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We report calculations of the dissociative adsorption and associative desorptignadfRd 100 covered

with 1/4 monolayer of sulfur using quantum dynamics as well as molecular dynamics and taking all six degrees
of freedom of the two H atoms fully into account. The potential energy sulRES has been derived from
density-functional theory calculations. The absolute value of the calculated sticking coefficient turns out to be
at variance with a molecular beam experiment. However, the relative change of the sticking coefficient as a
function of the angle of incidence as well as the mean kinetic energy and the rotational alignment of desorbing
hydrogen molecules agree quite well with the experiment. This indicates that the calculated PES reproduces the
most favorable reaction path, but that in the experiment the sulfur adlayer was probably not very well ordered.

I. INTRODUCTION the experiment yielded sticking coefficients on the order of
0.5% while in the calculations the sticking coefficients in this
An understanding of the electronic and geometric factorgunneling regime were exponentially sméielow 10 #4). On
that promote or poison chemical reactions on surfaces is crihe other hand, for energies abdig the theoretical sticking
cial for, e.g., designing better catalysts in heterogeneous caoefficients turned out to be larger than the experimental
talysis. Recently, poisoning of car exhaust catalysts by sulfuresults by a factor of up to 3 or 4. The experimental sticking
that is still present in the gasoline has drawn a lot of atteneurve exhibited a hump close &, which seemed to be the
tion. A number of surface science studies—experiméntal only agreement between theory and experiment.
as well as theoretichi®>—have been devoted to the promot-  In order to analyze the reason for this discrepancy be-
ing or poisoning effects of coadsorbates. The theoretical efaween theory and experiment we have extended our theoret-
forts were based on total-energy calculations in order to deical study of hydrogen dissociation on the sulfur-covered
termine the change of dissociation energy barriers of théd100) surface. We have determined the dependence of the
potential energy surface due to the presence of the promotingticking probability on internal molecular degrees of freedom
or poisoning coadsorbate. Several general reactivity concepis great detail by performingb initio quantum and classical
have been developed in order to analyze the factors that learlolecular dynamics simulations in which all six hydrogen
to the change of barriers. These concepts focused on thdegrees of freedom are taken fully into account. We have
density of state$1°on the polarizability of the surface,or compared the relative change of the sticking probability as a
on electrostatic effects. function of the angle of incidence with the experiméur-
However, knowledge about the energy barrier distributionthermore, sticking probabilities can be directly converted
is usually not sufficient to allow a quantitative comparisoninto desorption distributions because desorption is related to
with experiment. In an experiment the reaction barriers or theadsorption via time reversal. We have calculated the mean
potential energy surface are in general not directly measurekinetic energy in desorption, which had already been
but rather reaction rates and probabilities of the reactantmeasured® In addition, we have compared the calculated
moving on the potential energy surfa@@ES. Recently, it  rotational alignment in desorption with a very recent
has been shown, e.g., that the sticking probability gfdd  experiment.’
Pd100 and RKH100) is quite similar at low kinetic energies In fact, our results compare quite well with the experi-
although the underlying potential energy surfaces are rathenental results, as far as the dependence of the results on
different™ This fact is due to purely dynamical effects of the internal degrees of freedom and the angle of incidence is
reactants moving on the relevant PES. Hence, in order taoncerned. While the absolute value of the sticking coeffi-
check the accuracy of calculations quantitatively, the actuatient in experiments corresponds to an average over many
dynamics of the reactants have to be calculafed. surface sites, the relative change of the sticking coefficient as
Recently we have theoretically studied the dynamics ofa function of internal degrees of freedom of the molecular
the adsorption of K on the (2<2) sulfur-covered PA00) beam yields a more local information about the potential
surface'® As far as the absolute value of the sticking coeffi- energy surface close to the most probable reaction path. The
cient is concerned, we obtained large differences between trdependence of the sticking probability on the angle of inci-
theoretical results and the results of the molecular beam exdence is related to the variation of the barrier distribution
periment of Rendulicet al! At low kinetic energies, i.e., within the surface unit cell of the most favorable reaction
below the theoretical minimum barrier height=0.09 eV, path, while the dependence of the sticking probability on the
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rotational motion of the molecules reflects the anisotropy ofdone by using a second-order diagonalization scheme. For
the PES. This indicates that the minimum energy barrier adetails, see Ref. 23.
well as the corrugation and anisotropy of the potential energy
surface close to the most favorable reaction path are wgll lIl. EXPERIMENTAL SITUATION
reproduced by the calculations. We speculate that the dis-
crepancy between theory and the molecular beam experiment The sulfur adlayers on the PO surfaces used in the
could be due to the fact that in the experiment the sulfuexperiments that we refer to in this paper were prepared by
adlayer might not be very well ordered. For such a situationgither sulfur segregation from the bifl€ or dissociative ad-
the comparison between experiment and a theory that asorption of HS2®1" while Rendulicet al. measured the
sumes a perfectly well-ordered surface does not provide ursulfur coverage just through the ratio of the Auger peaks
ambiguous information. Si50/Pthao,* the other groups also used low-energy electron
This paper is structured as follows. After this introduction diffraction (LEED) to monitor the sulfur adlayer. On PIDO)
a brief discussion of the theoretical methods is presentediulfur-inducedp(2x2) andc(2x2) LEED patterns can be
Then we briefly review the experimental situation; in par-observed;?* however, Comsat al!® and Rutkowskeet al’
ticular, we focus on the preparation of the sulfur adlayer. Inreport only the observation @f{(2x 2) patterns. Apparently
the main section of the paper we discuss our results, first fothe sulfur-inducedp(2x2) structure on P@00) is hard to
hydrogen adsorption and then for desorption. The paper endssolve by LEED? Interestingly, for saturation coverage of
with some concluding remarks. sulfur on Pd100 different values for the Auger peak ratio
Sy5,/ Pdhzohave been reported: 0.350.541 and 0.75" This
variation might be caused by differences in the kinetic en-
Il. COMPUTATIONAL DETAILS ergy of the primary electrons or in the angle of incideftte.

