. These adsorption sites agree in all details with a recefftd Sso(30g) and sso*(40,) orbitals, whereas bonding
scanning-tunneling-microscopy stifflysee also beloy ppo(504) andppm(1lmg) and antibonding pw*(2m,) (the
504 lies energetically between the spin-splitrd) are dis-
tributed over an energy interval corresponding roughly to the
width of the metald band. The Fermi level falls into the gap
Our spin-polarized calculations also allow a characterizabetween the spin-split2, levels.
tion of the electronic and magnetic properties of the molecu- On adsorption in one of the molecular precursor states,
lar precursors. Figuresg& and 5c) show the isosurfaces of both the bonding/antibonding and the exchange splitting of
the difference electron densities and the spin density of thall states is reduced. For theb-t precursor a weak spin
precursor in thet-b-t configuration. We find that charge splitting of the 3r4 and 4o, associated with the small mag-
flows from the substrate to the adsorbate and tends to fill theetic moment is clearly recognizable, while for the nonmag-
m} antibonding states oriented perpendicular to the surfacenetict-fcc-b precursor the spin splitting has completely dis-

2. Electronic and magnetic characterization
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Ni(111)+0,(g
3o, 3o,
3o, . 3o,
S 27,
3 i
b fcc-b) cc-b)
o
£ 3
© il | .
Pt(111)+O,(TS) 5)
‘L‘ i’i.\ FIG. 7. Molecular precursors of{»n P{111): Calculated STM
ﬁwﬂm images for(a) the superoxoprecursor in theb-t configuration and
Pt(111)+20(fcc) (b) the peroxoprecursor in thefcc-b configuration; cf. text. For
comparison with the experimental results, see Figs. 1 and 2 of Ref.
; 28.
! i i L which is not expected to give quantitative agreement with the
20 10 0O 20 -10 experiment, we are confident that qualitative features are

energy[eV] well reproduced by this simple method.
For the visualization of thé-b-t precursor in Fig. 7 we
FIG. 6. Density of states for various states of oxygen adsorptioshow several supercells: the cell is doubled in the direction
on P(11Y) (left side and Ni111) (right sidg. Full lines, DOS  of the shorter axis and in the longer direction four cells are
projected on the O atom; broken lines, DOS projected onto the toRhown, The molecule itself is oriented as in channel 1 of Fig.
layer of the substrate. 2, i.e., parallel to the long direction.

The superoxoprecursor in the flatb-t configuration is
appeared. Thefcc-b precursor also shows a slightly smaller reproduced in the STM by an image with fourfold symmetry
bonding/antibonding splitting of theso states, correspond- and minimum intensity in a plane perpendicular to the mo-
ing to a more pronounced stretching of the molecule. Thdecular axis, corresponding very well to the highest occupied
molecular orbitals derived from the atomjicstates interact molecular orbital withm* symmetry.
very strongly with the P& band, in particular the more ex- For the second precursor statef¢c-b) we doubled our
tended antibonding 2, states. The stronger interaction of supercell already for the computation of the image in the
the t-fcc-b precursor with the substrate causes a more prolonger (x) direction (see Fig. 2, so that in Fig. ) four
nounced broadening and a somewhat larger shift of these calculated cells are shown. Also in this case we can repro-
states to lower binding energies and hence increasing popaiice the slightly asymmetric “pear-shaped” charge-density
lation, in agreement with our analysis of the difference-distribution with the brighter feature on the top site for the
electron densities. A further consequence of the reducetifcc-b precursor. Also the depletions around the bridge lobe
bonding/antibonding splitting of the states is that the &, are in agreement with the STM study.
molecular orbital is now lower in energy than thergl.

