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We have performed a quasi-classical molecular dynamics study of the reac-
tion dynamics of HD formation by H or D atoms incident from the gas
phase on a D or H-covered Cu(111) surface. A key ingredient has been the
construction of a model potential-energy surface (PES) that has been exclu-
sively based on results from total energy calculations using the density func-
tional scheme. Our preliminary study supports the RettnerÈAuerbach
scenario that a signiÐcant fraction of the reactions occurs via hot-atom path-
ways as opposed to EleyÈRideal pathways, in which the incident atom
reacts directly with the adsorbed atom. The calculated reaction probabilities
and ro-vibrational distributions are in good agreement with the measured
distributions. As observed experimentally on other metal surfaces, we also
Ðnd that the incident atom induces secondary reactions among the adsorb-
ates, producing either or molecules. The magnitude and the isotopeH2 D2dependence of the calculated secondary reaction probabilities are in good
agreement with measured values.

1 Introduction
Numerous recent experiments have demonstrated the existence of EleyÈRideal (ER)
reactions on both metal and semiconductor surfaces.1h20 Unlike a LangmuirÈ
Hinshelwood reaction, where both reactants are initially adsorbed onto and are in
thermal equilibrium with the surface, an ER reaction takes place between an adsorbed
species and one entering directly from the gas phase. In many of these experiments,
beams of H(g) or D(g) react with H, D or halogens adsorbed onto single-crystal surfaces.
The adsorbateÈmetal bonds for these systems are ca. 2È3 eV, while the molecular bonds
formed in the products are roughly twice that. Thus, while the LangmuirÈHinshelwood
reaction would be nearly thermoneutral, the ER pathway has an exothermicity of ca.
2È3 eV for these reactions, the signature of an ER process. The scattered product dis-
tribution can also exhibit some sensitivity to the details of the incident beam.

Several quantum and quasi-classical studies have been made of ER reactions,21h30
and much has been learned. The most thoroughly studied system is H(g)] H/Cu(111)
and its isotopic variants.24,29 There have also been a large number of experimental and
theoretical studies of the dynamics of dissociative adsorption of on Cu(111),31 all ofH2which can be of value in the construction of the PES. Both quantum and quasi-classical
calculations25,27,29 have been in reasonable agreement with the detailed product state
distributions measured by Rettner and Auerbach.5,8 However, there is a large discrep-
ancy between the measured and theoretical cross-sections. While the calculations give
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cross-sections of the order of 0.5 the experiments suggest a cross-section of roughlyÓ2,
an order of magnitude larger, with about half of the incident atoms undergoing an ER
reaction for an initial coverage of half a monolayer. It has been suggested8.28,29 that a
signiÐcant fraction of these reactions occur via hot-atom pathways,32 as opposed to
direct ER. That is, the incident H atom does not react directly with an adsorbed H as it
enters from the gas phase, but is trapped onto the surface Ðrst. Extensive quasi-classical
studies of H-atom trapping on bare and H-covered Cu(111) surfaces29,33,34 have shown
that the probability of being trapped is closed to unity, with the incident atom scattering
from the corrugation and/or an adsorbate into a bound state (normal to the surface).
Because of the small H-to-metal atom mass ratio, the dissipation of energy into the solid
is slow,33,34 and by the time these trapped hot-atoms react they are still well above the
H-metal ground state. For instance, classical dynamics studies33 suggest that an incident
H atom travels more than 6 lattice spacings before it becomes equilibrated with the
lattice. As a result, the products are expected to be nearly as “hot Ï as those resulting
from direct ER reactions.

In this paper, we examine this scenario of direct EleyÈRideal and hot-atom reactions
in detail using quasi-classical molecular dynamics calculations. Our construction of the
PES is more ambitious than in previous studies, since it is based only on Ðrst principle
total energy studies and, unlike these earlier works, we simulate a surface coverage of
one adsorbate per two unit cells, equal to that in the experiments. In the next section, we
describe our density functional calculations of the total energy of the H ] H/Cu(111)
interaction. We then use the results of these calculations to construct a reactive PES
based on a corrugated Morse function. In this section, we also describe the quasi-
classical calculations that we then use in Section 3 to examine the various pathways to
reaction and trapping of H(D)(g) incident on a D(H)-covered Cu(111) surface. Compari-
son is made with the experiments of Rettner and Auerbach, as well as other studies of
H(g)] H(ads) on metals. We conclude with a brief summary.

