JOURNAL OF CHEMICAL PHYSICS VOLUME 110, NUMBER 22 8 JUNE 1999
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Quasiclassical molecular dynamics studies are made of H or D atoms incident from the gas phase
onto D or H-covered O 11) surfaces. Two detailed model potential energy surfaces are used, both
based on the results of extensive total energy calculations using the density functional method. The
incident H(D) atoms can react directly to form HD via the Eley—Rideal mechanism, or trap onto the
surface. These trapped hot atoms can react with the adsorbates to form HD or can eventually
dissipate enough energy through collisions with the adsorbates to become immobile. We also
observe the formation of {H,). Probabilities for these various processes, as well as the rotational,
vibrational, and translational energy distributions of the products are computed and compared with
experiment. Hot-atom pathways to product formation are shown to make significant contributions.
One of the potentials gives excellent agreement with experiment, while the other is less successful.
© 1999 American Institute of Physids50021-960809)70522-3

I. INTRODUCTION We focus here on the experimental work of Rettner and
1Auerbach, who examined reactions ofdgj(or D(g) with D

A sizable number of experimental studies in the pas .
or H atoms adsorbed onto Qui1), and measured detailed

decade have examined Eley—Rideal-type reactions of gas: (asyl i
phase species with particles adsorbed onto nietil, final state distributions for the product HD.They observed

semiconducto!®2 and carbon surfacéd-2® Numerous that the product HD molecules were translationally and in-

quantum and classical theoretical studies have alsémally “hot,” and that about half of the incident atoms
appeared’~*! The most detailed experiments have focusedeacted to form H_D. For _the |n|t|al_ coverage of half a mono-
on reactions of gas-phase H or D with H, D or halogenéayer’ and assuming a single collision leads to reaction, this
adsorbed onto single-crystal surfaces. For these systems tR@responds to a reaction cross section of about.Skian-
adsorbate—metal bond energies are roughly 2—3 eV while théim mechanical calculatioris;** however, while finding
product bond energies are nearly twice that. This results in &imilar product energy distributions, suggested that the cross
very large exothermicity, with often several eV of energysection for a single direct ER encounter was much smaller,
appearing in the translational and internal motion of the de0.5 A% or less, and that the cross section for scattering from
sorbing products. It has become clear in the past few year@n adsorbate into a trapped state was very large, roughly
that many of these reactions proceed via hot-atomt5—20 R. It was thus postulated that most of the observed
pathways'? where the incident atom initially traps onto the reactivity resulted from multiple collisions between trapped
surface  without  reacting.  Quantdm®*3’ and hot atoms and adsorbateéFhese early quantum calculations
classical®3°:36:39.43.4%¢,dies have shown that H atoms scat-were based on a flat-surface approximation surface cor-

ter very efficiently from both the surface corrugation andrugation, however, and not much was known about the po-
adsorbed H or D atoms, to become trapped. Classical studiéential energy surfacéPES. Since then we have put much
have also shown that dissipation of the trapped H atom’effort into developing more realistic models and better po-
energy into the lattice is slot¥**and that these trapped hot tentials. The reaction of ) or D(g) with a singleD or H
atoms lose energy primarily through collisions with otheratom adsorbed onto eorrugatedCu(111) surface was ex-
adsorbate®® The trapped atoms can have energies as high asmined using quasiclassical methddsThe cross sections

2 eV or more above the ground state, and if they react witlor single-collision ER reactions were again found to be
an adsorbate before dissipating this excess energy the resutmall, similar to the flat-surface case. The corrugation was
ing products will be hot and energetically similar to thoseshown to add an additional and efficient pathway to trapping
arising from direct Eley—RidedER) processes. We use the and hot-atom formation. Extensive total energy calculations
term ER(or direct ER to refer to reactions which result from were performed using the density functional method to ex-
the direct encounter of a particle entering from the gas phasgmine the interaction of two hydrogens over a(Tli)