The conclusions drawn on the basis of the charge and spin
densities and of the local electronic DOS'’s are fully con- This perfect agreement encouraged us to invest some ef-
firmed by the analysis of the STM images and the comparifort in the determination of another property, which has been

4. Barrier for rotation in a molecular precursor

son with the experimental results of Stipeal ?® estimated on the basis of the discussed STM experiment. By
raising the tunnel current, Stipet al. succeeded in trans-
3. Calculation of STM images forming the Q molecule residing in &-fcc-b precursor into

I . . an equivalent one rotated by 30°. The barrier related to this
The availability of detailed STM imagé&of the precur- rotation has been estimated to be 150—175 V.

sor states has motivated us to attempt a calculation of the This rotation corresponds to a change from channel 6 via

STM contrast. anstant current STM topographs are SIMU5 phack into a rotated version of 6. Because of the low sym-
lated by calculating the energy-resolved charge densit

= ¥netry at this site, inducing a tilting of the molecule and a
p(r,e) in the vacljumr’? We evaluate isosurfaces of constant ghjft of the center of mass during the rotation, we used the
charge density(r,e)=C and determine the corrugation of NEB method explained in Sec. Ill. The calculated barrier
these isosurfaces. Typically these isosurfaces are determinééight of 150 meV is in good agreement with the experimen-
at an average distancé ® A from the core of the outermost tal estimate; for a more accurate value, substrate effects have
atom. Although this is a much more simplified approachto be included.
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mol. precursor Transition state  atomic adsorption TABLE Ill. Atomic adsorption oxygen at the high symmetry
| sites of N{111) at ®=0.25 ML: adsorption energf (eV) (with
respect to half a free oxygen molecyldistanceZ (A) to the sur-
face, distancelg.y; (A) to the nearest Ni atom, magnetic moments
of the oxygen atonmg and of the neighboring Ni atommy;, and
work-function change due to oxygen adsorption. The experimental
values are taken from Refs. 31,30, and 32.

1.0 1.0 i

os L os Top Bridge fcc hcp Expt.
O N U : E (ev)  -048 -177 -232 -220 -2.28

5 platinum z A 1.68 1.29 1.16 1.17 1.17
[ ammmmee doni (A 1.68 1.79 1.86 1.86 1.85

L0 L gmomeees mo  (ug) 0.43 0.18 0.13 0.09

5 | my  (ug) 0.7 0.6 0.56 0.6

20T 20 AD  (eV) 1.6 0.4 0.8 0.8 0.8

2.5 2.5

FIG. 8. Sketch of the initial, transition, and final states for the the postulate of high kinetic barriers for the associative de-
dissociative adsorption of QOover nickel, palladium, and plati- sorption of O in the high coverage regirffeOne has to
num(111). The initial state is the precursor over the hollow position remember that the saturation coverage for atomic oxygen
[fcc (solid line) for Pt and Pd, hcgdashed linesfor Ni] and then  due to dissociative adsorption of ,Gis only 0.25 ML>*

O, dissociated via the transition stéfer an exact characterization while the dissociative adsorption of NGollowed by NO

of the geometry see Table Vinto the again hollow adsorbed oxy- desorption can form oxygen layers with coverages up to 0.75
gen atomgfcc (solid line) for all surfaces; for palladium and plati- ML.22 This means that at the investigated coverage a higher
num the hcp sitédashed linghas to be crosséd barrier for dissociation than for desorption is in agreement
with the experimental findings. The local DOS at the TS

shown in Fig. 6 demonstrates the further reduction of the

Within the reaction channels defined above, both precurbonding/antibonding splitting of all orbitals. Interestingly, a
sors are separated by a substantial barrier from the dissoaireak spin splitting reappears.
ated chemisorbed atomic state. A realistic scenario for find-
ing a lower barrier ig-b-t to nt-hcp-nt to fce-nt-fedi.e., a
parallel shift of the atom in thg direction, switching con-
secutively from channel 1 to channel 2, 3, and finally 4, cf. For the investigation of the ONi system we chose a
Figs. 4 and 2 or into the other direction into the fcc hol- slightly different strategy. Since we expect a qualitatively
lows, followed by a subsequent diffusion into the hcp-hollowsimilar adsorption behavior, we calculated only a few elbow
sites. Rotation in the intermediate nt-hollow-nt configurationscans to confirm our assumption. Therefore, we did a more
can transform the-b-t precursor with only a small barrier detailed investigation for the atomic adsorption and the dis-
(compare the preceding sectjonto thet-hollow-b precur-  sociation pathways.
sor.