The six-dimensional PES of the system,/I8(2x2)/ The molecular beam data of Rendudital! show a non-
Pd(100) has been determined in great detasing density- vanishing hydrogen sticking coefficient at the sulfur-covered

functional theory(DFT) together with the generalized gradi- Pd100 surface in the low-kinetic-energy limit. This sug-
ent approximatioNGGA).*® The discreteab initio data have gests the existence of reactive sites at the sulfur-covered sur-
been used to adjust the parameters of a continuous analyticce © which the 5 molecules are effectively steertAt

representation. The particular form of this representation i&19Ner kinetic energies the experimental sticking coefficient
also given in Ref. 7. is much smaller than the calculated dndt has been pro-

On this six-dimensional PES we have performed dynamiposed that this discrepancy might be due to the presence of

cal calculations taking into account all hydrogen degrees opuPsurface sulfur in the experimental samplghe calcula-

freedom either by solving the time-independent $dimger ~ tONS assumed a perfectly ordered>(2) sulfur-covered
equation within a coupled-channel schefner by integrat- Pd100 surface without any subsurface sulfur; however,

ing the classical equation of motion with the Bulirsch-Stoerth€se subsurface species might well have been present in the

method with a variable time stéfThe computational meth- experiment, assuming that the segregation of bulk sulfur to
ods for the dynamical calculations have been described if'® Surface was not fully complete. _

detail in Ref. 21. We point out that in all our calculations we  Burke and Madix showed in an independent expernﬁent
have kept the substrate fixed, an approximation which is usyhat for sulfur coverages abow@s=0.28 no hydrogen dis-
ally made in the simulation of hydrogen dissociative adsorpSociation on P00 is possible, while Renduliet al. ob-

tion on metal surfacé and which is justified by the large S€rved hydrogen dissociation at a sulfur-covered169
mass mismatch between the hydrogen and the substrate t¥rfacé up to the maximum sulfur coverage ®@§=0.5.
oms. Hence no energy transfer to the substrate is consider&tPWever, Burke and Madix prepared the sulfur adlayer by
in our calculations. Thus only the initial bond-breaking pro- H2S dissociation while Renduliet al. used segregation from
cess is described, but not the dissipation of the kinetic energ’® Pulk. The results of Burke and Madix are actually in
of the atomic fragments to the surface. This hardly influence§dreement with the DFT calculatiohsyhich suggest that
the calculated sticking probabilities, which are almost enfydrogen dissociation at theg2x2) sulfur-covered P00
tirely determined by the initial dissociation probability on the Surface corresponding to a sulfur coverage @§=0.5
surface. The hydrogen dissociation is considered to be confhould be hindered by energetic barriers larger than 2 eV, so
plete if the hydrogen atoms are further apart than 2.5 A oihat hydrogen d|ssomat|or_1 at this surface is completely sup-
the surface. pressed at thermal energies.