with an adsorbate, in contrast to the hot-at@#) route. surface®®* In a preliminary study, a model PES based on
these calculations was developed, and quasiclassical trajec-
30n leave from the Institute of Chemical Physics, Russian Academy offory methods were used to examine the interaction af)H(
Science, 117334 Moscow, Russian Federation. and D(g) atoms with a corrugated Clil1) surface covered
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by severaladsorbed D or H atoms. While direct ER pro- array, and all 19 atoms are evolved in time using Hamilton’s
cesses were observed, most of the HD product resulted fromquations of motion. The incident atom has an energy of
HA reactions, and agreement with experiment was generall(.07 eV, corresponding to the average incident energy in the
good>® We note that mixtures of direct ER and indirect HA experiments, and is initialy 7 A above the surface. The
processes have been observed in quasiclassical studies of tdsorbates are initially bound in the threefold hollow sites
H(g) + D/Si(001) reactiof® and in experimental studies of with energies corresponding to the quantum zero point ener-
H-+D/metal reactions on several metal surfaces bppars  gies, using a harmonic approximation for the PES. For our
and co-workers! model PES-1, described in the following paragraphs, the ini-
In this paper we present a more detailed study of theial vibrational energies for adsorbate motion perpendicular
reaction of HG) and D(@) with D and H atoms adsorbed and parallel to the surface are 71 and 87 meV, respectively,
onto Cy111). A new PES is used which, in certain aspects,for H and 50 and 62 meV, respectively, for D. Note that the
provides a better fit to the computed total ener§ieQuasi-  parallel energies represent the sum of two degenerate modes.
classical methods are again used, and many adsorbed atofar our model PES-2, the zero point energies are not signifi-
are included on the corrugated metal surface, simulating theantly different. The initial oscillator phases are sampled ran-
experimental coverage of 0.5 atoms/unit cell. Probabilitiesdomly from a uniform distribution. All 19 atoms are evolved
for direct and indirect reaction and trapping, as well as thauntil the incident atom or a product molecule is observed
rotational, vibrational, and translational energy distributionsmore tha 7 A above the surface, or until a total integration
of the products are computed and compared with experimentime of 2.0 ps is reached. This procedure is repeated 4000
We describe the theoretical and computational details in Set¢imes to average over the impact sites of the incident atom
II, present and discuss the results in Sec. Ill, and concludand the initial vibrational phases of the adsorbed atoms. Any

with a brief summary in Sec. IV. product molecules formed are assigned a rotational “quan-
tum number” j=J/%, whereld is the total classical angular
Il. THEORY momentum. Unlike in our previous study, where we made a

Quasiclassical trajectory methods are used to moderligid rotor assumption, we here assign vibrational “quantum

H(g) and D@@) atoms incident on D and H-covered Q1) numlbers,”dv, \;ia selm_iclassic_aldquagwtiza(’;iéﬁ. diti
surfaces. These methods, our model PES, and the denSiL%e nsteac of applying periodic boundary conditions, we

functional total energy calculations to which this PES is fit reflecting walls perpendlcula_r to the surface. When an
are well described in earlier papéf€® We only provide atom or molecule reaches the simulation cell boundary its

enough details here to improve the readability of the papel’?enter, of mass tre}nsla_non IS refl_ected from the Walthout
changing the rovibrational motion for the case of a mol-

Because of the large number of particles involved it is nec- ; . . .
ule. We have increased our simulation cell size to an 8

essary to use classical methods. However, for these reactio@(g8 f surf it cell ith 32 adsorbat d th
the energies are high and the barriers are small, tunnelin array or surface unit cetls, wi aadsorbates, and the

effects should be minor, and classical mechanics shoul sults do not change in a significant way.
work reasonably well. We have “benchmarked” our meth- At a half-monolayer coverage the adsorbates are rela-

ods by comparing quasiclassical and quantum results for thtéVely far apart, the c_Iose_st spacing is about 2.9 A, f(_)r t_WO
3dsorbates on opposite sides of a Cu atom. When an incident

