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We have performed first-principles total-energy calculations of low-dimensional sections of the
electronically adiabatic potential energy surfdB&S that are relevant for the Eley—Ride@R)
reaction of H atoms on a rigid Cill) surface. These calculations were performed within
density-functional theory using a plane-wave and pseudopotential method and the generalized
gradient approximation for the exchange-correlation energy. The calculated energy points for
various configurations of one and two atoms on th€l@fl) surface were used to construct a model
PES that can be used in ER reaction dynamics calculationsl9€® American Institute of Physics.
[S0021-960609)70804-4

I. INTRODUCTION (PESg that have been constructed from DFT-GGA
calculations->1"~1° |n particular, a few groups have suc-
During the last few years, we have witnessed a tremeneeeded in performing quantum dynamics calculations of the
dous progress in understanding the detailed mechanisms adgsociation dynamics that treat all six degrees of freedom
pathways behind simple surface reactibAsThis progress for the moleculé®-23
has been made possible by recent advances both in experi- Another example of an interesting surface reaction
ments and theory. On the experimental side, the developmeRiechanism that has recently been studied by dynamics mea-
of molecular beam scattering experiments and laser techsurements and calculations is the Eley—Rid&R) reaction
niques have now reached a stage where it is possible to stughathway in which an incident species reacts directly with an
reaction probabilities as a function of the state of the reacadsorbate to form a product molecule that promptly leaves
tants and also to interrogate the state of the proti@n.the the surface. Also in this case, hydrogen on copper has be-
theoretical side, the development of the generalized gradieriome a model system for the study of this reaction. In par-
approximation(GGA)* for the exchange-correlation func- ticular, the molecular beam studies by Rettner and
tional in density functional theoryDFT) and efficient algo-  Auerback*-2" of the reaction of incident HD) atoms with a
rithms for the solution of the Kohn—Sham equations in DFT-p(H)-covered C(111) surface have provided state-resolved
GGA based on the plane-wave and pseudopotential m&thoghroduct distributions. Several quasiclassical and quantum
have made it possible to calculate reactive parts of electroninplecular dynamics calculations of this reaction have been
cally adiabatic potential energy surfaces for simple mol-performed using various models of the PES® Similar cal-
ecules on surfaces with useful accuracy for reaction dynams,jations have also been performed by Kratzer and
ics calculations. Another important advance has been thgg-workerd®-38on tungsten and Si surfaces. Much has been
development of pseudospectral mettofts the solution of  |earned about the reaction dynamics for hydrogen atoms on
the time-dependent Scldinger equation. A prerequisite for copper from these calculations but the construction of the
these total energy and dynamics calculations has been thgactive part of these model PESs has so far been semiempir-
ever-increasing availability of fast computers with largejqg except for a recent construction of H atoms on @0
memory capabilities. A prime example of all this progress isg;rface®® Thus, there is a need to perform DFT-GGA calcu-
provided by the experimental and theoretical study of thgations of the reactive parts of PES for two H atoms on
activated_dissociation of hydrogen molecules on coppegy111) that are relevant for the ER, which can be used to
surfaces:” The dissociation probability has been measuredissess these model PESs. In principle, it is the same six-
as a function of kinetic energy, vibrational, and rotationalgimensional PES that governs both the dissociative and the

states of the molecule® These results have been rationalized ER reactions but the corresponding reaction pathways probe
and understood from quantum and molecular dynamic%asﬂy different parts of the PES.

(0 4,9-16 | i i : i
calculation using model potential energy surfaces In this paper, we present results from such first-

principles calculations of four two-dimensional sections of
3Electronic mail: tymp@fy.chalmers.se the PES that are relevant for the ER reaction of two H atoms

0021-9606/99/110(4)/2240/10/$15.00 2240 © 1999 American Institute of Physics



J. Chem. Phys., Vol. 110, No. 4, 22 January 1999 Persson et al. 2241

on CuU111). One important aim of these calculations besides
understanding the topography and assessing previous semi-
empirical PESs has been the construction of a model PES
from the calculated sections of the PES that can be used in
reaction dynamics calculation. To this end, we have also

