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Eley–Rideal and hot-atom reactions of H „D… atoms with D „H…-covered
Cu„111… surfaces; quasiclassical studies

Dmitrii V. Shalashilina) and Bret Jackson
Department of Chemistry, University of Massachusetts, Amherst, Massachusetts 01003
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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 Cu~111! 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 D2 (H2). 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 Physics.@S0021-9606~99!70522-2#
as
ga

ls
e
n
s
t

in
gy
de
a

om
e

at
nd
d

m
t
e
h
it
s
se
e

a

nd

d

in-
s
o-
this

oss
ller,
om
ghly
ed
ed
s

o-
h
o-

be
as

ing
ns

ex-

on
jec-

(o
I. INTRODUCTION

A sizable number of experimental studies in the p
decade have examined Eley–Rideal-type reactions of
phase species with particles adsorbed onto metal,1–15

semiconductor,16–22 and carbon surfaces.23–26 Numerous
quantum and classical theoretical studies have a
appeared.27–41 The most detailed experiments have focus
on reactions of gas-phase H or D with H, D or haloge
adsorbed onto single-crystal surfaces. For these system
adsorbate–metal bond energies are roughly 2–3 eV while
product bond energies are nearly twice that. This results
very large exothermicity, with often several eV of ener
appearing in the translational and internal motion of the
sorbing products. It has become clear in the past few ye
that many of these reactions proceed via hot-at
pathways,42 where the incident atom initially traps onto th
surface without reacting. Quantum31–34,37 and
classical33,35,36,39,43,44studies have shown that H atoms sc
ter very efficiently from both the surface corrugation a
adsorbed H or D atoms, to become trapped. Classical stu
have also shown that dissipation of the trapped H ato
energy into the lattice is slow43,44 and that these trapped ho
atoms lose energy primarily through collisions with oth
adsorbates.36 The trapped atoms can have energies as hig
2 eV or more above the ground state, and if they react w
an adsorbate before dissipating this excess energy the re
ing products will be hot and energetically similar to tho
arising from direct Eley–Rideal~ER! processes. We use th
term ER~or direct ER! to refer to reactions which result from
the direct encounter of a particle entering from the gas ph
with an adsorbate, in contrast to the hot-atom~HA! route.

a!On leave from the Institute of Chemical Physics, Russian Academy
Science, 117334 Moscow, Russian Federation.
11030021-9606/99/110(22)/11038/9/$15.00
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We focus here on the experimental work of Rettner a
Auerbach, who examined reactions of H(g) or D(g) with D
or H atoms adsorbed onto Cu~111!, and measured detaile
final state distributions for the product HD.5,7 They observed
that the product HD molecules were translationally and
ternally ‘‘hot,’’ and that about half of the incident atom
reacted to form HD. For the initial coverage of half a mon
layer, and assuming a single collision leads to reaction,
corresponds to a reaction cross section of about 5 Å2. Quan-
tum mechanical calculations,31–33 however, while finding
similar product energy distributions, suggested that the cr
section for a single direct ER encounter was much sma
0.5 Å2 or less, and that the cross section for scattering fr
an adsorbate into a trapped state was very large, rou
15–20 Å2. It was thus postulated that most of the observ
reactivity resulted from multiple collisions between trapp
hot atoms and adsorbates.7 These early quantum calculation
were based on a flat-surface approximation~no surface cor-
rugation!, however, and not much was known about the p
tential energy surface~PES!. Since then we have put muc
effort into developing more realistic models and better p
tentials. The reaction of H(g) or D(g) with a singleD or H
atom adsorbed onto acorrugatedCu~111! surface was ex-
amined using quasiclassical methods.35 The cross sections
for single-collision ER reactions were again found to
small, similar to the flat-surface case. The corrugation w
shown to add an additional and efficient pathway to trapp
and hot-atom formation. Extensive total energy calculatio
were performed using the density functional method to
amine the interaction of two hydrogens over a Cu~111!
surface.43,45 In a preliminary study, a model PES based
these calculations was developed, and quasiclassical tra
tory methods were used to examine the interaction of Hg)
and D(g) atoms with a corrugated Cu~111! surface covered
f