exactly solvable flat-surface single-adsorbate case, and fin ) . .
that the quasiclassical method generally reproduces the e hot atom collides with an adsorbate, they either react and

sential features of the reaction in a semiquantitativequ!Ckly leave the surface or they scatter without reqcting,
fashion®-®This comparison suggests that the major sourc uickly separating. Thus, three H atoms are never simulta-

of error comes from our quasiclassical treatment of the IarngOUSIy sufficiently close together to make three-biabfu-

zero point energies of the adsorbed atoms. The Cu surface ﬂly, three-H interactions important, and we expand our PES

kept rigid and an electronically adiabatic PES is used. Thus P to two-body terms:

we ignore the effects of phonons and electron-hole pair ex-

citations. Energy loss into the substrate should not signifi- V({r})zE Va(r)+2 VaalTi 1)) 1)

cantly effect the dynamics of these light high-energy par- i i<

ticles, however. We have, in fact, demonstrated that energy

loss from the H-atoms to the phonons is slow on reactionThe particles are located at positians andV,(r;) describes

timescale$>#* with the dominant energy-transfer mecha- the interaction of a single H atom with the corrugated

nism being collisions with adsorbat&s. Cu(111) surface.V,, describes the interaction of two H at-
The experimentally observédurface coverage of one oms in the presence of the metal.

adsorbate per two surface unit cells is simulated, where each We present results here for two potentials. Both are very

unit cell contains two threefold hollow sites. Our “simula- detailed and well described elsewhere, and we will not re-

tion cell” consists of a 66 rhombic array of surface unit produce their detailed functional forms here. The first model

cells, containing 18 adsorbed atoms in a graphitic registrypotential®® which we denote PES-1, uses a chemically rea-

While this honey-comb adsorbate structure has not beesonable modified LEP8 form to describe the two-H terms,

proven to exist on O11),*® it has been confirmed for half- V,,. The LEPS form is based on Morse-like attractive and

monolayer coverages of H on (4i11)*’ and proposed for repulsive terms which decay exponentially with distance.

H/Ag(111).*® A single incident atom is aimed randomigt ~ The effects of surface corrugation are included by making

normal incidencgat the four unit cells in the center of the the Morse parameters vary across the surface unit cell, ex-
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FIG. 1. Plots of the one-body H-ClLLY) interaction potentialV/,, as a
function of z, the H-atom distance above the surface plane. The position of
the H-atom in the surface plane is held fixed over the top and hollow sites,
as indicated. Results are shown for both PEGdlid symbol$ and PES-2
(open symbols

z, (A)

The single-H termyV,, was thus a corrugated Morse poten- rig. 2. Contour plots of the two-body interactioW,,, for both atoms
tial. moving only normal to the surface. The distance of the incident and target
Calculations of the total energy were performed for vari-atoms above the surface plane ar@ndz;, respectively. The target atom

panding them in a Fourier series in reciprocal lattice vectors.

ous Configurations of one or two hydrogen atoms over 6{emams d_lrectly.overghollo_w site, and the incident atom remains directly
over a neighboring bridge site. Results are shown for(teotal energy

45 i ; ; ;
Cu(111) sur_face, using the den_5|ty f_U”CUOnal scheme with gensity functional calculationgb) PES-1, andc) PES-2. The energy con-
the generalized gradient approximation for the exchange coteurs are in eV.