2 Theory

2.1 Many-body PES for hydrogen on Cu(111)

We construct our model PES for a system of hydrogen atoms on a rigid substrate by
considering the interaction between two hydrogen atoms on Cu. At the coverage of
interest in this work, we Ðnd that three or more H atoms are never sufficiently close
together at any one time to make three-body and higher interactions important. It is
thus sufficient to expand our interaction potential up to two-body terms as,

V (Mr
i
N)\ ;

i
Va(ri) ] ;

i:j
Vaa(ri , r

j
) (2.1)

where is the position of atom i, the one-body term is the interaction of a single Hr
i

Va(ri)atom with the surface and the two-body term describes the interactionVaa(ri , r
j
)

between two hydrogen atoms in the presence of the surface. These two potential terms
can be determined by considering the case of only two H atoms, for which eqn. (2.1)
reduces to

V (r1, r2)\ Va(r1) ] Va(r2) ] Vaa(r1, r2) (2.2)

To determine an accurate form for we have performed total energy calcu-V (r1, r2),lations, based on density functional theory (DFT), for several conÐgurations of two
hydrogens over Cu(111) that are relevant for the ER reaction of a gas-phase H atom
with an adsorbed H atom. We have been motivated by the success of several groups35,36
who have used such calculations to examine the regions of that are relevant forV (r1, r2)the dissociation of on metal surfaces. Such calculations cannot provide a completeH2
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PES that can be used in dynamics calculation and it is necessary to develop a model
PES.

A model potential that is both simple and chemically sound is the LEPS (London,
Eyring, Polanyi and Sato) PES. An LEPS-PES that was Ðrst adapted to reactions at
surfaces by McCreery and Wolken37 and has been widely used is provided by,

V (r1, r2)\ Ua(r1)] U(r2)] Um(r)

[ JQm(r)2 ] [Qa(r1) ] Qa(r2)]2[ Qm(r)[Qa(r1) ] Qa(r2)] (2.3)

where The terms and p \ a or m, are deÐned asr \ o r1-r2 o . Up Qp ,

Up \ 1
4(1 ] Dp)

DpM(3] Dp)exp[[2ap(rp [ rp0)][ (2] 6Dp)exp[[ap(rp [ rp0)]N (2.4)

Qp \ 1
4(1 ] Dp)

DpM(1] 3Dp)exp[[2ap(rp [ rp0)][ (6] 2*p)exp[[ap(rp [ rp0)]N (2.5)

where is the HwH internuclear distance and or are the distances ofrm4 r ra 4 z1 z2atoms 1 and 2, respectively, above the surface plane. Because of surface corrugation, the
Morse parameters describing the atomÈmetal interaction, and depend uponDa , aa ra0 ,
the lateral position of the atom in the surface unit cell. When r is large and the hydro-
gens do not interact, reduces to where the single atomÈmetalV (r1, r2) Va(r1) ] V a(r2),interaction is a corrugated Morse potential :Va\ Ua] Qa

Va(r)\ Da(R)(expM[2aa(R)[z[ z0(R)]N[ 2 expM[aa(R)[z[ z0(R)]N) (2.6)

and R is the lateral coordinate of the H atom. The LEPS-PES also reduces to a Morse
potential, for large distances of the two H atoms from the surface.Vm(r)\ Um] Qm ,
The potential-energy curve for the isolated hydrogen molecule is thus

Vm(r)\ DmMexp[[2am(r [ r0)][ 2 exp[[am(r [ r0)]N (2.7)

The remaining so-called Sato parameters, and in eqn. (2.3), determine the reactiveDa Dmpart of the PES. We now proceed to show how all these parameters have been deter-
mined from calculated total energies within DFT for an isolated molecule and various
conÐgurations of a single H atom and two interacting H atoms on a Cu(111) surface.