(@ )@
2| @ ] zy
performed DFT-GGA calculations for the attractive branch
of the potential energy curves of an H atom in four sites on
the Cy111) surface and also for the binding energy curve of
the isolated molecule. For a proper treatment of the
asymptotic part of the interactions of the H atom in these X,
various situations, we have included spin polarization in © _>.
Z2
/W./\J’\

these DFT-GGA calculations. Our model PES is based on a
corrugated London—Eyring—Polyani—Sato LEPS-PES in

®
2, @
X2
—_—
o
(J
which the attractive part of the Morse potential has been N A A/

modified to give a good representation of the attractive part
of the calculated potential energy curves for the H—H and, in
particular, the H-Cu interaction. Some of these results for
the first-principles PES and a first attempt to construct a
corrugated LEPS-PES have been reported elsewfere. f - . | eont -
; ; FIG. 1. Definition of the two-dimensional sets of configurations of the two

The paper is prganlged as follows. In Sec. !IA’ W.eHatoms on the Cd11) surface:(a) collinear set(C), (b) quasicollinear set
present some d.eta”S behind our DFT-GGA calcqlgtlons Withoe), (o) hollow-hollow planar setHHP), (d) hollow-top (HT) set. The H
results detailed in Sec. lll A. The form of the modified Morse atoms are indicated by small solid circles and the Cu atoms by big open
potentials and the corrugated LEPS-PES are both detailed f#ircles. Both a side and a top view of each configuration is displayed. The
Sec. 1B and contour plots of various sections of this mode{®'€Vant coordinates are also indicated for each configuratiota) bnd (d)

) . atom “1” is fixed in the chemisorption minimum for a single H atom on

PES are presented in Sec. IlIB. In Sec. IV, we discuss the111), that is, the fcc configuration of the hollow site and a distance of
topography of the various sections of the first-principlesabout 0.95 A from the surface plane.
PES, the quality of the developed model PES, and relate our
results to previous semiempirical PESs. Finally, we give

some concluding remarks and a summary in Sec. V. Cu(111) surface were obtained from separate calculations in

the same super cell.
The form of the pseudopotentials and the size of the

Il. THEORY plane wave basis set are crucial ingredients of the calcula-
tions. The ion cores of the Cu atoms were represented by the
fully separable pseudopotential of Troullier and Martfs,

Our calculations of the total energy for various configu-which includes the 8 states as valence states. The hydrogen
rations of one or two H atoms on a (Ad1) surface were atom was represented by its bare Coulomb potential. The
based on the density functional scheme using the Gf8A  plane wave set was cut off at a kinetic energy of 50 Ry. The
the exchange correlation energy. The total energy was consurface Brillouin zone was sampled by 54 spe&igoints
puted in a super cell geometry using a plane wave angvith six points in the irreducible wedge for the collinear
pseudopotential cod®@.In this code, the Kohn—Sham equa- configurations of two H atoms and for the hollow configura-
tions were solved by a combination of a conjugate gradientions of a single H atom, whereas the remaining configura-
method and a damped density mixing methtld. tions were sampled by 15 points in the irreducible wedge.

The first step in the calculations is the definition of the The present set of computational parameters has been chosen
super cell geometry. The Cl11) surface was represented in following the findings in Refs. 17 and 13.
the super cell by a slab of four atomic layers in an ABCA In the case of the isolated H atom and therhblecule,
stacking and the vacuum region was six layers thick. Eachve performed some convergence test calculations using
substrate layer contained three Cu atoms and the lattice pplane wave sets up to a cutoff energy of 80 Ry and up to 162
rameter of the slab was 3.56 A. The lateral distance betweek points. For the standard cutoff of 50 Ry, we find that by
a H atom in the cell and its periodic image is about 4.4 A.enlarging the lateral linear dimensions of the supercell by
We have considered four sets of configurations of two H50% the total energy of the Hnolecule changes with less
atoms and of a single H atom in the cell, respectively. Theahan 0.007 eV. The fact that the interactions between the
sets of configurations for the two H atoms are displayed irperiodic images of the jHimolecule are negligible for this
Fig. 1 and are referred to as the colliné@)y, quasicollinear larger cell is demonstrated by the result that the total energy
(QC), hollow-hollow planar(HHP), and hollow-top planar of the molecule changes with less than 0.004 eV when using
(HTP) sets. The sets of configurations for the single H atononly theI” point. For the values of 50, 60, 70, and 80 Ry for
include the so-called fcc configuration of the hollow site,the cutoff, the calculated energies of the spin-polarized H
bridge site, top site, and the site located half way between atom are—13.542, —13.555, —13.572, and—13.584 eV,
top and a hollow site. The various fragment energies such agspectively, and the corresponding potential eneryigs
the total energies of the isolated H atom, #olecule, and =0.75A) are 4.471, 4.499, 4.508, and 4.516 eV, respec-