relation energy? Other groups have successfully used these
methods to construct potentials for, Hlissociation on
Cu(111).51>*The reader is referred to the literature for fur- as a function ofz, the H-atom distance above the surface
ther details’>°°-%*The PES-1 parameters were chosen byplane. The position of the H-atom in the surface plane is held
least squares fitting to the computed total enefdgnsity fixed over the top and hollow sites, as indicated. It is clear
functiona) points. Terms in the model PES describing thethat PES-2 is a much shorter ranged potential than PES-1, in
H-Cu11)) interaction were fit to the computed total ener- better agreement with the total energy results.
gies for H atoms directly over four high-symmetry sites on  Figures 2 and 3 contain contour plots of the two-body
the CY11) surface. The rmgroot mean squajeerror for  interaction,V,,, for two restricted configurations. In Fig. 2,
these fits was 0.09 eV or bett¥rand the rms error for the both H atoms move only normal to the surface, and the dis-
gas-phase H—H interaction was 0.12 eV. The remaining potance of the incident and targ&tdsorbed atoms above the
tential parameters were then fit to the computed total enersurface plane are; and z;, respectively. The target atom
gies for severaH—H—-Cu111) configurations believed to be remains directly over a hollow site, and the incident atom
important for these reactions. The global rms error for theseemains directly over the nearest neighboring bridge site,
two-body configurations was 0.17 eV. about an H bondlength away. Results are shown for the
While a preliminary quasiclassical study using PES-1total energy density functional calculatior(®) PES-1, and
gave good agreement with experiméhthe exponentially (c) PES-2. In Fig. 3 the adsorbate is held fixed in the poten-
decaying attractive terms did not accurately reproduce th&al minimum of the hollow site. The incident atom moves in
behavior observed in the density functional total energy cala plane defined by;, its distance from the adsorbate along
culations. A second potential, PES-2, was thereforghe plane of the surface from the adsorbate hollow site to an
constructed® and the form of the attractive parts was modi- adjacent hollow site, through the bridge site, andin both
fied to improve the fit. While the rms error for the gas-phasecases PES-2 more accurately reproduces the results of the
H—H and one-body H-Q@11) interactions improved dra- total energy calculations. Note that the H—H interaction is
matically to 0.002 eV or better, the overall error in the globalrepulsive when both atoms are near the Cu surface. The H-H
two-body fit was only lowered to 0.16 €¥7.This small de- interaction becomes attractive only when the atoms move
crease suggests that the modifications did not improve thaway from the surface, breaking their bonds to the metal.
description of the potential in the interaction region, and aThis is clearly illustrated in Fig. 2, where fa& and z the
more flexible model is needed to do that. In Fig. 1 we Mgt  atoms are about anjtbond length apart. Minimum energy
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TABLE |. Probabilities for various outcomes, for the two model potentials
and isotopic combinations described in the text.

H-on-D D-on-H H-on-D D-on-H

Outcome PES-1 PES-1 PES-2 PES-2
reflection 0.04 0.06 0.19 0.16
primary reaction 0.44 0.32 0.42 0.33
secondary 0.02 0.08 0.03 0.09
reaction
sticking 0.50 0.54 0.36 0.42

In the experiments, the probability of the incident atom
reflecting from the surface without reactirg,.;, was found
to be between 0.02 and 0.1. We see that PES-1 is in good
agreement with these observations, while the PES-2 results
are a bit too large. Reflection is small because the incident
atom interacts strongly with the corrugation and the adsor-
bates. Note that the asymptotic kinetic energy perpendicular
to the surface, 0.07 eV, is small compared with the accelera-
tion in the entrance channel, and it is easy to transfer this
amount of energy into other degrees of freedom, leading to
trapping. In addition to corrugation-mediated trapping, the
similar masses of H and D and the fact that the adsorbates
are only weakly bound parallel to the surface makes energy
FIG. 3. Same as in Fig. 2, but for the adsorbate held fixed in the potentiaif@nsfer with the adsorbates efficient, and the adsorbate-
minimum of the hollow site. The incident atom is at a distancabove the ~mediated trapping cross section is also latge® The addi-
s_urface plang and moves pgrallel to the surfa_ce fror_n the ads_orbate hollofion of lattice motion would decrease the computeg;
site to an adjacent hollow site, _through the bndge site. The dlstan_ce alongomewhat furthef** The corrugation and repulsive regions
the surface from the adsorbatexis andd=0.73 A is the hollow-to-bridge .
site spacing. for the bare surface(no adsorbatgsare essentially the same
for the two potentialgsee Fig. ], and scattering from the
bare surface should be very similar. In Fig. 4, however, the
paths exist from reactants to products for which there are nenergy distributions of the reflected atoms are plotted, and
barriers; the adsorbate moves away from the metal as it inthe two potentials exhibit very different behavior. Reflection
teracts with the approaching incident atom. However, thérom the bare regions of thestatio surface would produce
incident atom is accelerated by its interaction with the metalatoms with energies of 0.07 eV, while scattering from or near
and may quickly deflect away from the adsorbate before thadsorbates can lead to asymptotic energies greater or less
adsorbate has time to respond and move away from the suthan this value, due to energy transfer with the adsorbates. It
face. That is why trapping can be the dominant outcome fofs clear that for the shorter-ranged interaction, PES-2, there is
this “barrierless” reaction. An important difference between significantly less atom—atom energy transfer. There is thus
PES-1 and PES-2 is that PES-2 is more short ranged. In Fig.
2, for PES-2(and the total energy casdhe H—H attraction