8 © 1999 American Institute of Physics
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by severaladsorbed D or H atoms. While direct ER pr
cesses were observed, most of the HD product resulted f
HA reactions, and agreement with experiment was gener
good.36 We note that mixtures of direct ER and indirect H
processes have been observed in quasiclassical studies
H(g)1D/Si(001) reaction39 and in experimental studies o
H1D/metal reactions on several metal surfaces by Ku¨ppers
and co-workers.11

In this paper we present a more detailed study of
reaction of H(g) and D(g) with D and H atoms adsorbe
onto Cu~111!. A new PES is used which, in certain aspec
provides a better fit to the computed total energies.45 Quasi-
classical methods are again used, and many adsorbed a
are included on the corrugated metal surface, simulating
experimental coverage of 0.5 atoms/unit cell. Probabilit
for direct and indirect reaction and trapping, as well as
rotational, vibrational, and translational energy distributio
of the products are computed and compared with experim
We describe the theoretical and computational details in S
II, present and discuss the results in Sec. III, and concl
with a brief summary in Sec. IV.

II. THEORY

Quasiclassical trajectory methods are used to mo
H(g) and D(g) atoms incident on D and H-covered Cu~111!
surfaces. These methods, our model PES, and the de
functional total energy calculations to which this PES is
are well described in earlier papers.36,45 We only provide
enough details here to improve the readability of the pap
Because of the large number of particles involved it is n
essary to use classical methods. However, for these reac
the energies are high and the barriers are small, tunne
effects should be minor, and classical mechanics sho
work reasonably well. We have ‘‘benchmarked’’ our met
ods by comparing quasiclassical and quantum results for
exactly solvable flat-surface single-adsorbate case, and
that the quasiclassical method generally reproduces the
sential features of the reaction in a semiquantitat
fashion.31–33This comparison suggests that the major sou
of error comes from our quasiclassical treatment of the la
zero point energies of the adsorbed atoms. The Cu surfa
kept rigid and an electronically adiabatic PES is used. Th
we ignore the effects of phonons and electron-hole pair
citations. Energy loss into the substrate should not sign
cantly effect the dynamics of these light high-energy p
ticles, however. We have, in fact, demonstrated that ene
loss from the H-atoms to the phonons is slow on react
timescales,43,44 with the dominant energy-transfer mech
nism being collisions with adsorbates.36

The experimentally observed7 surface coverage of on
adsorbate per two surface unit cells is simulated, where e
unit cell contains two threefold hollow sites. Our ‘‘simula
tion cell’’ consists of a 636 rhombic array of surface uni
cells, containing 18 adsorbed atoms in a graphitic regis
While this honey-comb adsorbate structure has not b
proven to exist on Cu~111!,46 it has been confirmed for half
monolayer coverages of H on Ni~111!47 and proposed for
H/Ag~111!.48 A single incident atom is aimed randomly~at
normal incidence! at the four unit cells in the center of th
m
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array, and all 19 atoms are evolved in time using Hamilto
equations of motion. The incident atom has an energy
0.07 eV, corresponding to the average incident energy in
experiments,7 and is initially 7 Å above the surface. The
adsorbates are initially bound in the threefold hollow si
with energies corresponding to the quantum zero point e
gies, using a harmonic approximation for the PES. For
model PES-1, described in the following paragraphs, the
tial vibrational energies for adsorbate motion perpendicu
and parallel to the surface are 71 and 87 meV, respectiv
for H and 50 and 62 meV, respectively, for D. Note that t
parallel energies represent the sum of two degenerate mo
For our model PES-2, the zero point energies are not sig
cantly different. The initial oscillator phases are sampled r
domly from a uniform distribution. All 19 atoms are evolve
until the incident atom or a product molecule is observ
more than 7 Å above the surface, or until a total integratio
time of 2.0 ps is reached. This procedure is repeated 4
times to average over the impact sites of the incident a
and the initial vibrational phases of the adsorbed atoms. A
product molecules formed are assigned a rotational ‘‘qu
tum number’’ j 5J/\, whereJ is the total classical angula
momentum. Unlike in our previous study, where we mad
rigid rotor assumption, we here assign vibrational ‘‘quantu
numbers,’’n, via semiclassical quantization.31

Instead of applying periodic boundary conditions, w
use reflecting walls perpendicular to the surface. When
atom or molecule reaches the simulation cell boundary
center of mass translation is reflected from the wall~without
changing the rovibrational motion for the case of a m
ecule!. We have increased our simulation cell size to an
38 array of surface unit cells, with 32 adsorbates, and
results do not change in a significant way.