The total energy calculations are based on DFT using the generalized gradient
approximation (GGA) for the exchange and correlation energy. The total energy was
computed in a super-cell geometry using a plane-wave and pseudo-potential code.38 The
choice of the plane wave set and the super cell were based on the experience gained by
Hammer and co-workers35 in their calculations of PES for hydrogen dissociation on
Cu(111). This choice was also used in the calculations by Stro� mqvist and co-workers33
of potential-energy curves for the interaction of a single H atom with this surface. Here,
it is sufficient to mention that the Cu(111) was represented by a slab of four atomic
layers and that each substrate layer contained three Cu atoms. All 3d states of Cu were
included and the hydrogen atom was represented by its bare Coulomb potential. More
details and results of these calculations will be reported elsewhere.39

The construction of the corrugated Morse potential in eqn. (2.6) is based onVa(r)DFT-GGA results for the potential energy of a single H atom over four high-symmetry
surface sites on Cu(111). The results for hollow, bridge and top sites by Stro� mqvist and
co-workers33 showed that the HwCu(111) interaction is rather corrugated, both geo-
metrically and energetically. For example, the potential-energy minimum above the top
site is located 0.6 farther out than the chemisorption minimum at the hollow site andÓ
is 0.5 eV less deep than the potential-energy minimum at the hollow site, whereas the
di†usion barrier at the bridge site is only 0.15 eV and is located only 0.1 outside theÓ
equilibrium position. The extracted chemisorption bond parameters from the calculated
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potential-energy curves were found to be in good agreement with available experimental
data. A somewhat unexpected Ðnding of these calculations was that absorption into a
subsurface site is non-activated close to a hollow site : the area of this region is found
from an interpolation of the calculated curves to be a small fraction of the surface unit
cell, only ca. 14% at zero incidence energy. The corrugated Morse potential is strictly
repulsive close to the surface, so subsurface absorption is ignored in this work. Away
from this absorption region, however, the corrugated Morse potential agrees well with
the calculated potential. A Morse potential in z was Ðt by least squares to the calculated
potential-energy points for H over each of four sites : the top, hollow and bridge sites, as
well as a site located halfway between the hollow and atop sites. The Ðtted Morse
parameters for these four surface sites, which evenly cover the unit cell, are listed in
Table 1. We interpolated between these high symmetry sites by expanding andDa , aa ra0in a Fourier series over reciprocal lattice vectors, illustrated here for asG

hk
, Da(R)

Da(R)\ ;
hk

D
hk

exp([iG
hk

É R) (2.8)

Using the symmetry of the (111) surface layer, we were able to group sets of terms with
equivalent coefficients. For each expansion, we retained the four largest unique coeffi-
cients,40 corresponding to 19 terms in eqn. (2.8). These four coefficients for each Morse
parameter were then chosen to reproduce the corresponding Morse Ðt parameters listed
for the four sites in Table 1.

The Morse potential describing the isolated molecule is based on our calculated
DFT-GGA energies. To obtain a good description of the dissociation limit, as has been
discussed in the literature,41 it was found to be necessary to include spin polarization in
the calculation for In comparison with experiments, our calculatedr Z 1.8 Ó.
DFT-GGA value for the potential-energy minimum is ca. 0.26 eV smaller in magnitude
than the experimental value. We Ðnd that this discrepancy is not simply an e†ect of our
chosen plane-wave basis set but rather a limitation of DFT-GGA.42 The Morse param-
eters obtained by a least-square Ðt to the calculated values are tabulated in Table 1.

We determine the Sato parameters, and assess the overall accuracy of our model
PES, by considering DFT-GGA calculations of four two-dimensional sections of

Table 1 Morse potential parameters extracted from
DFT-GGA calculations

p Dp/eV rp0/Ó ap rms/eV

m 4.53 0.76 2.14 0.12

a : hollow 2.37 0.95 1.01 0.032
a : bridge 2.22 1.08 1.00 0.032
a : top 1.84 1.52 1.72 0.006
a : hollow/top 1.93 1.33 1.44 0.089

All these parameters were obtained by a least-square
Ðt to potential-energy curves calculated using DFT-
GGA. For the molecule, the range of calculated inter-
atomic distances was from 0.4 to 3 For the hollow,Ó.
bridge, top and the hollow/top sites the ranges of the
calculated atomÈsurface distances were 0.4 to 1.4 0.4Ó,
to 1.45 1.1 to 1.9 and 0.8 to 2.0 respectively. TheÓ, Ó, Ó,
errors in the root-mean-square sense are also indicated.
The values for the parameters obtained for the so-called
hcp and fcc conÐgurations of the hollow site are essen-
tially the same within the rms error.
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Fig. 1 Contour plots of collinear sections of the PES for two hydrogen atoms on a Cu(111)
surface. (a) Based on an irregular set of energy points calculated within DFT-GGA. (b) Corru-
gated LEPS-PES based on potential parameters obtained from calculated energy points within
DFT-GGA for an isolated hydrogen molecule, a single hydrogen atom interacting with a Cu(111)
surface and from various conÐgurations of two hydrogen atoms on a Cu(111) surface. r \ z2 [ z1and where and are the perpendicular distances of the adsorbed and theZ\ (z1] z2)/2 z1 z2incident atoms above the hollow site. The contours range from 0 to 2.2 eV with a spacing of