develops more quickly as the atoms move away from the 40 -
surface. In Fig. 3, the H—H repulsion for the case of a fixed I Heon-D
adsorbate is shorter ranged for PES-2. In the next section we ~ %0
will see how these features effect the dynamics. 3 00| H
@ .
lIl. RESULTS AND DISCUSSION & 10 ﬁ/V\/\%
Py \

Results are listed in Table | for the probabilities of vari- 0 Fr T e ——
ous events, for the two potentials. The notation D-on-H re- 30l i D-on-H
fers to D(@@) atoms incident on H-covered Cill), and so o I
on. Preliminary results based on PES-1 have been published 2 20 n
elsewheré? although there was an error in that work; the W .

D-on-H results corresponded to an incident energy of 0.28 & 10

eV, and not 0.07 eV, as reported. As in our earlier flat- 0 Em=le Meon X

surface studies, we see no exchange processes, where the 0.00 0.05 0.10 0.15 0.20 0.25 0.30
incident atom knocks an adsorbed atom into the gas phase. E(eV)

This result is in agreement with the experiments where eXgig. 4. probability distribution for the asymptotic kinetic energy of re-
change was not observéd. flected atoms, for both PES{solid line and PES-Zdashed lines
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FIG. 5. Probability distribution for the asymptotic total product HD energy, FIG. 6. Probability distribution for the reaction time, for both PESsdlid

for both PES-X(solid lineg and PES-Zdashed lines The RE) are normal- lines) and PES-2dashed linegs The P¢,) are normalized such that when

Z;ﬁtiseicgft?'ztb\lzhle n integrated over E they equal the primary reaction prOb|F1tegrated ovet, they equal the primary reaction probabilities of Table I.