At a half-monolayer coverage the adsorbates are r
tively far apart; the closest spacing is about 2.9 Å, for tw
adsorbates on opposite sides of a Cu atom. When an inci
~or hot! atom collides with an adsorbate, they either react a
quickly leave the surface or they scatter without reacti
quickly separating. Thus, three H atoms are never simu
neously sufficiently close together to make three-body~actu-
ally, three-H! interactions important, and we expand our PE
up to two-body terms:

V~$r%!5(
i

Va~r !1(
i , j

Vaa~r i ,r j !. ~1!

The particles are located at positionsr i , andVa(r i) describes
the interaction of a single H atom with the corrugat
Cu~111! surface.Vaa describes the interaction of two H a
oms in the presence of the metal.

We present results here for two potentials. Both are v
detailed and well described elsewhere, and we will not
produce their detailed functional forms here. The first mo
potential,36 which we denote PES-1, uses a chemically re
sonable modified LEPS49 form to describe the two-H terms
Vaa . The LEPS form is based on Morse-like attractive a
repulsive terms which decay exponentially with distan
The effects of surface corrugation are included by mak
the Morse parameters vary across the surface unit cell,
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panding them in a Fourier series in reciprocal lattice vecto
The single-H term,Va , was thus a corrugated Morse pote
tial.

Calculations of the total energy were performed for va
ous configurations of one or two hydrogen atoms ove
Cu~111! surface,45 using the density functional scheme wi
the generalized gradient approximation for the exchange
relation energy.50 Other groups have successfully used the
methods to construct potentials for H2 dissociation on
Cu~111!.51–54 The reader is referred to the literature for fu
ther details.45,50–54 The PES-1 parameters were chosen
least squares fitting to the computed total energy~density
functional! points. Terms in the model PES describing t
H–Cu~111! interaction were fit to the computed total ene
gies for H atoms directly over four high-symmetry sites
the Cu~111! surface. The rms~root mean square! error for
these fits was 0.09 eV or better,36 and the rms error for the
gas-phase H–H interaction was 0.12 eV. The remaining
tential parameters were then fit to the computed total e
gies for severalH–H–Cu~111! configurations believed to b
important for these reactions. The global rms error for th
two-body configurations was 0.17 eV.

While a preliminary quasiclassical study using PES
gave good agreement with experiment,36 the exponentially
decaying attractive terms did not accurately reproduce
behavior observed in the density functional total energy c
culations. A second potential, PES-2, was theref
constructed,45 and the form of the attractive parts was mod
fied to improve the fit. While the rms error for the gas-pha
H–H and one-body H–Cu~111! interactions improved dra
matically to 0.002 eV or better, the overall error in the glob
two-body fit was only lowered to 0.16 eV.45 This small de-
crease suggests that the modifications did not improve
description of the potential in the interaction region, and
more flexible model is needed to do that. In Fig. 1 we plotVa

FIG. 1. Plots of the one-body H–Cu~111! interaction potential,Va , as a
function of z, the H-atom distance above the surface plane. The positio
the H-atom in the surface plane is held fixed over the top and hollow s
as indicated. Results are shown for both PES-1~solid symbols! and PES-2
~open symbols!.
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as a function ofz, the H-atom distance above the surfa
plane. The position of the H-atom in the surface plane is h
fixed over the top and hollow sites, as indicated. It is cle
that PES-2 is a much shorter ranged potential than PES-
better agreement with the total energy results.