The convergence of the quantum dynamical results with It is certainly fair 'go say that some yncertainties remain as
respect to the basis set has been carefully tested. Most resuffd as the preparation of a well-defined sulfur adlayer on
presented here have been obtained using rotational eigeRA100 in the experiments is concerned.
functions with rotational quantum numbers up jig.,=8,
vibrational eigenfunctions with vibrational quantum numbers IV. RESULTS AND DISCUSSION
up tov ma= 2, and parallel momentum states with maximum
parallel momentunp,,,,= 104G with G=2mx/a, wherea is
the lattice constant of the surface unit calk=5.5 A. These
calculations were partly done in a massively parallel fashion The sticking probability as a function of the kinetic en-
on a Cray T3E. Due to the use of curvilinear coordinates irergy for a H beam under normal incidence on a S(2
the quantum dynamics a nonsymmetric matrix has to be dix2)/Pd(100) surface is plotted in Fig. 1. The results are
agonalized. In the massively parallel implementation this isshown for different initial states of the molecule. For the

A. Dependence of the sticking probability on internal
molecular degrees of freedom
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FIG. 1. Quantum sticking probability versus kinetic energy fora  FIG. 2. Classical sticking probability versus kinetic energy for a
H, beam under normal incidence on a $(2)/Pd(100) surface for H, beam under normal incidence orsé2 x 2)/Pd(100) surface for
different initial rotational states with rotational quantum numper different initial molecular states. The notation is equivalent to Fig.
and azimuthal quantum numbaey; and different initial vibrational 1.
statesv (see legend The experimental results from a molecular
beam experimentRef. 1) are also showitfilled dots. These results are a consequence of the anisotropy of the

PES. Rapidly rotating molecules will rotate out of a favor-

sake of completeness we briefly refer to the results for ini-able orientation for dissociation and thus show a smaller
tially nonrotating molecules which have already beensticking probability than nonrotating molecules. This mecha-
published® The solid line corresponds to molecules initially nism is called rotational hinderirfg. Moreover, only mol-
in the vibrational and rotational ground state. As we haveecules with their axis parallel to the surface can dissociate.
already pointed out in the Introduction, for energies aboveCartwheeling molecules have a high probability of hitting
the minimum barrier height these sticking probabilities arethe surface in an upright position, which further suppresses
larger by a factor of 3 or 4 compared to experime@n the  their sticking probability. On the other hand, molecules ro-
other hand, at very low kinetic energies the experimentatating in the helicopter fashion with=m; have their mo-
sticking coefficient is approximately independent of the ki-lecular axis already in the favorable orientation parallel to
netic energy at a value of about 0.005, while the calculatedhe surface. This steric effect can cancel or even overcom-
sticking probability becomes exponentially small, belowpensate the rotational hindering, as the results for the mol-
1074, ecules initially rotating withj =m; =4 in Fig. 1 demonstrate.

Interestingly enough, initial vibrational excitation of the  Experimentally it is hard to align a molecular hydrogen
molecules enhances the sticking probability. This is surprisbeam. Still, one can check these steric effects in adsorption
ing considering the fact that the system,/I8(2X2)/ by looking at the time-reverse process, desorption of hydro-
Pd(100) is an early barrier syst€me., the minimum barrier gen molecules. We will address this issue in Sec. IV C and
is at a position where the molecular bond is not significantlyshow that these steric effects are indeed confirmed experi-
elongated. In such a situation it has usually been argued thatentally.
the vibrational motion does not couple to the sticking We now focus on the sticking probabilities obtained by
probability?>?’ However, not all dissociating molecules classical molecular dynamics calculations. In Fig. 2 we have
propagate across the minimum barrier position. Some crogsiotted the classical sticking probabilities for different initial
the barrier to dissociation at sites in the unit cell where there'states.” These probabilities are obtained by summing up
is a later barrief? for example at the bridge site between two over trajectories whose initial conditions correspond to the
adjacent Pd atom’sThe distribution of early and late barriers distribution over particular quantum states. Exactly the same
leads to a net vibrational effect in the sticking probabi’rﬁy. states have been considered as in Fig. 1. It should be noted,