less adsorbate-mediated trapping, and more reflection. Alsoolecules for each PES. The curves are normalized such that
as illustrated by Fig. 3, for a fixed coverage and shorter rangthe integral of PE) over E is equal to the primary reaction
H—H repulsion there is effectively more bare surface toprobability. The maximum total energy is about 2.4 eV for
(elastically scatter from. For PES-1 the incident atom canH-on-D, with the D-on-H value being slightly larger due to
experience significant energy exchange before reflecting intthe larger zero point vibrational energy of the adsorbed H. In
the gas phase, resulting from one or more collisions with theéhe absence of energy loss to the substrate, all energies below
adsorbates. Note, however, that any eneggin from the this maximum value result from nonreactive collisions with
adsorbates is an artifact of the use of classical mechanicthe adsorbates. We find that the product molecules leave the
since the adsorbates have energies which mimic the quantusurface in a narrow range of angles close to the surface nor-
(zero poini ground state. This suggests that our classicamal (see Fig. 1) and that these nonreactive collisions gen-
methods may overestimate the reflection probability for aerally occur prior to the reaction. The peaks near 2.4 eV thus
given PES, due to improper behavior of the adsorbate zercorrespond to direct ER processes, while the lower energy
point energy. components represent HA processes. The probability that the
In Table I, a primary reaction occurs when the incidentinitial encounter between the incident atom and an adsorbate
atom and an adsorbate react to form an HD molecule, videads to reaction is larger for PES-2 than for PES-1, by
some route. Secondary reactions take place between two aughly a factor of 2. For both potentials we see significant
sorbates, to form kor D,. This can happen when an inci- contributions from hot-atom reactions, and the incident atom
dent or hot atom knocks an adsorbate out of its threefoldtan lose as much as 1.0 eV or more of energy before react-
hollow site, such that it becomes mobile on, but still bounding. Another probe of the reaction dynamics is the reaction
to, the surface. We never observe both primary and secondime, defined here as the elapsed time between the start of the
ary reactions. If by the end of the simulati¢® p9 the inci-  trajectory and when the product HB 7 A above the surface.
dent atom remains on the surface without having reactedn Fig. 6 we plot the reaction time distributions, again nor-
and there are no secondary reactions, we categorize the eventilized so that when integrated over time they equal the
as sticking. We observe that secondary reaction always coprimary reaction probabilities. The shortest times correspond
responds to sticking of the incident atom. Thus, the actualo direct ER reaction, and we again see noticeably more ER
probability that the incident atom sticks without reacting isprocesses for PES-2. The longer times correspond to mul-
the sticking value in Table I, plus the secondary reactiortiple collisions and HA processéslower moving particles
probability. and for PES-1 there are more of these longer-time events.
In the experiment$the probability for primary reaction For both potentials, there are many more HA reactions than
to form HD was reported to be 0.40.12 for both isotopic direct ER reactions. Our studies suggest that the reacting hot
combinations. We see that the PES-1 and PES-2 results astoms typically experience several unreactive collisions with
nearly the same, and in good agreement with experimengdsorbates prior to reaction. Examination of Fig. 5 would
although the D-on-H reactivity is a bit low. Also, no isotope thus suggest that the hot atom loses on the order of a tenth of
effect in the reactivity was resolved in the experiments. Asan eV of energy with each collision. Note finally that all
discussed in the Introduction, these primary reactions careactions are over by 1 ps, and our total integration time of 2
result from either direct Eley—Ride4ER) or indirect hot-  ps is more than adequate.
atom(HA) pathways, and the relative ER and HA contribu- Given the initial adsorbate coverage, an apparent reac-
tions can be deduced from the results in Figs. 5 and 6. In Figion cross section of about 5°Avas deduced from the mea-
5 we plot the total energy distributions of the product HD sured reaction probability, assuming a single reactive en-
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TABLE Il. Average properties for the product HD molecules formed by

primary (secondary reaction, for the two model potentials and isotopic
combinations described in the text. The average vibrational and rotational
quantum numbers ax@) and(j), respectively. The average center-of-mass —_
translational energy, average internal energy, and average total energy are Q_Z,
(Eem)s {Eings {Erop» respectively.

H-on-D D-on-H H-on-D D-on-H

PES-1 PES-1 PES-2 PES-2
(v) 0.62(0.30 0.75(0.12 0.40(0.14 0.37 (0.0 06 t
G 75 (5.9 79 4.3 6.8 (5.9 6.5 (3.5 -
(Eqy (V)  1.10(0.99 1.09(0.99 1.37 (1.0 1.41 (1.0 E_>’ 04 t D-on-H
(Einp) (V) 0.89 (0.46 0.99(0.53 0.72(0.37% 0.67 (0.3
(Ep (V) 2.00 (1.46 2.07(1.52 2.09(1.44 2.08(1.43 0.2