For thet-hcp(fcc)-b precursor, rotation to nt-h¢fec)-nt
leads into the same reaction path. In both cases, we find from
the results given in Fig4 a barrier at abouE=0.18 eV To determine the energetically most favorable adsorption
relative to the free molecule. In order to allow also for lesssite, we relaxed the oxygen atoms in several high-symmetry
symmetric intermediate positions along the reaction path, wéites for ap(2x2) superstructure. The results are compiled
used the NEB method for the determination of the transitiorin Table Ill: adsorption in fcc-hollow positions leads to an
state along-fcc-b and two hep-adsorbed oxygen atoms. Theenergy[with respect to; E(O),] of E=—2.32 eV/atom, en-
result is sketched schematically in Fig. 8. For the lowesergetically only slightly more favorable than for adsorption
transition stat¢within thec(2x 4) cell] the O atom near the in the hcp hollow E= —2.20 eV/atom, while adsorption in
bridge site crosses it, while the second atom rotates arourlfidge E=—1.77 eV/atom and on-top sites E=—0.48
the top atom passing asymmetrically the second bridge. &V/atom) has much lower adsorption energies. This confirms
more detailed characterization of the transition state can b#e usual trend of oxygen to occupy high coordinated sites
found in Table VI. The physical principle determining the and agrees well with the microcalorimetric measurements of
transition state is evidently to avoid the breaking of Stucklesset al®* of 440 kJ/mol (Q) (E=2.28 eV/atom
adsorbate/substrate bonds during the reaction. However, the In the hollow positions the atom is closest to the surface
barrier along this pathway agrees with the previous estimate°=1.16 A , z"*P=1.17 A) resulting in a nickel-oxygen
from the elbows. distance of do_\=1.86 A [NEXAFS (Ref. 30: do.;

Hence our calculations predict that the barrier for a disso=1.85+0.05 A]. Also, our prediction for the work-function
ciation of the molecular precursor is higher than for its de-change of A®=+0.8 eV is in nice agreement with
sorption. Experimentally, the dissociation barrier has beem@xperiment? The magnetic moment of the free O atom is
estimated to be slightly lower than the desorption barrier, ateduced upon adsorption. This reduction depends on the dis-
least for low coverages. However, our result agrees with tance from the nearest Ni atoms and on the O-Ni coordina-

D. Dissociation

V. OXYGEN ON NICKEL (111

A. Atomic adsorption
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TABLE IV. Atomic adsorption of two oxygen atoms in hollow

positions of a nickel(111) surface at®=% ML in two configura- 0.00

tionsA,B (cf. text): energyE (eV), distance from the surfacg(A), -0.25

and magnetic momemhy/atom. -0.50

E[ev]-0.75

fcc (A) fcc (B) hcp (A) hcp (B) -1.00

E (eV) 1.91 1.88 1.77 1.75 152

z A) 1.12 1.12 1.13 1.15 1'75
Mo  (us) 0.1 0.1 0.1 0.1 05 10 15 25 30 35 40

2.0
s[A]
tion number: it is smallest for top-site adsorption and stron- ki 9. potential energy for Oon Ni(111). Variation of the
gest for adsorption in the hcp hollow where only a momentyqential energy along the bottom of the reaction channetshitj
of mp=0.09up subsides. and 6 t-fcc-b) defined in Fig. 2 and in the text. The reaction

Since we used the(2x 4) cell depicted in Fig. 2 for the ¢qordinates measures the distance from the starting point 4 A

molecular adsorption, we also investigated the resultingpoye the surface plane along the deepest points in each channel.
higher oxygen coverage of half a monolaysee Table V.

within this cell two inequivalent arrangements of hollow ad-

ethe bridge site oriented towards the substrate atdnist(,
Qver the hollow sites connecting bridge and on-top sites

atoms form chains parallel to the shorter axis of the @&l Et-fcc(hcp)-b].