We now turn to the dependence of the sticking probabilityhowever, that we have not considered the vibrational zero-
on the rotational state. Rotating molecules are characterizgsbint energy of H in the initial conditions, i.e., the results in
by the rotational quantum numbgand the azimuthal quan- Fig. 2 correspond to classical trajectory calculations aoid
tum numbem; , which indicates the orientation of the rota- to so-called quasiclassical trajectory calculations. For hydro-
tional axis. Rotating molecules wit;=j, so-called heli- gen dissociation on the clean ®60 surface we have re-
copter molecules, have their rotational axis preferentiallycently shown that the results of classical trajectory calcula-
oriented perpendicular to the surface, while the rotationations are closer to the gquantum results than the results of
axis of cartwheel molecules with; =0 is oriented preferen- quasiclassical calculation$?® In the quasiclassical calcula-
tially parallel to the surface. Figure 1 shows that fer4 the  tions the zero-point energy of the molecular vibrations in the
sticking probability for molecules rotating in the helicopter gas phase is taken into account. However, in all trajectory
fashion is almost the same as for nonrotating moleculeszalculations the zero-point effects of the frustrated transla-
even a little bit larger. On the other hand, the sticking prob-tion and rotation of the hydrogen molecule upon dissociative
ability for the cartwheeling molecules is strongly lowered adsorption are not taken into account. Since the zero-point
compared to the nonrotating molecules. effects of all modes approximately cancel in the system
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H,/Pd(100)?® the quasiclassical calculations overestimate 04 — ——— '

the quantum effects because they consider only the promot- «L\? & - ~®Experimentx 10

ing effect of the initial zero-point energy in the molecular e o.:.ogﬂ:::z$ H?} g:::g:gz

vibration but not the hindering effect of the zero-point effects o RN = = Classical [10] direction

of the frustrated rotation and translation. g N o----a Classical [11] direction
In recent studies, McCormack and Kroes have shown that 2 % B A

for the dissociative adsorption of,lACu(100) quasiclassical ao2t AN

trajectory calculations are actually closer to the quantum re- o \ : .

sults than classical trajectory calculatiGiis” However, the 2 B e

system H/Cu(100) is a late barrier system where the initial b \

vibrational energy is very effective in promoting W

dissociatior?? Hence it is apparently important to take the \b\' L

contribution of the vibrational zero-point energy into ac- Y I - SR

count. The system 5 S(2x 2)/Pd(100), on the other hand, ) 15 30 45 60 75 90

is an early barrier systefi. As will be shown below, indeed Incident angle 8, (°)

the classical trajectory calculations are more appropriate for

this system than the quasiclassical calculations. FIG. 3. Sticking probability as a function of the angle of inci-
Comparing Fig. 1 and Fig. 2, one general trend is obviousdence for an initial kinetic energy of 0.4 eV. The diamonds corre-

All the classical results are larger than the quantum resultsspond to the experimental results of Ref. 1, which have been scaled

except for energies below the minimum barrier height. Anby a factor of 10 in order to make the comparison with the calcu-

analysis of this behavior shows that it is caused by zero-poirlations easier as far as the relative change is concerned. The circles

effects!® At the minimum barrier position the wave function denote the quantum results while the boxes correspond to the clas-

becomes localized in the degrees of freedom perpendicular gical results. Results for incidence along €] direction of the

the reaction path. This localization leads to quantized state &quare unit cells are plotted as filled symbols while open symbols

the barrier position, and these quantized states are associatgithw the results for incidence along til] direction, which cor-

with zero-point energies. The sum of all zero-point energiesesponds to the diagonal of the square surface unit cell.

increases the effective quantum barrier by 80 m&Vhus in

the quantum dynamics particles experience an effectivelgurfacegz,as If the surface is not corrugated but perfectly flat,

higher barrier than do the classical particles. Consequentl Iy e
the quantum sticking probabilities are smaller than the Clas)f-hen the sticking probability depends only on the normal

sical ones. This shows that the promoting effect of tunnelingfr?emgosr,::m g)ir:iki)ei}tsklsn()e-tg;lleendeLgoyrncw)gltre]zie”rnplr;?:lglgn pag'ﬁlfr;]e
is smaller than the suppressing effect of the zero-point vibra- y rgy 9.
tions other hand, the consequences of corrugation of the surface on