A. Some details of the total-energy calculations
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FIG. 2. Calculated potential energy curves fos. Hhe potential energies 0.5 ) ) - - - ; ) ]
V,(r) as a function of the interatomic distancehave been extracted from “04 06 08 1 12 14 16 18 2
spin-polarized GGA(open circley and nonpolarized GGA calculations Zl (A)

(solid circles of the total energy of K V,(r) is defined in Eq(3.1). The

solid line is the result of a global fit to a modified Morse potential defined in FIG. 4. Contour plot of calculated potential energy surfaces(rthe

Eqg. (2.1) and with parameters tabulated in Table Il. The dashed line is the . - ) . : .
result of an “exact” ground state calculation by Kolos and Wolniewicz collinear andb) the quasicollinear configurations. These two configurations

(Ref. 48 are defined in Fig. 1Ir=2z,—2z; and Z=(z,+2,)/2. Note that the contour
T plotin (a) is based on an irregular grid of 100 points, wherea®jrithe grid

is regular and contains 56 points. The level spacing is 0.2 eV and the ranges

. ) are from 0 to 2.2 eV in@) and from 0 to 2.0 eV inb).

tively. These values for the H atom are in good agreement

with the value of—13.59 eV obtained by Seminaffousing

an extensive atomic-like basis set. Thus, we believe that To save computer time, we have performed most of the

these calculated energies are well converged. spin-unpolarized calculations in GGA post local density ap-
proximation (LDA), that is, self-consistently in the LDA

with gradient corrections calculated from the LDA densities

1.0 — ‘ . . < ; using GGA? This approach may in some cases cause prob-
lems as discussed by Fuchs and co-wofkdsst in our case
05 | 1 there is no such problems for the H atoms because we use the
T . unscreened Coulomb potential and it is not critical for the Cu
0.0 atoms because the Cu substrate is kept static. All spin-
polarized calculations, except some test GGA calculations of
. 05 the accuracy of GGA post LDA, were performed self-
> consistently in the GGA. The electronic temperature was 0.1
E -10¢ eV and the energy was extrapolated to zero temperature in a
;3 standard mannépP.Most of the calculations were performed
-5 ¢ in parallel overk points on the SP2 machine at “parallel
datorcentrum” (PDC), Stockholm. All our calculated total
20 energies are presented in Figs. 2, 3, 4, and 5.
il ; B. Model potential energy surfaces
-3.0 ‘ * : ' : : The construction of a multidimensional model potential

0.0 0.5 1.0 20 25 3.0 3.5

1.5 . . .
z (AA) energy surface that can be used in dynamics calculations
from the calculated total energies is in general a daunting
FIG. 3. Calculated potential energy curves for H on various sites of thetask and is a subject of current research. Here we have based
Cu(111) surface. The potential energy curvig(z) for the hollow site our construction on a LEPS-like model PES that is both

(solid circles, bridge site(solid squares site located half way between . . .
hollow and top sitgsolid diamonds and top sitecrossesas a function of simple and chemically sound. The LEPS-PES was first

the distance have been extracted from GGA post LDA calculations of the adapted to reactions at surfaces by McCreery and Wdtken
total energy of H on C{d11). The result from spin-polarized GGA calcula- gnd has been widely used.

tions for the hollow site is indicated by open circl&g(r) is defined in Eq. We have made a modification of the standard LEPS-PES
(3.2. The solid lines are the result of a global fit of the calculated energies

to a modified Morse potential defined in E.1) and with parameters USed in surface problems by improving the description of the
tabulated in Table II. PES for the fragments. The standard LEPS-PES is based on
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a Morse potential for the description of the intramolecular -
interaction and for the interaction of single atoms with the 2.-1,2—\1'6__: :
surface. We have developed a modified Morse potential tha ~

gives a much better representation of the attractive branch a -
these interactions. The generic form of this potential is given <<
by N

N
V(J’(r):d(f{exq_zao’(r_rUO)]_Z fo'(r)
Xexp[_ao'(r_ro())]}v (21)