separated by 5.00 A , whereas for the second possibility th . .
chains are parallel to the longer ax®) and separated by In contrast to platinum wherg we had found a difference
only 4.33 A . The distances for nearest-neighbor oxygen atof 0-1 eV for precursor adsorption in the fcc and hcp hol-
oms are in both cases the same. lows, on nickel the precursor states over the hollow positions

The height above the surface is very similar to the lowerdr€ very similar: energetically both are nearly degenerate
coverage case for the fcc hollo@{=28=1.12 A)aswell (E"*®=—1.65eV,E""®°=—1.67 eV), with even a slight
as for the hcp siteZ*=1.13 A ,z8=1.15 A). The change in  Preference of the hcp hollow. The distance from the surface
the adsorption energy is much more pronoun@edTables  is 1.62 A for both precursors, the,@ond lengthd=1.46 A
Il and IV). However, the energy difference between fcc and(t-hcpb) andd=1.47 A (t-fcc-b), respectively, and the axis
hcp adsorption remains nearly unchanged, and also the di¢f the molecule is tilted by 10° with respect to the surface
ference between arrangementsand B is only rather small  plane. Also, the magnetic moments of the oxygen molecule
(<50 meV). are equalmg,=0.2ug per molecule.

Figure 6 shows the partial density of stat€09S) of the The precursor state over the bridge site is higher in energy
adsorbed oxygen atom, where a very strong adsorbatgE!"'=—1.41 e\}. In this site, the oxygen bond is therefore
substrate bond is manifested by a pronounced peak aroungss strainedd=1.42 A) and also the magnetic moment is
E=—6 eV. The adsorption-induced charge flow, depicted instill higher (Mo, =0.4up). The height above the surface is

Fig. 10, illustrates nicely the argument for the preference of, 1 77 A Again the difference of 0.26 eV in the energies
Fhe fce- over the hcp-hollow site, discussed in Sec. IV. Dur-g¢ the t-hcpb andt-b-t precursors is remarkable compared
ing adsorption, the O atom becomes charged and the resulf; ihe much smaller difference of only 0.04 ewféc-b and

ing repulsion of electrons leads to a charge redistribution a‘E-b—t) found for O, on Pt. We shall return to this point be-
the substrate. low.

B. Potential-energy surface 2. Electronic and magnetic characterization

Figure 9 shows the energy as a function qf th_e distance The LDOS's of the different adsorption sité&ig. 6)
from the surface for the two elbow scans leading in the cas how in principle the same features as thg/FD system.

of O,/PY(11]) to molecular precursor states: at 'afg‘? d's.' Characteristic differences with respect tg/Bt are discussed
tances from the surface, the influence of the surface is quite, soc v Also charge-redistribution effects are very simi-

small. F(;om a height ((j)ftﬁbout 2.6 A ablovel thg surface t??ar to the adsorption system discussed previously. In the case
energy decreases an € Oxygen molecule DeCOMes €0l yhe pickel surface it leads to a slight reduction of the
gated. Finally in both cases there is a minimum in the energy | face magnetic moment

curve indicating molecular precursdifer thet-b-t pathway
at a height of abouf=1.8 A and for the precursor over the
hollow atZ=1.6 A). . _ o _
These local minima are exactly equivalent to those deter- 1Ne final step in our description of the adsorption process
mined on the platinum surface, which justifies our assumpiS the calculation of the energy barriers to the dissociation.

3. Dissociation

tion of a similar PES. Using the same strategy as for platinum, we calculated dis-
sociation pathways for theehcpb and thet-b-t precursor;
C. Molecular precursor states for these calculations we have neglected the small differ-

ences between the two hollow sites. For tHet precursor

state the NEB calculations show that there is no barrier for a
Table VI gives the comparison of the three precursortransformation of the-b-t into the t-hcpb precursor by a

states similar to those found on the platinum surface: overotation about a vertical axis combined with a small shift of

1. Structural characterization
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the center of gravity of the molecule. This indicates that the TABLE V. Frequencies of oxygen adsorbed on(Fil) at 0
minimum in the PES corresponding to thé-t state is a =0.5 in comparison with experiment: intramolecular stretch fre-
saddle point, rather than a true local minimum. quencyr; and corresponding experimental valugs®, antisym-