Although the effective barrier in the quantum dynamics isthe sticking propability are not straightforw:_jlrd. .Corrug.ated
effectively larger by 80 meV, the onset of the sticking Iorob_surface§ can _stlll show normal energy scaling if the higher
abilities on the energy axis are rather similar for quantumfN€rgetic barriers are further away from the surface than the
and classical particles. It has been shown that this is causd@wer b_arr|2er53. * This scenario is called balanced
by the fact that for quantum particles steering is already opcorrugatiort.
erative for energies at and below the minimum barrier The H/(2Xx2)S/Pd(100) PES is very strongly corru-
height®! This leads to an additional promoting effect in ad- gated. For molecules with axis parallel to the surface the
dition to tunneling for the quantum particles. barrier height to dissociative adsorption varies between 0.09

In Fig. 2 it is obvious that initial vibrational motion of the eV and 2.5 eV within the surface unit célDue to this large
molecules enhances the sticking probability, as in the quarenergetic corrugation we expect that additional parallel mo-
tum calculations. This actually confirms that for this systemmentum will suppress the sticking probabilf/*
classical trajectory calculations are more appropriate than |n Fig. 3 the sticking probability as a function of the angle
quasiclassical calculations, since the quasiclassical stickingf incidence is plotted for an initial kinetic energy of 0.4 eV
probabilities would be even larger than the purely classicahccording to the quantum and classical calculations. All the
ones, which are already larger than the quantum resultguantum results are smaller that the corresponding classical
However, apart from this general Sh|ft, the Ordel’ing of theones again, due to the Zero_point effects which were dis-
sticking probabilities is the same for the classical and theyssed above. The theoretical results are also compared to
quantum results; even the relative values are almost thghe experimental results from Ref. 1, which we have scaled
same. This shows that the classical calculations reproduGgith a factor of 10 in order to make the comparison of the
the dynamical effects of initial vibration and rotation on the ye|ative variation between experiment and theory easier.
StiCking probabilities rather We”, even for the |IghteSt mol- Apart from the absolute ValueS, the angu'ar dependence of
ecule H, where the quantum effects are most prominentg|| three sets of results is rather similar, demonstrating that
Hence for all heavier molecules like;N O,, CO, etc., a the variation of the barrier heights close to the minimum
classical description of the dissociation dynamics should b@grrier of H /(2% 2)S/IPd(100) is well reproduced by the
sufficient. DFT calculations.

For the experimental results the incident azimuth was not
specified. We have determined the theoretical results for two
different azimuthal angles, for the beam incident along the

The dependence of the sticking probability on the angle of10] direction of the square surface unit céilled symbols
incidence is related to the corrugation of the potential energyn Fig. 3) and along th¢11] direction, which corresponds to

B. Dependence of the sticking probability on the angle
of incidence



PRB 61 DYNAMICS OF HYDROGEN DISSOCIATION AT THE . .. 8429

05 T T T T 04 T T T T T T T T T T T T T T T T
Quantum dynamics, normal incidence .
—-—-- Classical dynamics, normal incidence — - Theory: H,/(2x2)S/Pd(100)
0.4 } ® Quantum, non-normal incidence % & ——C Exp.: D,/c(2x2)S/Pd(100)
= o Classical, non-normal incidence  _____ | ; 1
3 o S
o 037} e B )
o /, ‘G:J
Q L )
2oz} 2
§ =
2 0.1 § ’
' =
00 I 1 00 A L n L A L n ] A 1 n 1 A L A ]
0.0 0.1 0.2 0.3 » 0.4 200 300 400 500 600 700 800 900 1000
Normal kinetic energy E, cos™8, (eV) Surface temperature T,

FIG. 4. Calculated sticking probabilities as a function of the  FIG. 5. Mean kinetic energy of hydrogen molecules desorbing
normal kinetic energyE;cogé, . The solid and the dot-dashed lines from the sulfur-covered R@00) surface as a function of the surface
correspond to quantum and classical results for normal incidencéemperature. The solid line corresponds to the results from the
respectively. The dots denote the quantum results for non-normajuantum calculations for Hdesorbing from (X2)S/Pd(100)
incidence while the open squares show the classical results. Thehile the dash-dotted line shows the results expected for a gas at
total kinetic energy for the results for non-normal incidence wasthermal equilibrium with the surface temperature. The experimental
Exin=0.4 eV. results (diamond$ were obtained for B desorbing fromc(2