0.2 eV.

that are relevant for an ER reaction. In Fig. 1, we show a contour plot of theV (r1, r2)collinear section of the calculated PES, in which both hydrogen atoms are located at
various distances above the hollow site. This section has a simple elbow shape with no
energy barriers along the minimum-energy path from the entrance channel, correspond-
ing to an incident H atom and a chemisorbed H atom, to the exit channel, correspond-
ing to a hydrogen molecule. The potential-energy release in this reaction is ca. 2.1 eV, of
which a substantial fraction (ca. 1 eV) is in the entrance channel. To describe properly
the interaction of the incident H atom with the adsorbed H atom, it was necessary to
perform spin-polarized calculations for distances larger than ca. 1.4 between the twoÓ
atoms. For instance, when using unpolarized GGA, the potential-energy release is ca. 1
eV larger than using spin-polarized GGA.

We have determined the Sato parameters by a least-square Ðt of the corrugated
LEPS-PES to the calculated energy points for four two-dimensional sections of V (r1, r2).The resulting values for and from such a Ðt to the collinear conÐguration of theDa DmPES with potential energies less than 2 eV are shown in Table 2. To see whether these
Sato parameters are sensitive to the chosen set of conÐgurations of the H atom, we have
calculated total energy points for three more two-dimensional and discrete sets of con-
Ðgurations. One set, denoted by BH, di†ers from the collinear set, denoted by C, only by
the incident atom being located above the bridge site instead of above the hollow site. In
the other two sets, one H atom is located at the chemisorption minimum and the other
H atom is located in one of the two planes spanned by the surface normal and the
direction from hollow to top site (denoted by HT) or from hollow to the nearest-
neighbouring hollow site (denoted by HBH), respectively. As can be seen from Table 2,
the least-square Ðt to each set of calculated energy points gives similar values for the
Sato parameters and rms errors. This result gives us some conÐdence that our model



292 HD Formation on D(H)-covered Cu(111)

Table 2 Sato parameters of the corru-
gated LEPS-PES

sets Da Dm rms/eV

C 0.13 [0.26 0.19(0.19)
HB 0.15 [0.26 0.16(0.19)
HBH 0.10 [0.20 0.23(0.23)
HT 0.06 [0.15 0.13(0.15)

global 0.10 [0.20 0.17

These parameters were determined by a
least-squares Ðt of the corrugated LEPS-
PES to various two-dimensional and dis-
crete sets of energy points as calculated
by DFT-GGA. The root mean square
errors are also indicated. The results
from a global Ðt to all sets are also
included. The values within parentheses
refer to the rms error for each set using
the Sato parameters obtained from the
global Ðt. The conÐgurations of the
hydrogen atoms for all the sets are
deÐned in the text.

PES is chemically sound. The Ðnal values for the Sato parameters that we use in our
dynamics calculations are obtained from a global Ðt to all four sets of energy points and
are also tabulated in Table 2.

To illustrate the quality of the resulting LEPS-PES, we have made a direct compari-
son, in Fig. 1, of the contour plots of the collinear sections (set C) of this PES with the
calculated PES. The overall agreement is good, in view of the limited number of param-
eters in the LEPS-PES. There are two notable di†erences between the two PESs. First,
in the LEPS-PES, the interaction in the entrance channel is more long-ranged than in
the DFT-GGA PES. Secondly, the DFT-GGA has a saddle point associated with
absorption of the H atom into a subsurface site, which is absent in the LEPS-PES.
Another indication of the quality of the LEPS-PES is provided by considering a two-
dimensional section that is relevant for dissociation of the molecule : the potential energy
as a function of the centre-of-mass distance from the surface and the inter-atomic dis-
tance when the molecule is oriented parallel to the surface above the bridge site, with the
hydrogen atoms pointing towards their chemisorption sites. The constructed LEPS-PES
gives a value of 0.72 eV and a position (r, z) \ (1.06, 1.20) for the activation barrierÓ
for dissociation. These values are both close to the values of 0.54 eV and (1.1, 1.2) Ó,
respectively, calculated by Hammer and co-workers35 using DFT-GGA.