The energetically most favorable path for dissociationmetric (Symmetri¢ oxygen-metal vibrational frequenay, (v,) in
starting from thet-hcp+b precursor is very similar to that on wave numbers. The experimental data are taken from Ref. 34.
the platinum surface shown in Fig. 8. Initially the molecule
is rotated, leading to an increase of energy; at the transition t-b-t t-fec-b t-hcpb fcc hcp
state both oxygen atoms are located near bridge sites. The

o . . . 21 960 890 830
energy at the transition state is only 0.2 eV higher than in the;}exp 1035 850 485
precursor. After crossing the transition state, the energy de-
creases steeply to the value of coadsorbed O atoms. At the 480 440 450 490 460
transition state the height above the surface of the oxygeHz 390 380 320
molecule(bond lengthd=1.81 A) decreases t@=1.49 A
and also the tilting angle decreases to 8°. _ _ .

The barrier height is in reasonable agreement with thdollow sites, we get metal-oxygen stretching frequencies of
estimate ofAE,,,=70—100 meV by Beutlet al3® from 490 cni* (460 cm *) for the fcc(hep) case, compared to an
molecular-beam experiments. However, one has to keep ifxperimental value 485 cnt at © =0.25 ML.
mind that the experimental results are for the low-coverage The intramolecular stretching frequencies of the molecu-
case. lar states have been measured at 1035 cand 850 cm?

An analysis of the local density of states shows a reduce@nd an additional peak has been found at 650 tnThis
splitting of both the binding 3, and the antibonding d, lowest pgak is nearly invisible for low temperatures, but in-
state Eg=—20 eV and— 17 eV, respectivelyand the &r  Creases in intensity upon heating like the peak at 850%cm
and the oy state Eg=—6 eV) compared to the precursor while the intensity of the highest peak decreases.

state, indicating the tendency towards the atomic behavior. According to our calculations, the highest peak can be
attributed to thet-b-t precursor ¢=960 cm '), which is

transformed into thet-fcc(hep)-b state upon heating i»(
VI. OXYGEN ON PALLADIUM  (111) =890 cm ! and 830 cm?, respectively, corresponding to
In order to establish clear trends in the mechanism fofl€ Peak at 850 cmt from the experiment.
oxygen adsorption on the platinum group metals, we ex- None of the states we calculated could be related to the
tended our calculations also to palladium. loss feature at 650 cnt, which has to be left to a more

Because of the similarity in the lattice constants of &t ( COMPlete éxamination of the PESHowever, according to
—3.99 A) and Pd 6=23.96 A), we use the geometries for the our experience with the £Pt(111) PES and the similarity of

oxygen-platinum system as a starting point for the relaxatior]i,he systems, we do not exclude the possibility of an adsorp-

calculations. The energy gain during the structural optimizallon at steps.

tion is less than 30 meV for the molecular precursor states as

well as fqr_ atomic adsorption. This makes us confident that VIl DISCUSSION AND COMPARISON
the transition state of the £Pt system is a very good ap-
proximation for the transition state over the(P#l) surface. Several factors determine the trends in the adsorption be-

However, we have checked this assumption by an indeperivavior of O on the Pt-group metals: The dominant contribu-
dent transition state search leading to a barrier height 30on is the chemical reactivity determining the strength of the
meV lower than that at the fixed,@%(111) geometry. Sowe metal-adsorbate bonds. According to a reactivity model in-
have demonstrated that it is a justified assumption to transfdéroduced by Hammer and/ekov?>® this reactivity is mainly
adsorption/transition state geometries between similar adietermined by the position of the center of the metabnd
sorption systems. relative to the Fermi level and hence also relative to the

The structural and energetic data of the molecular precutowest unoccupied (antibonding molecular orbitals
sor states, the transition state for dissociation, and the findLUMO). For the surfaces discussed in this paper, the center
atomic adsorption are summarized in Table VI. As expectedpf the d bands of the surface atoms is located-ét.98 eV
0,/Pd111) behaves much more like oxygen on Pt than likefor platinum, —1.54 eV for palladium, and-—1.52
oxygen on nickel: there is a pronounced preference for thé—0.81) for the majorityminority) band of nickel(average
fcc over the hcp hollow for both precursor and atomic ad-d-band center—1.21 e\). Already at a first glance the cor-
sorption; the dissociation barrier is slightly higher than therelation between these values and the trends in both the mo-
desorption barrier. lecular and atomic adsorption energies is obvious.