X 2)S/Pd(100)(from Ref. 186.
the diagonal of the surface unit céipen symbols in Fig.)3
It is obvious that the azimuthal dependence of the results i§f microscopic reversibility or detailed balance. The distri-
rather weak. At higher angles of incidence the results for théution of the kinetic and internal energy of desorbing mol-
[11] direction are slightly smaller. This can be understood agcules thus reflects the dependence of the sticking probabil-
a shadowing effect. Along this direction the most favorableity on the kinetic energy and the internal degrees of freedom,
adsorption site is “hidden” behind a palladium and a sulfur respectively. Whenever the sticking probability increases
atom, which are both repulsive with respect to hydrogen diswith increasing energy in one particular mode, e.g., transla-
sociation. Along thd10] direction there is no such blocking tional or internal energy, then the mean energy in this mode
of the most favorable adsorption site, leading to slightlyin desorption will be larger than expected for a gas in ther-
larger sticking probabilities. The effect of the shadowing ismal equilibrium with the surface temperature. This mode is
relatively small, though, because steering of the molecules t6aid to be heated in desorption.
the minimum barrier position is rather effective in this sys- The adsorption in the system,{2x2)S/Pd(100) is ac-
tem due to the large corrugation of the PES. tivated, i.e., the sticking probability rises with increasing ki-

Still, from the angular dependence for one kinetic energynetic energy. Consequently, the kinetic energy of rhol-
it is not obvious whether normal energy scaling is obeyed irecules desorbing from the surface at a surface temperature of
this system. In Fig. 4 we have therefore plotted the theoretTs should be larger than the flux-weighted thermal equilib-
ical sticking probabilities for norma&nd non-normal inci-  rium value of XgTs. This higher kinetic energy in desorp-
dence as a function of the normal component of the kinetidion can also be understood by the argument that the desorb-
energy E;cosd,, where 6, is the angle of incidence. It is ing molecules should in addition to the thermal energy also
evident that the sticking probabilities for non-normal inci- gain energy that corresponds to the minimum adsorption bar-
dence are much smaller than the sticking probabilities forier. Such an argument is only valid, however, if the sub-
normal incidence at the same normal kinetic energy. Thistrate degrees of freedom are not crucially involved in the
means that indeed additional parallel momentum stronglgesorption proces¥:*
suppresses the sticking probability and that hence normal In Fig. 5 we have compared our calculated mean kinetic
energy scaling is not obeyed in this system. This is a conseenergy in desorption with the mean value for a thermal gas at
quence of the huge energetic corrugation of the potentig@quilibrium as a function of the surface temperature. The
energy surface. calculated results are obtained by invoking time reversal and

In the experimeritthe angular dependence of the sticking populating the molecular states with a Boltzmann distribu-
probability was also measured for smaller kinetic energiestion at the surface temperature. Indeed, the calculated mean
However, since at these lower kinetic energies the sticking i§inetic energy is larger than the thermal value by approxi-
dominated by defect sites that are not present in our themately 0.1 eV, which is close to the minimum barrier height
oretical study, we have not attempted to compare our resulf 0.09 eV.
to the measurements at those low kinetic energies. Furthermore, in Fig. 5 we have plotted experimental re-
sults for the desorption of Pfrom c(2X2)S/Pd(100) ob-
tained by time-of-fligh{ TOF) measurement€. These results
compare quite well with our calculations. This comparison

Desorption is the time-reversed process of adsorptionshould be done with caution since, first, in the experiment a
Hence adsorption and desorption are related by the principléifferent isotope has been used and, second, the molecules

C. Desorption results
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were desorbed from a Pd surface with a higher sulfur cover- - - - T T T ]
age than in the calculations. However, the experimentalists ~ ~ 07 [ = Theory: Hy(@x2)siPd(100) 1
had checked for an isotope effect, and within the experimen- g~ 06 I o Exp.: D/c(2x2)S/Pd(100) ]
tal uncertainties they could not detect dfiy. < 95T §i