Finally, we would like to comment on earlier models of the PES for the interactions
of two hydrogen atoms on Cu(111). An early attempt by us24 was based on a Ñat-surface
approximation, no surface corrugation of the HwCu interaction ; the choice of potential
parameters was guided by measured values for the HwCu vibrational frequency and
binding energy, and the Sato parameters were chosen to reproduce the accepted view
about the activation barrier for dissociation being late in the entrance channel with a
barrier of ca. 0.6 eV. The resulting Sato parameters, and are closeDa \ 0.2 Dm\[0.2,
to the values that we obtain here. This PES was later reÐned by corrugating the LEPS
potential with a corrugation function for the HwCu Morse potential that was based on
the DFT-GGA calculations for H on Cu(111), and the same values were kept for the
Sato parameters.29 A corrugated LEPS-PES was also constructed by Dai and Zhang43
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in their quantum dynamics study of dissociative adsorption. Their construction was
partly based on the DFT-GGA calculations by Hammer and co-workers35 but they
were not certain that their choice of parameters was accurate or even consistent without
sufficient Ðrst-principles data. However, it turns out that their HwCu potential is very
similar to our deduced Morse potentials over hollow, bridge, and top sites and that their
deduced values for the Sato parameters, and are very close to ourDa \ 0.1 Dm\ [0.15,
deduced values in Table 1. One important di†erence between their PES and the one
developed in this work is that they based the Morse potential for the isolated hydrogen
molecule on experiments.

2.2 Quasi-classical dynamics

In this work, we simulate an H or D atom incident on a D or H-covered Cu(111)
surface, where the coverage is one adsorbate per two unit cells, equal to that of the
experiments. This coverage corresponds to one adsorbed atom for every four hollow
sites. Our earlier studies have shown that the hot-atoms formed by scattering from the
corrugation and/or adsorbates can travel over large distances at high speeds. Thus,
although our incident atom is aimed at random points within an array of four surface
unit cells, we must allow it to roam over a large area. One way of doing this calculation
is to cover a Ðnite surface area with adsorbed hydrogens, and impose periodic boundary
conditions. Taking a somewhat similar approach, we use a six-by-six rhombic array of
36 surface unit cells, containing 18 adsorbed atoms, and surrounded by perfectly reÑec-
ting walls perpendicular to the surface. Thus, when a hot atom approaches the edge of
our array, it is reÑected back. When an molecule hits the reÑecting wall, only itsH2centre-of-mass translational motion is reÑected ; ro-vibrational motion is unchanged.
Actual trajectories can be determined by “mirroringÏ beyond the walls.

We used HamiltonÏs equations and the velocity Verlet algorithm to evolve the inci-
dent atom and all adsorbed atoms. Initially, the incident atom is 7 above the surface,Ó
at normal incidence, with a translational energy of 70 meV. The adsorbed atoms are
initially in the vibrational ground state, with total zero point energies of 0.159 and 0.112
eV, for H and D, respectively. The initial adsorbate oscillator phases are chosen ran-
domly, using a harmonic oscillator approximation for their initial state. The PES is
given by eqn. (2.1) and (2.6). The two-body terms, are set equal to zero, exceptV aa(ri , r

j
),

for pairs of hydrogens that satisfy for which case is deÐned byo r
i
[ r

j
oO 5 Ó, Vaa(ri , r

j
)

eqn. (2.2) and (2.3). Note that this LEPS-based two-H term is actually a three-body
reactive potential, where the third body is the metal. Our PES can lead to unphysical
results if three or more H atoms are in close proximity. The lack of three-H interaction
terms, for example, makes the interaction attractive, and can lead to unphysicalH] H2formation. This e†ect can be avoided by restricting each H to a single two-H inter-H3action, or by introducing explicit three-H terms in the potential. However, we have
observed that three-H and higher interactions are negligible in these simulations. The
nearest-neighbour adsorbates are on opposite sides of a Cu atom, deep in the threefold
hollows and, therefore, screened from each other. The next-nearest-neighbour spacing is
large at this coverage, and even when adsorbates are knocked loose by the incident
atom, they are not seen to be close to more than one other atom at a time.