Since there have been predictions based on electron- The main electronic effects dominating during the adsorp-
energy-loss spectroscoflyof three different chemisorbed tion can be traced on the basis of the local density of states
molecular precursors for Pd111), we calculated the fre- (LDOS) (Fig. 6). During adsorption, the spin polarization
guencies for the molecular and atomic adsorption structuredecreases and the bonding/antibonding splitting is reduced,
on the surfacdsee Table V, so that we can relate the pre- effects which have been discussed in detail previously. They
cursor states to the experimentally postulated ones. We cadte more pronounced for nickel than for platinum and for the
culated the complete dynamical matrix for the two oxygent-fcc-b precursor than for thé-b-t state and directly corre-
atoms by finite displacements and solved the correspondinigted with the bond length of the Omolecule in relation to
eigenvalue problem. For the two atomic structures in thehe interatomic distances on the substrate. The second and by
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TABLE VI. Comparison of various @ states on Ni, Pd, and
Pt(111): energyE with respect to the free Omolecule, heighZ (A)
above the surface, bond lengii(A), lateral distance of the center
of mass of the molecule from the next high-symmetry aite(A),
inclination with respect to the surface plafe (in degrees and
magnetic momentno, (ug)-

FIG. 10. Isosurfaces of the difference electron densities

E z d AX ©) Mo, (p[Ni(111)+ O,]—p(Ni(111))—p(0O,)) for the atomic adsorbed
State Surface (V) A) A) A) (degd (ug) oxygen in an fcc-hollow site. Charge flows from the dark into the
light regions.

t-fccb  Ni(111) —-1.65 1.62 147 0.18 10 0.2

Pd11) -1.01 1.75 139 0.18 11 0 cursors, the trend in the atomic adsorption energies can be
P{111) -0.68 178 143 0.21 10 0 related to thed-band centers: the stronger the bond energy,
t-hcpb  Ni(11) -1.67 162 146 0.15 10 0.2 the lower the height.
Pd11) -0.92 1.79 1.41 0.23 9 0 Summarizing, we can say that the trend in the adsorption
P{11) -0.58 1.81 1.42 0.23 ) 0 energies can be explained by the variation of thband
t-b-t Ni(11) -1.41 177 142 0 0 0.4 centers, while the transition state is also determined by geo-
Pd11) -0.89 1.91 136 O 0 0.3  Mmetrical factors such as the lattice constant. This interplay
P(11) -0.72 1.92 1.39 0 0 0.4 leads to the highest relative barriéout of the precursor
TS Ni(111) -1.45 149 1.81 0.20 8 0o State fqr Pd, followed by Pt and only a small barrier fqr Ni
Pd11) 010 158 215 032 9 0.9 (sge_F|g. 8 Thgse Frends can pe pbserveq gxactly in the
P(11) 018 1.60 2.06 0.33 8 03 sticking curves in Fig. 1: The sticking coefficient for high

translational energies follows the general trend of the chemi-
cal reactivities from Ni over Pd to the lowest sticking prob-
ability for Pt. (The absolute sticking values may not be ex-
. actly comparable, since they have been obtained by different
2xhep  Ni11) -176 1.14 groups and the determination of sticking coefficients is an
Pd11) -1.44 121 experimentally very difficult tasksee, e.g., the different ex-
P(11) -098 1.25 periments for B on Pd111)], but the general trends are

visible) In contrast to that, the minima of the sticking curves
(at ~30 meV for Ni,~120 meV for Pt, and~200 meV for
far dominant contribution to the adsorption process is thePd) follow a different trend, being determined by the barrier
interaction between the antibondingrg orbital (HOMO)  height to dissociation, which is highest for Pd. The exact
and the metatl band. The energy related to this hybridiza- determination of the barriers for the low-coverage case is
tion is approximately proportional to the inverse of the dif- rather difficult from our calculations, since at this high cov-
ference in energy between the HOMO and the metal Banderage @o=0.5 ML) there are in addition to chemical and
Neglecting spin splitting, the 2, orbital is located at the geometric also kinetic contributions to the barriers, due to
Fermi level, the metatl bands at the previously mentioned sterical hindering by neighboring molecufés.
positions. This relation explains nicely the trend for the mo- The slope of the increase in the sticking curves is influ-
lecular precursor states. enced by the distribution of the barriefsin a simplified