Figures 2 and 3 contain contour plots of the two-bo
interaction,Vaa , for two restricted configurations. In Fig. 2
both H atoms move only normal to the surface, and the d
tance of the incident and target~adsorbed! atoms above the
surface plane arezi and zt , respectively. The target atom
remains directly over a hollow site, and the incident ato
remains directly over the nearest neighboring bridge s
about an H2 bondlength away. Results are shown for the~a!
total energy density functional calculations,~b! PES-1, and
~c! PES-2. In Fig. 3 the adsorbate is held fixed in the pot
tial minimum of the hollow site. The incident atom moves
a plane defined byxi , its distance from the adsorbate alon
the plane of the surface from the adsorbate hollow site to
adjacent hollow site, through the bridge site, andzi . In both
cases PES-2 more accurately reproduces the results o
total energy calculations. Note that the H–H interaction
repulsive when both atoms are near the Cu surface. The H
interaction becomes attractive only when the atoms m
away from the surface, breaking their bonds to the me
This is clearly illustrated in Fig. 2, where forzi and zt the
atoms are about an H2 bond length apart. Minimum energ

of
s,

FIG. 2. Contour plots of the two-body interaction,Vaa , for both atoms
moving only normal to the surface. The distance of the incident and ta
atoms above the surface plane arezi andzt , respectively. The target atom
remains directly over a hollow site, and the incident atom remains dire
over a neighboring bridge site. Results are shown for the~a! total energy
density functional calculations,~b! PES-1, and~c! PES-2. The energy con
tours are in eV.
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paths exist from reactants to products for which there are
barriers; the adsorbate moves away from the metal as i
teracts with the approaching incident atom. However,
incident atom is accelerated by its interaction with the me
and may quickly deflect away from the adsorbate before
adsorbate has time to respond and move away from the
face. That is why trapping can be the dominant outcome
this ‘‘barrierless’’ reaction. An important difference betwee
PES-1 and PES-2 is that PES-2 is more short ranged. In
2, for PES-2~and the total energy case!, the H–H attraction
develops more quickly as the atoms move away from
surface. In Fig. 3, the H–H repulsion for the case of a fix
adsorbate is shorter ranged for PES-2. In the next section
will see how these features effect the dynamics.

III. RESULTS AND DISCUSSION

Results are listed in Table I for the probabilities of va
ous events, for the two potentials. The notation D-on-H
fers to D(g) atoms incident on H-covered Cu~111!, and so
on. Preliminary results based on PES-1 have been publis
elsewhere,36 although there was an error in that work; th
D-on-H results corresponded to an incident energy of 0
eV, and not 0.07 eV, as reported. As in our earlier fl
surface studies, we see no exchange processes, wher
incident atom knocks an adsorbed atom into the gas ph
This result is in agreement with the experiments where
change was not observed.7

FIG. 3. Same as in Fig. 2, but for the adsorbate held fixed in the pote
minimum of the hollow site. The incident atom is at a distancezi above the
surface plane and moves parallel to the surface from the adsorbate h
site to an adjacent hollow site, through the bridge site. The distance a
the surface from the adsorbate isxi , andd50.73 Å is the hollow-to-bridge
site spacing.
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In the experiments, the probability of the incident ato
reflecting from the surface without reacting,Pref , was found
to be between 0.02 and 0.1. We see that PES-1 is in g
agreement with these observations, while the PES-2 res
are a bit too large. Reflection is small because the incid
atom interacts strongly with the corrugation and the ads
bates. Note that the asymptotic kinetic energy perpendic
to the surface, 0.07 eV, is small compared with the accele
tion in the entrance channel, and it is easy to transfer
amount of energy into other degrees of freedom, leading
trapping. In addition to corrugation-mediated trapping, t
similar masses of H and D and the fact that the adsorb
are only weakly bound parallel to the surface makes ene
transfer with the adsorbates efficient, and the adsorb
mediated trapping cross section is also large.31–35 The addi-
tion of lattice motion would decrease the computedPref

somewhat further.43,44 The corrugation and repulsive region
for the bare surface~no adsorbates! are essentially the sam
for the two potentials~see Fig. 1!, and scattering from the
bare surface should be very similar. In Fig. 4, however,
energy distributions of the reflected atoms are plotted,
the two potentials exhibit very different behavior. Reflecti
from the bare regions of the~static! surface would produce
atoms with energies of 0.07 eV, while scattering from or n
adsorbates can lead to asymptotic energies greater or
than this value, due to energy transfer with the adsorbate
is clear that for the shorter-ranged interaction, PES-2, ther
significantly less atom–atom energy transfer. There is t

al

ow
ng

TABLE I. Probabilities for various outcomes, for the two model potentia
and isotopic combinations described in the text.