B F{ aa(r_ro'O)
D=0 " Teq—pa -1 2

whereo=a or mand corresponds to the single atom surface ¢ [ ]
and the isolated molecule case, respectively. The functior ~,
f,(r) contains a switching function in the exponent that N 1} (b) 1
causes the exponential decay of the attractive branch t
switch from exp(ar) to _exq—(a+a)r] in tr_uf; region 05 . . .
aroundr,,. Note thatr,, is close to the position of the 0 0.5 1 15 2
potential energy minimum for large values @ «.(r,a Xz/d
_rUO)'

To account for the surface corrugation of the calculated'G- 5. Contour plot of calculated potential energy surfacegdohollow—

. hollow and(b) the hollow—top configurations. These two configurations are
PES for the smgle H atom on the (1Y) surface, we have defined in Fig. 1d.g is the distance between hollow and bridge sitgs

CorrUQa_ted _the pOtentim pgrameters\Qf(r) by making an  =0.73A. Note that both contour plot are based on regular grids with 42
expansion in a Fourier series over surface reciprocal latticgoints in(a) and 37 points ir(b). The level spacing is 0.2 eV and the range

vectors. Using the symmetry of thi@11) surface layer, it is is from 0 to 2.0 eV in bott(a) and (b).
possible to group sets of terms in the Fourier series with
equivalent coefficients. For instance, in the case of the po-
tential parameted,, the resulting expansion is given by

h3(R)=cog4Gyy) +2 cog2G x)cog2Gyy),

whereR=(x,y), the origin is at top site, th& direction is
d,(R)=2>, dih(R). (2.3 along top site to the bridge siteGo=2m/(vV3a), G,
i =v3G,, andais the nearest neighbor distance between two
For all potential parameters, we have kept the four |Owes§urface atoms. These four terms correspond to 19 terms in

order terms in this expansion and they are given by the original Fourier serie;._ ,

Based on these modified Morse potentials for the frag-
ho(R)=1, ments, we make an analogous construction of the LEPS-like
h,(R) = cog 2G,y) + 2 cog G, x)cog Goy), model PESV(rq,r,) as was done for the standard LEPS-

1(R) 42Goy) $G1x)c08Goy) 2.4 PES. In terms of the positiomg andr, for the two H atoms,
h,(R)=c0g2G;x)+2 cogG;x)cog3Gyy), ' this potential is defined as

V(r1,12)=Uqa(ry) +Uq(r2) + Um(r) = VQu(r)*+[Qa(r1) + Qa(r2)1°— Qu(r)[Qa(r1) + Qa(r2)1, (2.5

where r=|r;—r,|. The termsU, and Q, are now con- wherer =r is the H—H internuclear distance ang=z; or
structed from the repulsive and attractive branches of the, are the distances of atoms 1 and 2, respectively, above the
modified Morse potential in a manner analogous to the starsurface plane. By this constructioxi(r,,r,) reduces to
dard LEPS-PES and they are defined as: modified Morse potentials, Eq2.1), for the fragments.
Whenr is large,V(r,r,) reduces td/,(r1) +Va(rs), where
1 V,=U,+Q, and it reduces to/,(r)=U(r)+Qpm(r) for
Uy (ry= mdg{(&L Ayexd —2a,(ry—rs0)] large distanceg,; andz, from the surface.

—(2+6A,)f,(r)exd —a,(r,—ry0)1}
(2. M- RESULTS

In this section, we present our calculated results of the

Qu(ry)= mda{(l+3ﬁa)exﬂc—2%(u—fao)] total energy for various configurations of two H atoms on a
7 Cu(111) surface, and the construction of a corrugated LEPS-

—(6+2A ) f(ro)exd —aq(r,— 1401}, PES from these total energies. An important ingredient in



2244 J. Chem. Phys., Vol. 110, No. 4, 22 January 1999 Persson et al.

TABLE |. Calculated and experimental potential energy parameters for arp, A single H atom on Cu(111)

isolated H molecule.— D, is the energy at the potential energy minimum at . . fthe i . f inal
rm andfwg is the vibrational energy in the harmonic approximation. In the An important region of the interaction of a single H atom

present work, these values are based on a quadratic fit to the three lowestith & CUu111) surface for ER reaction dynamics that has not
energy points. The other calculated values are taken from Pee@k  peen studied before by total energy calculations is the region
(Ref. 47 and Seminario(Ref. 43. The “exact” values are taken from e gutside the local potential energy minimum. In Fig. 3
Kolos and WolniewiczZRef. 48. .
we show the calculated energy curwégz) for a single H
Dy, (eV) Fmo (A) fwg (eV) atom in four different sites on Q11 as a function of the
distance z from the surface layer that includes this