We have performed a preliminary quasi-classical analysis of the ro-vibrational state
of each HD product based on the rigid rotor approximation. In this approximation, the
rotational energy is related to the angular momentum J as where k is theErot J2/2kr02reduced mass. The vibrational energy was then determined from the energy of inter-Evibnal motion, as The vibrational and rotational quantum numbers,Eint , Evib \ Eint[ Erot .v and j, for this state were determined by the correspondence and j \ J/+,v ] 12 \ g/+
where the action g of the vibrational motion was evaluated from using the exactEvibquadratic relation for the Morse oscillator. Integer values for v and j were obtained by a
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standard binning procedure. We Ðnd that 4000 total runs, each involving 19 atoms, are
sufficient to generate good statistics.

Phonon e†ects are not included in this Ðrst Ðnite-coverage study, although efficient
quasi-Langevin techniques have been developed to do this.34 Our studies of hot-atom
behaviour have shown that energy loss to the phonons is very slow due to the small
H-to-Cu mass ratio, and at these coverages the dominant hot-atom energy loss mecha-
nism is due to collisions with the adsorbates, where the mass ratio is much more favour-
able.29,33,34

3 Results
In Table 3, we summarize the outcomes of 4000 trajectories, for two isotopic variants of
the reaction. H-on-D refers to an H atom incident on a D-covered surface, and analo-
gously for D-on-H. Primary reactions are those between the incident atom and the
adsorbates producing HD, whereas secondary reactions occur between adsorbates
producing or The incoming atom is at normal incidence, and the coverage is 0.5H2 D2 .
atoms per unit cell in all results presented here. We see that there are not large isotope
e†ects with regard to primary reactions and trapping, in agreement with the experiments
of Rettner and Auerbach.8 For H-on-D and D-on-H ca. 30È40% of the incident atoms
react to form HD, in good agreement with the experimental value of 47^ 12%, which
corresponds to a cross-section of ca. 5 Our earlier work suggested a cross-sectionÓ2.8
for direct ER reaction of only ca. 0.5 which suggested that much of the measuredÓ2,
reactivity was of the hot-atom variety. Closer inspection of the reactive trajectories
leading to HD shows that only about one third react with either of the two atoms
adsorbed in the target unit cells. Assuming that about half of these trajectories corre-
spond to direct ER reactions gives a direct cross-section roughly consistent with this
earlier work. In the remaining reactive trajectories, the incident atom scatters from the
corrugation and/or the adsorbates, is trapped into a hot-atom state, and eventually
reacts with one of the other adsorbates. Below, we show that all the HD products are
hot, with much energy in HD rotation, vibration and translation.

We see that about 6 and 23% of the trajectories reÑect for H-on-D and D-on-H,
respectively, again in reasonable agreement with our earlier single-adsorbate study29

Table 3 Calculated probabilities for various
outcomes of scattering H or D from a D- or

H-covered Cu(111) surface

outcome D-on-H H-on-D

reÑection 0.23 0.06
trapping 0.42 0.51
primary reaction 0.28 0.41
secondary reaction 0.08 0.02

ReÑection refers to the process where the
incident atom is scattered back to the gas-
phase, whereas trapping refers to the process
where the incident atom is trapped on the
surface without reacting with adsorbed
atoms. Primary reaction refers to the reaction
of the incident atom with an adsorbate atom,
whereas in the process referred to as second-
ary reaction the incident atom induces a reac-
tion between two adsorbed atoms.
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Fig. 2 Comparison between calculated and measured vibrational distributions for the HD
product. H-on-D refers to the scattering of an H atom from a D-covered surface and analogously
for D-on-H. The coverage is 0.5 atoms in each surface unit cell. Calculated results ;(…) (L)

measured and Ñux-corrected data taken from ref. 8.

and the experimental value, \ ca. 10%.8 The reÑection probability for D-on-H is
higher because the incident D is less perturbed by scattering from H than H is perturbed
by scattering from D. Phonon interactions would lower this reÑection probability a bit,
particularly for D. About 40È50% of the incident atoms are trapped on the surface, but
dissipate their excess energy into the adsorbates and relax without reacting by the end of
the simulation, which lasts for 2.0 ps. As discussed in previous works,26,29,33,34 the large
H-metal attraction accelerates the incident atom, leading to a strong interaction with the
corrugation. The relatively small asymptotic normal translational energy is easily trans-
ferred to lateral translational motion, trapping the atom. Because the adsorbates are
weakly bound parallel to the surface and have masses equal or close to that of the
incident atom, energy transfer from the accelerated incident atom to the adsorbates is
highly efficient, leading to both trapping and energy loss. As a result, a majority of the
incident atoms are trapped on the surface, with about half of them eventually reacting to
form hot products, and the other half relaxing without reaction, consistent with the
scenario proposed by Rettner and Auerbach.8