Outcome
H-on-D
PES-1

D-on-H
PES-1

H-on-D
PES-2

D-on-H
PES-2

reflection 0.04 0.06 0.19 0.16
primary reaction 0.44 0.32 0.42 0.33

secondary
reaction

0.02 0.08 0.03 0.09

sticking 0.50 0.54 0.36 0.42

FIG. 4. Probability distribution for the asymptotic kinetic energy of r
flected atoms, for both PES-1~solid lines! and PES-2~dashed lines!.
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less adsorbate-mediated trapping, and more reflection. A
as illustrated by Fig. 3, for a fixed coverage and shorter ra
H–H repulsion there is effectively more bare surface
~elastically! scatter from. For PES-1 the incident atom c
experience significant energy exchange before reflecting
the gas phase, resulting from one or more collisions with
adsorbates. Note, however, that any energygain from the
adsorbates is an artifact of the use of classical mechan
since the adsorbates have energies which mimic the quan
~zero point! ground state. This suggests that our class
methods may overestimate the reflection probability fo
given PES, due to improper behavior of the adsorbate z
point energy.

In Table I, a primary reaction occurs when the incide
atom and an adsorbate react to form an HD molecule,
some route. Secondary reactions take place between two
sorbates, to form H2 or D2. This can happen when an inc
dent or hot atom knocks an adsorbate out of its three
hollow site, such that it becomes mobile on, but still bou
to, the surface. We never observe both primary and sec
ary reactions. If by the end of the simulation~2 ps! the inci-
dent atom remains on the surface without having reac
and there are no secondary reactions, we categorize the e
as sticking. We observe that secondary reaction always
responds to sticking of the incident atom. Thus, the ac
probability that the incident atom sticks without reacting
the sticking value in Table I, plus the secondary react
probability.

In the experiments,7 the probability for primary reaction
to form HD was reported to be 0.4760.12 for both isotopic
combinations. We see that the PES-1 and PES-2 results
nearly the same, and in good agreement with experim
although the D-on-H reactivity is a bit low. Also, no isotop
effect in the reactivity was resolved in the experiments.
discussed in the Introduction, these primary reactions
result from either direct Eley–Rideal~ER! or indirect hot-
atom ~HA! pathways, and the relative ER and HA contrib
tions can be deduced from the results in Figs. 5 and 6. In
5 we plot the total energy distributions of the product H

FIG. 5. Probability distribution for the asymptotic total product HD energ
for both PES-1~solid lines! and PES-2~dashed lines!. The P~E! are normal-
ized such that when integrated over E they equal the primary reaction p
abilities of Table I.
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molecules for each PES. The curves are normalized such
the integral of P~E! over E is equal to the primary reactio
probability. The maximum total energy is about 2.4 eV f
H-on-D, with the D-on-H value being slightly larger due
the larger zero point vibrational energy of the adsorbed H
the absence of energy loss to the substrate, all energies b
this maximum value result from nonreactive collisions w
the adsorbates. We find that the product molecules leave
surface in a narrow range of angles close to the surface
mal ~see Fig. 10!, and that these nonreactive collisions ge
erally occur prior to the reaction. The peaks near 2.4 eV t
correspond to direct ER processes, while the lower ene
components represent HA processes. The probability tha
initial encounter between the incident atom and an adsor
leads to reaction is larger for PES-2 than for PES-1,
roughly a factor of 2. For both potentials we see significa
contributions from hot-atom reactions, and the incident at
can lose as much as 1.0 eV or more of energy before re
ing. Another probe of the reaction dynamics is the react
time, defined here as the elapsed time between the start o
trajectory and when the product HD is 7 Å above the surface
In Fig. 6 we plot the reaction time distributions, again no
malized so that when integrated over time they equal
primary reaction probabilities. The shortest times corresp
to direct ER reaction, and we again see noticeably more
processes for PES-2. The longer times correspond to m
tiple collisions and HA processes~slower moving particles!,
and for PES-1 there are more of these longer-time eve
For both potentials, there are many more HA reactions t
direct ER reactions. Our studies suggest that the reacting
atoms typically experience several unreactive collisions w
adsorbates prior to reaction. Examination of Fig. 5 wou
thus suggest that the hot atom loses on the order of a ten
an eV of energy with each collision. Note finally that a
reactions are over by 1 ps, and our total integration time o
ps is more than adequate.