Present work 4.48 0.76 0.556 . . . . . .
Perdewet al. 455 asymptotic region. This potential energy is defined as
Seminario 4.78 0.749 e _

Va(2) =Ewicd(2) —En—Ecu, (3.2
“Exact” 4.748 0.741 0.548

where Eyc(2) is the total energy of the H atom on the
Cu(111 surface ancEc, is the total energy of the isolated
slab. The total energies for the H atom close to the surface
this construction is the results for the total energy of an iso2nd around the equilibrium position are taken from the GGA
lated H, molecule and of a single H atom in various sites onPOSt LDA calculations by Straqvist and co-worker¥) and
the Cu111) surface. the total energies for most of the remaining configurations
were calculated in this work using GGA post LDA. They
noted that fcc and hcp configurations of hollow sites give
essentially identical results for the total energies in the region
1. The isolated H , molecule outside the surface. Therefore, we have only shown in Fig. 3
In Fig. 2, we show our calculated potential energythe res_ults _for. the fcc configuration of the hollow site. As
curvesV,(r) for the isolated K molecule as a function of Shown in this figure, the calculatat,(z) in GGA post LDA
the interatomic distance. The potential energy,(r) is  COnverges asymptotically to a single potential energy curve

A. Calculated potential energy surfaces

defined as but gives the wrong dissociation limit in a similar manner to
the isolated hydrogen molecule.
V(1) =En_n(r) —2Ey, 3.9 To describe the dissociation limit properly, we have cal-

where E,;_y(r) is the total energy of the molecule using culatedE,yc,(z) using spin-polarized GGA in the asymptotic
either spin-polarized or nonpolarized GGA afg, is the region for the hollow site. The resulting potential energy
total energy of the isolated H atom using spin-polarizedcUrve obtained from Eq(3.2) using the unpolarized GGA
GGA. The values that we obtain for the potential energyvalue for Ec, and the spin-polarized GGA value féi, is
minimum — D, and its positiorr , and the vibrational en- Shown in Fig. 3. As expected, this curve shows the proper
ergyf w, in the harmonic approximation from a quadratic fit dissociation limit. We find that the spin polarization starts to
to the three lowest energy points are shown in Table I. Th&otably effectV,(2) first atz=2.3 A where the net spitthe
calculations by Seminartd and Perdew and co-workéfs difference between the number of electrons with spin-up and
give somewhat differing values f®,. As shown in Table -down, respectivelyis about 0.23. Az=3.2A where the
I, the value from the latter calculation is in good agreemenf€t Spin is about 0.84, we are already very close to the dis-
with our calculated value but in comparison with the “ex- sociation limit where the net spin is unity for the isolated H
act” ground state calculations by Kolos and Wolnievfftz atom.
our value forD, is about 5% smaller.

The comparison in Fig. 2 between the results\gy(r) 3 Two H atoms on Cu(111)
from spin-polarized and unpolarized calculations demon-  We have calculated four two-dimensional sections of the
strates the importance of including spin polarization to ob-potential energy surface that we believe are relevant for the
tain a good description of the dissociation limit. The disso-ER reaction of an incident H atom with an adsorbed H atom
ciation energy differs by more than 2 eV in these two casespn Cy111). The corresponding configurations are displayed
In the ranger =1.8 A, the inclusion of spin polarization pro- in Fig. 1 and are referred to as the C, QC, HHP, and HTP
duces a broken symmetry solution in which the orbitals withsets.
different spins evolve asymptotically into two separatesH 1 In Fig. 4@ we have rendered a contour plot of our cal-
orbitals. The fact that this solution gives a much better deculated potential energiagr,z) for the set of collinear con-
scription of the binding energy for Hin various local ap- figurations of two H atoms on Gli11) as defined in Fig. 1.
proximations of the exchange-correlation energy in densityThe relative coordinate of the two H atoms at distances
functional theory is well known and has been widely dis-and z, from the surface plane is defined es z,—z; and
cussed in the literatur€.The appearance of spin polarization Z=(z,+z,)/2 is the mid-point coordinate. The potential en-
and its effect onvV,(r) are found to be rather abrupt around ergy V(r,z) is defined as
r=1.8A. As shown in Fig. 2, the result faf,(r) from the
“exact” ground state calculatidfi shows that this effect on V(r,2)=EniricdZ1,22) = Bu-nl(Fmo) ~ Ecu, 3.3
Vn(r) is somewhat more abrupt than the exsgi(r), and  where Eyy, ycu(21:22), Eq—_n, and E¢, are the calculated
that overall, V,,(r) is relatively well represented by the total energies for the two H atoms on the(Cill) slab, the
GGA. isolated H molecule at the potential energy minimum, and
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TABLE II. Modified Morse potential energy parameters as extracted from the DFT-GGA calculations. All these
parameters were obtained by a least square fit of the modified. Morse potentidR.BEgand(2.2), to potential