0.0

01 2 3 4 5
counter. However, in our simulations these reactions to form v
HD occur via both ER and HA routes, often involving sev- FiG. 7. Product HD vibrational state distributions, from the experiments of
eral collisions of the incident particle with adsorbates. ThisRef. 7 (crossep and from the calculations for PES<{$olid circleg and
demonstrates that the large observed reactivity can be reprGES-2(open circles
duced bymanyatom—atom encountergachwith a small
singlecollision reaction cross section. For PES-1, for ex-
ample, if 10% of the primary reactions are of the ER variety,suggest that when the incident or hot atom knocks an adsor-
than the initial-collision ER reaction probabilities are aboutbate free, it transfers a sizable portion of its energy to that
0.044 and 0.032 for H-on-D and D-on-H, respectively. Theseadsorbate.
correspond to single-collision ER reactive cross sections of Rettner and Auerbach measured final state distributions
0.49 A2 and 0.36 X respectively, similar to the small single- for the product HD and we compare these with our results in
collision single-adsorbate reaction cross sections computeBable Il and Figs. 7-9. In Fig. 7 are plotted the experimental
in earlier studies!~3° The experiments, the quantum calcu- and computed HD vibrational state distributions, each nor-
lations, and the finite coverage quasiclassical simulations anmalized to unity. The calculations exhibit a fair amount of
thus consistent. Another indication that the probability ofvibrational excitation, but not as large as is seen in the ex-
reaction for each atom—atom encounter is small can be segqreriments, with PES-2 having poorer agreement than PES-1.
in the large probabilities for sticking without reacting. The PES-1 does, however, reproduce the slightly larger vibra-
experimentsreport equal probabilities for reaction and stick- tional excitation seen for D-on-H than for H-on-D. Our qua-
ing (about 0.5-0.1), and this compares well with our com- siclassical treatment of the large adsorbate and product vi-
puted values for both potentials. It is perhaps surprising thabrational zero point energies may be a source of some of the
most atom-adsorbate encounters do not lead to reaction farror. In comparing quantum and quasiclassical results for
this barrierless highly exothermic reaction. However, for thethe same flat-surface model, we found that the quasiclassical
reasons discussed earlier the atom—atom energy transfarethod did not give as much vibrational excitation as in the
mechanism is extremely efficient, and it is this competitionquantum calculation, particularly for the D-on-H
between reaction and trapping/scattering that makes theombinatior®® Very recently, quantum calculations have
single-collision reaction cross sections so small. been implemented for a flat-surface version of our PES-1,
In our calculations we find that the probabilities for sec-and the vibrational distributions are in good agreement with
ondary reaction are 2% and 8% for PES-1, for H-on-D andexperiment, although corrugation effects are igndfetihe
D-on-H, respectively, with very similar results for PES-2. experimental and computed rotational distributions are plot-
Rettner and Auerbach did not look for this process in theirted in Fig. 8. While the broad distributions seen in the ex-
experiments, but it has been observed by others. Winkler anperiments are well reproduced by PES-1, the PES-2 distribu-
co-workerd? report about 4% B formation for H-on-D/ tions are a bit more narrow, but still in reasonable agreement.
Ni(110 and about 6% Kiformation for D-on-H/N{110). On  Because the reactions on PES-2 are more direct, involving a
Al(100 they observe secondary reactions for roughly onesmaller number of pathways, the distributions are perhaps
out of every ten incident atons Klippers and co-workets  less “statistical” and therefore not as broad. It is interesting
have seen similar behavior on (00 and P¢111). Our re- that the lower energy HA reactions which are somewhat
sults for both potentials are consistent with these valuesnore common on PES-1 lead targer product rotational
Like Winkler and co-workers, we observe that D incident onand vibrational energies than for PES-2. It is tempting to
H is more likely to create mobile H atoms than H incident onsuggest that smaller impact parameters are involved for the
D, due to its larger mass. In Table Il we list properties of theshorter-ranged H—H interactions of PES-2, leading to lower
product molecules, with the values in parenthesis correrotational angular momentum. However, studies on flat sur-
sponding to secondary reactions. The average total energfgces showed no correlation between impact parameter and
Et, Of the secondary reaction products is about 0.5 elfinal rotational staté? and the trajectories on the corrugated
lower than for the primary reactions, but still considerablysurface should be even more “erratic.”
“hot”; about 1.4-1.5 eV for both potentials. These results Rettner and Auerbach reported an anticorrelation be-
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FIG. 8. Product HD rotational state distributions, from the experiments of |G- 10- Angular distributions for the product HD molecules, normalized
Ref. 7 (crosses and from the calculations for PES{solid circles and such that the integral dP(#) times sind is equal to the primary reaction
PES-2(open circles probability. Results for PES-1solid lineg and PES-2(dashed linesare