Given the initial adsorbate coverage, an apparent re
tion cross section of about 5 Å2 was deduced from the mea
sured reaction probability, assuming a single reactive

,

b-

FIG. 6. Probability distribution for the reaction time, for both PES-1~solid
lines! and PES-2~dashed lines!. The P(t r) are normalized such that whe
integrated overt r they equal the primary reaction probabilities of Table I
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counter. However, in our simulations these reactions to fo
HD occur via both ER and HA routes, often involving se
eral collisions of the incident particle with adsorbates. T
demonstrates that the large observed reactivity can be re
duced bymany atom–atom encounters,each with a small
single-collision reaction cross section. For PES-1, for e
ample, if 10% of the primary reactions are of the ER varie
than the initial-collision ER reaction probabilities are abo
0.044 and 0.032 for H-on-D and D-on-H, respectively. The
correspond to single-collision ER reactive cross sections
0.49 Å2 and 0.36 Å2 respectively, similar to the small single
collision single-adsorbate reaction cross sections comp
in earlier studies.31–35 The experiments, the quantum calc
lations, and the finite coverage quasiclassical simulations
thus consistent. Another indication that the probability
reaction for each atom–atom encounter is small can be
in the large probabilities for sticking without reacting. Th
experiments7 report equal probabilities for reaction and stic
ing ~about 0.560.1), and this compares well with our com
puted values for both potentials. It is perhaps surprising
most atom-adsorbate encounters do not lead to reaction
this barrierless highly exothermic reaction. However, for
reasons discussed earlier the atom–atom energy tra
mechanism is extremely efficient, and it is this competiti
between reaction and trapping/scattering that makes
single-collision reaction cross sections so small.

In our calculations we find that the probabilities for se
ondary reaction are 2% and 8% for PES-1, for H-on-D a
D-on-H, respectively, with very similar results for PES-
Rettner and Auerbach did not look for this process in th
experiments, but it has been observed by others. Winkler
co-workers12 report about 4% D2 formation for H-on-D/
Ni~110! and about 6% H2 formation for D-on-H/Ni~110!. On
Al ~100! they observe secondary reactions for roughly o
out of every ten incident atoms.13 Küppers and co-workers11

have seen similar behavior on Ni~100! and Pt~111!. Our re-
sults for both potentials are consistent with these valu
Like Winkler and co-workers, we observe that D incident
H is more likely to create mobile H atoms than H incident
D, due to its larger mass. In Table II we list properties of t
product molecules, with the values in parenthesis co
sponding to secondary reactions. The average total ene
Etot , of the secondary reaction products is about 0.5
lower than for the primary reactions, but still considerab
‘‘hot’’; about 1.4–1.5 eV for both potentials. These resu

TABLE II. Average properties for the product HD molecules formed
primary ~secondary! reaction, for the two model potentials and isotop
combinations described in the text. The average vibrational and rotati
quantum numbers arêv& and^j&, respectively. The average center-of-ma
translational energy, average internal energy, and average total energ
^Ecm&, ^Eint&, ^Etot&, respectively.

H-on-D
PES-1

D-on-H
PES-1

H-on-D
PES-2

D-on-H
PES-2

^v& 0.62 ~0.30! 0.75 ~0.12! 0.40 ~0.14! 0.37 ~0.05!
^j& 7.5 ~5.4! 7.9 ~4.3! 6.8 ~5.4! 6.5 ~3.5!
^Ecm& ~eV! 1.10 ~0.99! 1.09 ~0.99! 1.37 ~1.08! 1.41 ~1.06!
^Eint& ~eV! 0.89 ~0.46! 0.99 ~0.53! 0.72 ~0.37! 0.67 ~0.37!
^Etot& ~eV! 2.00 ~1.46! 2.07 ~1.52! 2.09 ~1.44! 2.08 ~1.43!
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suggest that when the incident or hot atom knocks an ad
bate free, it transfers a sizable portion of its energy to t
adsorbate.