energy curves calculated using DFT-GGA. For the molecule, the range of calculated interatomic distances was
from 0.4 to 3 A. For hollow and bridge sites the fits were limited to the region 0.4 A outside the surface plane.
In all cases, the potential paramef@y=4. The errors in the rms sense are also indicated in eV. The units are
eV for d, and A forr 4 andr, and A ™! for @, and@,, .

o d, I 50 a, , I oa rms
m 4.505 0.754 211 1.1507 15 0.0020
ahollow 2.334 0.916 1.189 1.1337 1.9 0.0011
acbridge 2.155 1.013 1.180 1.2442 1.92 0.0017
attop 1.775 1.517 1.758 1.0632 2.0 0.0001
a:hollow/top 1.862 1.335 1.44 1.1322 1.95 0.0016

the isolated C(L11) slab, respectively. These total energy LEPS-PES defined in Sec. Il B. This model PES is based on
terms have been generated from bdtimpolarized GGA  modified Morse potentials for the isolated molecule and the
post LDA and spin-polarized GGA calculations dependingsingle H atom on C{d11).
on the region of coordinate space. In the regienl.4 A, we As shown in Figs. 2 and 3 the modified Morse potential,
find no spin polarization and the calculations of the variousdefined in Eq(2.1), gives an excellent fit both to the calcu-
total energy terms in Ed3.3) are based on GGA post LDA. lated V,(r) for the isolated H molecule and to the calcu-
For a few of these configurations, we have also performedated V,(z) for the single H atom in the four sites on the
GGA calculations to test the accuracy of GGA post LDA Cu(11]) surface. As shown in Table I, the root-mean-square
calculations and we find typically a minor difference about(rms) error is typically at most 2 meV. All the deduced po-
0.03 eV forV(r,z) between GGA post LDA and GGA. tential parameters are also shown in Table Il. Note that in our
In the regionr=1.4A, we find that a spin-polarized fit to the hollow and the bridge sites we have closed the
solution of GGA gives a loweE,, ¢, than the nonpolar- subsurface absorption channel by excluding the points in the
ized solution. The former solution has a net spin polarizatiorregion z<0.4 A. In the asymptotic region where the total
which rapidly goes to unity for increasimgcorresponding to  energy calculations for the hollow site show that spin polar-
a spin-polarized H atom in the region where no appreciablézation is important, we have fitted this asymptotic branch
spin polarization of the other H atom is expectée. z;  for all sites. The four coefficients in the expansion, E43),
=<2.3A). The energyEy.cu(z1.2;) of this solution also  of the potential parameters foY,(z) are uniquely deter-
goes rapidly to the correct dissociation limiE, .y,  mined from the four sites by a linear transformation.
—Enicut Ey. We find that our calculated value of 2.09 eV We have determined the Sato parametdrg,and A,
for the potential energy release defined in Eq(2.6) by a least square fit of our model LEPS-
3.4 PES, to be the calculated energy points for the four two-
' dimensional sections o¥(rq,r,). The resulting values for
is close to the value of 2.11 eV obtained for the sum of theA, and A, are shown in Table IIl. The values for the Sato
fragment energieEc(ra0) — Eq—Ecy in GGA post LDA.  parameters that we use in our construction are obtained from
Note that an unpolarized GGA calculation®f, y,c,givesa  a global fit to all four sets of energy points and are also
value forAV that would be about 1 eV larger than in spin- tabulated in Table Ill. In Figs. 6 and 7, we have rendered
polarized GGA. contour plots of the resulting model PES. We will discuss the
For the remaining three sets of configurations, all conquality of this PES in Sec. IV.
figurations are located in a region=1.5A or z; and z,
=2.3A, where the effects of any spin polarization on the
energy are negligible. The potential energy of a configuration

in any of these three sets has been defined in the same man-
y aH\BLE lll. Sato parameters of the modified and corrugated LEPS-PES.