shown.

tween rotational excitation and vibrational excitatfoand
similar behavior was seen in our flat-surface mddehs  €ngth apart. As the HD molecule moves away from the sur-
seen in Fig. 9, where we plot the mean rotational energy as #ce (for zi=z,) the kinetic energy release is much more

function of vibrational state, the effect is somewhat strongef@Pid for PES-2 than for PES-1. That is, the force on the
for H-on-D than for D-on-H. One result of this trend is that Molecular center-of-mass is larger, and there is more energy

the product internal energy distributignot shown is a bit transferred into this coordinate, in competition with internal
more narrow for H-on-D than for D-on-H. which was noted €Xcitation. As a result, the average center-of-mass transla-
in the experimenfsand is seen in these simulations. Oncetional energies(E.r), are roughly O.3de_v larger for PES-2
again, PES-1 is in reasonable agreement with the experimeff?an PES-1. In their more detailed studig®ttner and Auer-

tal data while PES-2 is less so. The two model potential?a‘:h do not measure the product translational energies. How-
exhibit different behavior with regard to the distribution of €Ver. average values of 0.89.2eV and 1.£0.2eV were

energy among the product degrees of freedsee Table ). reported for H-on-D aEr)1d D-on-H in some preliminary studie_:s
As noted, there is less product rotational and vibrational exPY Rettner on ClL11).> Once again, the PES-1 results are in

citation for PES-2, even though direthigher energy ER good agreement with experiment and the PES-2 results are
processes are more probable and lead to a slightly IargéIOt' ) o
average total product energiE ). A reason for this may be In Fig. 10 we plot angular distributions for the product

seen in Fig. 2, where faz,~z, the atoms are about a bond HD molecules, normalized such that the integral of
P(#)sing is equal to the primary reaction probability. The

distributions are relatively narrow, indicating that the mol-

120 — ecules leave the surface in a direction close to the surface
100 ¢ 1 normal, and that most of th@arge product translational
80 | ] energy is in that direction. Rettner and Auerbathbserved
< g0 H-on-D | that the product angular distributions for H-on-D were nar-
7 40} ] rower than for D-on-H, and this behavior is reproduced by
20 | ] both model potentials. Compared with PES-1, on PES-2
0 AT there are smaller contributions from HA reactions and the
100 | ] product molecules experience a larger repulsive potential
80 | ] gradient for motion normal to the surface. One might thus
€ 6ol D-on-H | expect more narrow angular distributions for PES-2, but this
N% w0l effect is not seen in the calculations.
20
0 IV. SUMMARY

4
o1 2 v ° ° In conclusion, our results suggest that both ER and HA
pathways contribute to the reactivity for reactions of H with
FIG. 9. Correlation between average rotational excitation and vibrationaD on Cu111). When an atom incident from the gas-phase
state of the product HD, from the experiments of Refcfossesand from  ¢qlides with an adsorbate, the probability to scatter without
the calculations for PES-1solid circles and PES-2(open circleg The . . . .
product vibrational “quantum number” i, and(J?)/%? corresponds to react_lng IS Iarge_’ leading tO_ some ene_rgy transfer a_nd making
(i(j+1)) in the experiments, wheis the rotational quantum number, and the single-collision Eley—Rideal reaction cross section small.

to j? in the quasiclassical calculations. This also leads to the efficient formation of hot atoms, which
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