Rettner and Auerbach measured final state distributi
for the product HD and we compare these with our results
Table II and Figs. 7–9. In Fig. 7 are plotted the experimen
and computed HD vibrational state distributions, each n
malized to unity. The calculations exhibit a fair amount
vibrational excitation, but not as large as is seen in the
periments, with PES-2 having poorer agreement than PE
PES-1 does, however, reproduce the slightly larger vib
tional excitation seen for D-on-H than for H-on-D. Our qu
siclassical treatment of the large adsorbate and produc
brational zero point energies may be a source of some of
error. In comparing quantum and quasiclassical results
the same flat-surface model, we found that the quasiclass
method did not give as much vibrational excitation as in
quantum calculation, particularly for the D-on-H
combination.33 Very recently, quantum calculations hav
been implemented for a flat-surface version of our PES
and the vibrational distributions are in good agreement w
experiment, although corrugation effects are ignored.37 The
experimental and computed rotational distributions are p
ted in Fig. 8. While the broad distributions seen in the e
periments are well reproduced by PES-1, the PES-2 distr
tions are a bit more narrow, but still in reasonable agreem
Because the reactions on PES-2 are more direct, involvin
smaller number of pathways, the distributions are perh
less ‘‘statistical’’ and therefore not as broad. It is interesti
that the lower energy HA reactions which are somewh
more common on PES-1 lead tolarger product rotational
and vibrational energies than for PES-2. It is tempting
suggest that smaller impact parameters are involved for
shorter-ranged H–H interactions of PES-2, leading to low
rotational angular momentum. However, studies on flat s
faces showed no correlation between impact parameter
final rotational state,34 and the trajectories on the corrugate
surface should be even more ‘‘erratic.’’

Rettner and Auerbach reported an anticorrelation

al

are

FIG. 7. Product HD vibrational state distributions, from the experiments
Ref. 7 ~crosses! and from the calculations for PES-1~solid circles! and
PES-2~open circles!.
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tween rotational excitation and vibrational excitation,7 and
similar behavior was seen in our flat-surface model.31 As
seen in Fig. 9, where we plot the mean rotational energy
function of vibrational state, the effect is somewhat stron
for H-on-D than for D-on-H. One result of this trend is th
the product internal energy distribution~not shown! is a bit
more narrow for H-on-D than for D-on-H, which was note
in the experiments7 and is seen in these simulations. On
again, PES-1 is in reasonable agreement with the experim
tal data while PES-2 is less so. The two model potent
exhibit different behavior with regard to the distribution
energy among the product degrees of freedom~see Table II!.
As noted, there is less product rotational and vibrational
citation for PES-2, even though direct~higher energy! ER
processes are more probable and lead to a slightly la
average total product energy,^Etot&. A reason for this may be
seen in Fig. 2, where forzi'zt the atoms are about a bon

FIG. 8. Product HD rotational state distributions, from the experiments
Ref. 7 ~crosses! and from the calculations for PES-1~solid circles! and
PES-2~open circles!.

FIG. 9. Correlation between average rotational excitation and vibratio
state of the product HD, from the experiments of Ref. 7~crosses! and from
the calculations for PES-1~solid circles! and PES-2~open circles!. The
product vibrational ‘‘quantum number’’ isn, and ^J2&/\2 corresponds to
^ j ( j 11)& in the experiments, wherej is the rotational quantum number, an
to j 2 in the quasiclassical calculations.
a
r

n-
ls

-

er

length apart. As the HD molecule moves away from the s
face ~for zi'zt) the kinetic energy release is much mo
rapid for PES-2 than for PES-1. That is, the force on
molecular center-of-mass is larger, and there is more ene
transferred into this coordinate, in competition with intern
excitation. As a result, the average center-of-mass tran
tional energies,̂Ecm&, are roughly 0.3 eV larger for PES-
than PES-1. In their more detailed studies7 Rettner and Auer-
bach do not measure the product translational energies. H
ever, average values of 0.8560.2 eV and 1.160.2 eV were
reported for H-on-D and D-on-H in some preliminary studi
by Rettner on Cu~111!.5 Once again, the PES-1 results are
good agreement with experiment and the PES-2 results
not.