At the transition statéfourth panel in Fig. § the change picture a high corrugatiotii.e., a high variation of barrier
in the molecular orbitals leading to dissociation indicates aheightg leads to a shallow increase of the sticking with en-
different character of the transition state on Pt than on Ni. Irergy, while the steep increase fop On Ni indicates a small
contrast to the precursor states at the transition state, thmrrugation. To probe this prediction, we calculated the bar-
splitting between the @, and 4o, is smaller for platinum rier height in theb-t-b channel, which is among the highest
than for nickel and also the bond length on platinum isdissociation barriers also over Pd and Ni, by taking the
longer (see Table V). This means that the molecular bond O,:P{(111) geometry of the barrier. The results are
has to be more stretched over Pt, until the metal-adsorbate,,(b-t-b)=—0.77 eV for Ni, 0.91 eV for Pd, and 1.29 eV
bond is strong enough to break the molecular bond. This is &or Pt (cf. Fig. 4. The difference between these values and
consequence of the much smaller lattice constant of nickethe energy of the transition state from Table VI should be a
which allows the formation of a stronger adsorbate/substrateeasonable estimate for the corrugation of the three surfaces
bond already at a smaller stretching of the O-O bond. Thand givesAE,,,=0.7 eV, 0.8 eV, and 1.1 eV for Ni, Pd, and
dominant influence of the lattice constant is the reason foPt, respectively. Indeed we find the largest corrugation for
the rather similar absolute values of the transition-state enethe Pt surface, followed by Pd and finally nickel, which is the
gies over Pd and Pt, while that over Ni is much lower. flattest of the three, in agreement with the trend of the slopes

Finally, the dissociation is complete, and oxygen is ad-of the sticking curves. For nickel the assumption of similar
sorbed in atomic form. In the lowest panel of the LDOS geometries is eventually not so well justified, due to the dif-
there is only a singles peak for the oxygen and thestates ference in lattice constants, so that the corrugation will be
are[now nearly completely filled; cf. Fig. 18)] hybridized even lower, which agrees well with the results of Beutl
with the metald band. The adsorption height follows the et al>3 that the influence of rotations of the molecule on the
trend in the energies and not—as one could naively expect-adsorption process is very small. However, for a more com-
the trends in the lattice constants. As for the molecular preplete discussion of the dynamics of the adsorption process,

2xfcc  Ni(11) -1.90 1.12
Pd11) -1.87 1.19
P{(11) -1.65 1.23




4754 A. EICHLER, F. MITTENDORFER, AND J. HAFNER PRB 62

molecular-dynamics simulations based on the calculated pdrom the sterical hindering of neighboring molecules, which
tential energy surfaces are necessdmgased on the calcu- are absent if the molecules are farther apart and make an
lated potential-energy surface, such a study is in progress faxtrapolation from our results to the low-coverage regime

the adsorption/dissociation process on platifili).> difficult. The interplay between the chemical and geometri-
cal contributions leads to a different trend of the relative
VIIl. CONCLUSION barrier heights, which is manifested in the positions of the

) minimum in the sticking curveéFig. 1). The corrugation of
In conclusion, we can say that the trends for &sorp-  the potential-energy surface determines the slope of the rise

tion are determined by the following factors. _ in sticking for higher translational energies and follows the
(i) A chemicalcontribution, determined by the location of same trend as the adsorption energies.

the metald band. This is the dominant part and determines
especially the adsorption energies and the absolute sticking
coefficient. . . . ACKNOWLEDGMENTS
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