Because of this efficient energy transfer from the incident to the adsorbed atoms, we
observe that adsorbates can be knocked out of the threefold sites they occupy, going on
to react with other adsorbates. Since we do not observe, for a given trajectory, e.g. for
H-on-D, the formation of both HD and we conclude that when an incident H hitsD2 ,
D and knocks it loose, the H loses so much of its energy that it quickly relaxes without
reacting. Thus, the total percentage of trajectories in which the incident atom becomes
trapped without itself reacting includes these reactive trajectories and is ca. 50%. Rettner
and Auerbach did not look for and in their H-on-D and D-on-H experiments,H2 D2but these secondary processes have been seen on other metal surfaces. Winkler and
co-workers,14 for example, see ca. 4% for H-on-D/Ni(110), and ca. 6% for D-on-D2 H2
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H/Ni(110), consistent with our observations. On Al(100), they observed these secondary
reactions in ca. 10% of the scattering events. Ku� ppers and co-workers see similar behav-
iour on Ni(100) and Pt(111).17 Similar to Winkler and co-workerÏs study on Ni(110), we
see 2% and 8% for H-on-D and D-on-H, respectively. An incident D is much more
likely to knock an adsorbed H out of its site than for the opposite isotopic combination,
leading to more secondary reactions for this conÐguration.

Rettner and Auerbach measured detailed ro-vibrational HD product distributions,
and we compare our results with these distributions in Fig. 2 and 3. As in the experi-
ments, we see a lot of vibrational excitation in the products. However, as in our earlier
single-adsorbate quasi-classical studies, we see less vibrational excitation than in the
experiments. For H-on-D and D-on-H we Ðnd an average HD vibrational energy of 0.49
and 0.51 eV, respectively, whereas the experimental values are 0.83 and 0.91 eV, includ-
ing zero-point energy. This result is the only notable deviation from the work of Rettner
and Auerbach, although it is not severe. The reasons for this deviation are not clear. In
our earlier Ñat-surface single-adsorbate studies,24h26 we observed a tendency for the
quasi-classical results to give less vibrational excitation than the quantum calculations.
Of course, the origin may also be errors in the model PES. Finally, we note that our
preliminary analysis of the HD product ignores stretching of the bond length by anhar-
monicity and centrifugal distortion, which would tend to make the vibrational distribu-
tion broader.

The overall rotational distribution, summed over all vibrational states, is in excellent
agreement with the experiments. We note that our previous single-adsorbate results26
lead to more rotational excitation than we Ðnd here. This is because the hot-atom pro-
ducts have less rotational energy than those from direct ER. If one looks more closely at
the rotational distributions for each individual vibrational state, one observes agreement
with experiment for the general shape, but the magnitudes di†er owing to the increased

Fig. 3 Comparison between calculated and measured rotational distributions for the HD product.
Symbols as in Fig. 2
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vibrational excitation seen in the experiments. As in the experiments, we see only small
isotope e†ects in the rotational and vibrational distributions, and we see some anti-
correlation between rotational and vibrational excitation.

In Fig. 4, we plot the internal (ro-vibrational) energy distribution for the product HD
molecules. For H-on-D and D-on-H we Ðnd that the average internal energy is 0.84 and
0.96 eV, respectively, compared with 1.2 and 1.3 eV, respectively, from the experiments
(including vibrational zero-point energy). The distribution is a bit broader and extends
to lower energies than in our earlier single-adsorbate studies,26 since the hot-atoms can
dissipate energy, and occasionally gain some energy from the adsorbates. As in the
experiments, we see roughly half the available energy in internal product motion, and
about half in centre-of-mass translation. We calculate average HD translational energies
of 1.1 and 1.2 eV for H-on-D and D-on-H, respectively.