As for the sulfur coverage, according to DFT e 04T ]
calculation$ hydrogen dissociation at the(2x2) sulfur- e 03r = ]
covered P@LOO surface corresponding to a sulfur coverage t_fm 02 E % e ]
of ®s=0.5 should be hindered by energetic barriers larger s o ;[ B ]
than 2 eV. Consequently, hydrogen molecules desorbing g _g'? i 1 1
from such a surface should have an excess energy of more % | T,=700K

. o . T o2} ]

than 2 eV. Now there are still uncertainties with respect to 8 sl 1
the functionals in the GGA-DFT calculatioitsee, e.g., Ref. a0
36); however, an error of 2 eV is not to be expected. Hydro- "0 1 2 3 4 5 8 7 8
gen molecules desorbing from a sulfur-covered surface at a Rotational quantum number j

sulfur coverage of) s=0.5 with such a high excess energy ) , )
have not been observed. This indicates that indeed the hy- FItGh' 6. ﬁotatlonal gllgﬂrilg?)ent ‘;f hydrtogen Tolefules detsorb|rI(g
drogen molecules are desorbing from parts of the sun‘ac}g‘in € sulfur-covered REO0Q) surface at a surface temperature o

. _ <= 700 K. The squares show the calculated quantum results,for H
where locally the sulfur coverage is lower th@a=0.5. The : . ;
h lculated barri for hvd di iati t th desorbing from (X 2)S/Pd(100) while the diamonds denote the

uge caicuate arriers for hydrogen .ISSOC'a_'Oh a %xperimental results of P desorbing fromc(2Xx2)S/Pd(100)

c(2X%2) sulfur-covered PA 00 surface are in fact in agree- (from Ref. 17.
ment with the experimental results of Burke and Matlix,

who found that for sulfur coverages abote=0.28 no hy- Converged results for the sticking probability as a func-
drogen dissociation on PO is possible. tion of the kinetic energy have been calculated in quantum
This reasoning is actually also supported by the TOFgynamics for rotational quantum numbers upjte8. This
measurements. The kinetic energy in desorption was mea- ajjows determination of the theoretical rotational alignment
sured for a range of sulfur coverages frém=0.15t00s iy desorption by invoking time reversal. However, tak
=0.5 for a surface temperature ®f=500 K. For all these jnjtio results for the PES have been fitted to an analytical
sulfur coverages a slow and a fast component have shown 4grm that allows only transitions between rotational states
in the TOF spectra, where the slow component correspondgith Am; even, wheren; is the azimuthal quantum numbr.
to molecules desorbing from surface sites without an adsorpreaction probabilities have been determined only for states
tion barrier, while the fast componefiwhich is plotted in  jth even rotational and azimuthal quantum numbeasd
Fig. 5 was almost independent of the sulfur coverage. This‘mj , respectively. Hence the results for odg which enter
indicates that the sulfur overlayer was not very well orderedne determination of the rotational alignment parameter in
so that there were surface regions which were almost sulfurEq_ (1) had to be estimated, which was simply done by a
free while others had a high local sulfur coverage. Becausgnear interpolation. This is the reason why the theoretical
of the independence of the fast TOF component of the sulfufesyits in Fig. 6 are plotted with error bars.
coverage, it is reasonable to attribute this fast component to Again the comparison between theoretical and experimen-
molecules desorbing from a locally orderedX(2) sulfur 5 results in Fig. 6 should be done with caution because the
overlayer. Hence the comparison between our calculationgheoretical results have been obtained fordésorbing from
and the experiment is meaningful. (2% 2)S/Pd(100) while the experimental results have been
Finally we turn to the rotational alignment of desorbing measured for B desorbing fromc(2x 2)S/Pd(100). As
hydrogen molecules. As shown in Fig. 1, molecules rotatingoy the isotope effect, at the clean surface the rotational
in the so-called helicopter fashion have a higher stickinga”gnment of B and D, desorbing from PA.00 does not
probability than molecules rotating in the cartwheel fashion gitfer within the experimental uncertaintiéd3 hence we
Agair_w invoking _the principle .of detailed balance, this meansexpect a vanishing isotope effect with respect to the rota-
that in desorption the rotating molecules should preferengjona alignment also for the sulfur-covered surface. This is
tially rotate in the helicopter fashion. , actually reasonable because the velocity ofdhd D, and
This alignment can actually be measured by laser-induceggijr speed of rotation scale exactly in the same way with
fluorescencéLIF).>’ In Fig. 6 is plotted the rotational align- {heir masses at a given kinetic energy. For the rotational