In Fig. 10 we plot angular distributions for the produ
HD molecules, normalized such that the integral
P(u)sinu is equal to the primary reaction probability. Th
distributions are relatively narrow, indicating that the mo
ecules leave the surface in a direction close to the sur
normal, and that most of the~large! product translational
energy is in that direction. Rettner and Auerbach5,7 observed
that the product angular distributions for H-on-D were n
rower than for D-on-H, and this behavior is reproduced
both model potentials. Compared with PES-1, on PE
there are smaller contributions from HA reactions and
product molecules experience a larger repulsive poten
gradient for motion normal to the surface. One might th
expect more narrow angular distributions for PES-2, but t
effect is not seen in the calculations.

IV. SUMMARY

In conclusion, our results suggest that both ER and
pathways contribute to the reactivity for reactions of H w
D on Cu~111!. When an atom incident from the gas-pha
collides with an adsorbate, the probability to scatter witho
reacting is large, leading to some energy transfer and ma
the single-collision Eley–Rideal reaction cross section sm
This also leads to the efficient formation of hot atoms, wh

f

al

FIG. 10. Angular distributions for the product HD molecules, normaliz
such that the integral ofP(u) times sinu is equal to the primary reaction
probability. Results for PES-1~solid lines! and PES-2~dashed lines! are
shown.
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can go on to react, often after several collisions with ot
adsorbates. This nonreactive scattering is so efficient tha
atoms can eventually stick to the surface without reacti
One reason for this behavior is that the H–H interaction
repulsive when both atoms are near the surface, only bec
ing attractive~reactive! when the atoms move away from th
surface. The probability that a given encounter is reactiv
on the order of a few percent, leading to reaction cross s
tions of roughly a few tenths of an Å2, consistent with earlier
quantum models.

We observe different behavior between two model int
action potentials, PES-1 and PES-2, which are both base
results from total energy calculations using density fu
tional theory. The major difference between the potential
that PES-2 is in better agreement with the calculated ene
points in the asymptotic interaction region, and is mo
short-ranged than PES-1. For example, the repulsion
tween two atoms on the surface is felt over a longer dista
for PES-1. We therefore observe more trapping and less
flection and ER reaction on PES-1 during the initial co
sion. Contributions from the ER channel are a bit more pr
able for PES-2, but for both potentials the total reactivity
dominated by HA processes. In our earlier quantum and q
siclassical flat-surface studies we also observed a rang
behavior upon changing the parameters in the PES.33 Unlike
for many reactions, one cannot relate our PES to obse
behavior in terms of barrier heights and locations~early ver-
sus late barrier!. For this strongly exothermic and barrierle
reaction one might guess that the reactivity would be la
and insensitive to details in the potential. However, the pr
ence of the surface adds an efficient pathway for nonreac
scattering and trapping, and it is the competition betwe
this mechanism and reaction that makes this a complic
and interesting process.

While PES-1 gives results in excellent~and often de-
tailed! agreement with experiment, PES-2 is less succes
but not inconsistent. Both models reproduce the overall
activity, direct and indirect reaction pathways, long time
laxation and trapping, and product rotational excitation s
in the experiments. Both fail to reproduce the large prod
vibrational excitation that is observed. This sensitivity to d
tails in the PES is seen experimentally,11–13where the behav-
ior can vary greatly from metal to metal, and even betwe
different faces of the same metal. Given its better agreem
with experiment, it is tempting to believe that PES-1 is clo
to the ‘‘real’’ PES in the ‘‘important’’ regions of configura
tion space than PES-2, even though PES-2 has a slig
better fit to the computed total energies.

The main issue to be resolved now is to more fully u
derstand the connection between the PES and the rea
dynamics. This will help us to understand not only why t
theoretical results vary strongly with certain aspects of
interaction, but why the experimentally observed behav
varies from metal to metal.
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