In Fig. 5, we plot the total product HD energy distribution, which would be a delta
function at 2.34 and 2.39 eV for H-on-D and D-on-H, respectively, if there were no
energy exchange with the other adsorbates during the reaction. These energies include
the potential-energy release in the reaction (2.16 eV in our model PES), the incident
energy, and adsorbate zero-point energy. We Ðnd that our distributions peak near these
values, falling o† rapidly above them and with longer tails to lower values. We thus see
much more energy loss than gain by the hot-atom, as it scatters from one or more
adsorbates prior to reaction, and for H-on-D and D-on-H the average total energy is 2.0
and 2.2 eV, respectively. The energy gain is physically incorrect and results from our
quasi-classical approach, which allows the large zero-point vibrational energies of the
adsorbates to be (improperly) transferred to the incident atom. Our quasi-classical
methods probably overestimate energy exchange with the adsorbates in general, since
the vibrational spacings, at least for vibration normal to the surface, are relatively large
compared to the energy transfer. Given this e†ect, one might expect that the product

Fig. 4 Calculated internal (ro-vibrational) and translational energy distribution for the HD
product. (ÈÈ) internal and (È È È) translational energy distribution.
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Fig. 5 Calculated total energy distribution of the HD product

translational energies would be somewhat smaller than those computed here, an argu-
ment consistent with the values measured in an earlier experiment by Rettner.5 We note
that no one has measured the total product energy for this reaction, although there is
some loss to the adsorbates and/or the lattice for the H ] Cl/Au(111) reaction.6,7

4 Concluding remarks
We have performed a quasi-classical molecular dynamics study of the reaction dynamics
of HD formation by H or D atoms incident from the gas phase on a D or H-covered
Cu(111) surface. A key ingredient has been the construction of a model PES for the
interaction of H atoms over this surface that has been based exclusively on results from
Ðrst-principle total energy calculations. These calculations were performed within DFT
using the plane-wave and pseudo-potential method and the GGA for the exchange
correlation energy. The calculated energy points for various relevant conÐgurations of
the H atoms over Cu(111) was used to determine all the potential parameters of a
corrugated LEPS-PES, which contains one and two-body terms. We found that, at the
coverage of interest, 0.5 atoms for each surface unit cell, it is sufficient to keep only one
and two-body terms. Using quasi-classical molecular dynamics and this many-body
PES, we have calculated probabilities for various outcomes such as reÑection, trapping
without reaction and reactions. We have also determined the state of the HD product,
such as its translational and internal energy and vibrational and rotational excitation.
The term quasi-classical refers to the fact that it is necessary to account for the zero-
point vibrational motion of the adsorbates and that we have assigned vibrational and
rotational quantum numbers to the ro-vibrational state of the HD product through a
quantum-classical correspondence. No phonon or non-adiabatic electronic e†ects are
included in this study.

Our preliminary study supports the scenario for the reaction dynamics proposed by
Rettner and Auerbach in their unique state-resolved molecular beam studies of this
reaction. In this scenario, a signiÐcant fraction of the reactions occur via hot-atom path-
ways, as opposed to ER pathways in which the incident atom reacts directly with the
adsorbed atom. We draw this conclusion from the good agreement between the calcu-
lated reaction probabilities for the two isotopic cases with their measured values, and
that the corresponding cross-sections are almost an order of magnitude larger than the
calculated values for the ER pathway. We Ðnd that reaction pathways are much more
ER-like than LangmuirÈHinshelwood-like, in the sense that there is a lot of ro-
vibrational and translational energy in the HD product, which is characteristic of the
large exothermicity of ca. 2.5 eV for ER pathways. The calculated rotational distribu-
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tions for the two isotopic cases are in very good agreement with the measured ones,
while the agreement with experiment is not as stunning for the vibrational distributions.
In addition to these primary reactions, we Ðnd that the incident atom induces secondary
reactions among the adsorbates, producing either or molecules. These kind ofH2 D2reactions have been seen on other metal surfaces by Winkler and co-workers and also
by Ku� ppers and co-workers. The magnitude and the isotope dependence of the calcu-
lated secondary reaction probabilities are in good agreement with their measured values.

In the future, we plan to examine in more detail the nature of the reaction pathways
and to calculate product distributions that can be compared with all available experi-
mental data such as, for instance, angular distributions. In particular, we would like to
understand if the discrepancy between the calculated and measured vibrational distribu-
tions is caused by the quasi-classical approximation or by details of the PES. There is
still room for improvement of the PES. For instance, the Ðt of the corrugated LEPS-
PES to the calculated total energies is not perfect : a root-mean-square error of ca. 0.2
eV, which should be able to be improved by developing a more sophisticated model
PES. Finally, it would be interesting to include phonon (and non-adiabatic electronic)
e†ects in the calculation that should inÑuence the hot-atom pathways at lower cover-
ages.
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