ment parameteA§”)(j) which is given by quantum numberj=8 the dependence of the rotational
alignment on the sulfur coverage has actually been
2 1 measured’ Between®s=0.25 and®s=0.5 the rotational
Ag”(j)= < 3J;—J > (1) alignment did not depend on the actual sulfur coverage. As-
NE J suming that the same is true for the other rotational quantum

numbers, the comparison of theoretical and experimental re-
@) _sults in Fig. 6 is justified. This comparison demonstrates that
Ag~(J) corresponds to the quadrupole moment of the orienyithin the experimental and theoretical uncertainties the
tational distribution and assumes values-af<A{?(j)<2.  measured and calculated values for the rotational alignment
Molecules rotating preferentially in the cartwheel fashionaggree quite well. Again this shows that the most favorable
have an alignment parametaf’)(j)<0; for molecules ro-  reaction path is well described by oab initio quantum
tating preferentially in the helicopter fashiad?)(j)>0. molecular dynamics calculations.
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The results of Fig. 6 confirm that molecules rotating in thereproduced by the calculations. They further suggest that the
helicopter fashion have indeed a higher dissociation probguantitative differences between theory and experiment are
ability than molecules rotating in the cartwheel fashion be+elated to uncertainties in the preparation and determination
cause all measured and calculated alignment factors aisf the experimental sulfur overlayer.
larger than zero. The general trend is an increase in the align- According toab initio total-energy calculations, hydrogen
ment factor with increasing rotational quantum number. Thismolecules desorbing from the(2x2) sulfur-covered
behavior has also been found for other activated dissociatived100) surface should have an excess energy of more than 2
adsorption systems, theoretic&flyfor H,/Ag(100) and eV, which is ten times larger than what is observed in ex-
experimentally ** for D,/Cu(111) [although other periment. We therefore propose that the sulfur-covered Pd
experiment¥  report a vanishing alignment for samples used in the experiments were probably not very well
D,/Cu(111)]. This can simply be understood by the fact thatordered, so that the measured desorption events correspond
for higherj them; = state becomes more and more helicop-to molecules desorbing from local ¥2) sulfur structures.
terlike so that the steric preference becomes larger. Howeveln the molecular beam adsorption experiment the sulfur ad-
for hydrogen desorbing from the clean (R0 surface ex- layer was produced by segregation of bulk sulfur. Hence
periments show a positive alignment factor je6 but for  subsurface sulfur might well have been present in the experi-
j=7 the alignment becomes basically z&3° This behav- mental sample, while the calculations considered only a pure
ior is still not completely understood. sulfur adlayer without any subsurface sulfur. This might be
an additional reason for the difference between experiment
and theory.

) o ) ) In order to understand the differences between experiment
In conclusion, we reported a six-dimensional dynamicalang theory it is certainly desirable that in addition to further
study of the dissociative adsorption of ;Hat S(2  theoretical studies more detailed experiments on the dynam-
X2)/Pd(100) employing a PES obtained from detailedics of hydrogen adsorption at and desorption from sulfur-
density-functional theory calculations. The dynamical resultsoyered surfaces under well-defined conditions should be
reproducg the'pqisoning effect of sulfur adsorption 'for hy-performed_ If the discrepancies between theory and experi-
drogen dissociation on RIDO), but large quantitive differ- ment that we have identified above persist in these cases

ences from experiment exist, as far as the absolute value ghportant questions associated with the underlying theory
the sticking coefficient is concerned. will be raised.

However, the relative change of the sticking coefficient as
a function of the angle of incidence found in experiment is
well reproduced by the calculations. In addition, the mea-
sured mean kinetic energy and the rotational alignment,of D
desorbing from the(2x2) sulfur-covered PA00 surface We wish to thank D. Wetzig, M. Rutkowski, and H.
are in good agreement with our calculations fordésorbing  Zacharias for providing us with their results prior to publi-
from the (2x2) sulfur-covered P@00 surface. All these cation. In addition, we gratefully acknowledge useful discus-
results together indicate that the minimum energy barrier asions with them. Special thanks go to Jakob Pichimeier for
well as the corrugation and anisotropy of the potential energgreating the massively parallel version of the coupled-
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