ner as for the collinear set in E(ﬁ?’) and all total energy These parameters were determined by a least square fit of the LEPS-PES to
terms have been calculated using GGA post LDA. The coNnthe two-dimensional discrete sets of energy points as calculated by DFT-

tour plot of the potential energy of the quasicollinear con-GGA for the configurations defined in Fig. 1. The rms errors are also indi-

figuration has been rendered in Figh¥ whereas the con- cated. The results from a global fit to all sets are also included. The values

tour plots of the PES for the hollow—hollow and the hollow— within the parenthesis refer to the rms error for each set using the Sato
. . . . arameters obtained from the global fit.

top planar configurations have been rendered in Fig®. 5 P 9

AV:V(Z]_:rao,ZZ—)OC)

and 3b), respectively. Sets A, Ap rms (eV)

c 0.031 -0.075 0.20(0.20

. . QC 0.023 —-0.116 0.15(0.15

B. Construction of a model potential energy surface HHP —0.015 —0.095 0.14(0.15

The construction of our model PES from the first- HTP —0.022 —0.073 0.08(0.09
principles PES for the various configurations of a single H  gjopal 0.02 ~0.10 0.16

atom and two H atoms on €141 is based on the corrugated
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Z (A) FIG. 7. Contour plots of the corrugated LEPS potential energy surfaces for
1 (a) hollow—hollow and(b) hollow—top configurations. The configurations
are the same as rendered in Fig. 5 and use the same coordinates. The cor-
rugated LEPS potential energy surface is defined in Sec. Il B and its param-
rs are tabulated in Tables Il and Ill. The level spacing is 0.2 eV and the

04 06 08 1

FIG. 6. Contour plots of the corrugated LEPS potential energy surfaces fo
(a) the collinear andb) the quasicollinear configurations. The configura-
tions are the same as rendered in Fig. 4 and use the same coordinates. . .
corrugated LEPS potential energy surface is defined in Sec. I B and jfange Is from 0 to 2.0 &V in botte) and (b).
parameters are tabulated in Tables Il and Ill. The level spacing is 0.2 eV and
the range is from 0 to 2.2 eV if@) and from 0 to 2.0 eV in(b).
hollow site. These sections show that the incident H atom is
attracted to the adsorbed H atom but switches to a repulsive
IV. DISCUSSION interaction between two adsorbed H atoms. For instance, in

In this section, we discuss the topography of the sectionf1€ one-dimensional manifold of collinear configurations,
of the first-principles PES, which all are relevant for the ERX2= 0.0, the configuratiom=r, andz=z. is very close to
reaction of H atoms on Gi11), and the quality of the de- local minimum but this configuration is a saddle point be-

veloped model PES. Previous semiempirical models of PESgaUSe it is a local maximum for the lateral motion of the
for this ER reaction are also discussed in relation to oufncident H atom. The HHP and HTP sections of the PES also

first-principles PES. show that the effect of the surface corrugation starts to show

The overall topography of the four two-dimensional sec-UpP first at lateral distances of about the hOllOW-bridge
tions of the first-principles PES is relatively simple. Tee distance—that is—=0.7 A.
and QC sections of the PES in Fig. 4 show that there is no A qualitative understanding of the topography of the cal-
barrier for the ER reaction of an incident H atom with the culatedC section of the PES can be obtained from a scrutiny
adsorbed H atom. These sections exhibit the characteristRf the calculated electron density rearrangements in space. In
feature of an attractive PES, a notion introduced by Polyanfid- 8 we have rendered such electron densitie¢x) for a
in his classical work® a large fraction of the potential en- few characteristic configurations. The denskin(x) is de-
ergy release is located in the entrance channel. A naturdined as
configuration for the measure of the potential energy release
in the entrance channel of th@ section is provided by the AN(X) =N rcd(X) — Ney(X) — 2 Ni(X), 4.9
configurationr =r ;, andz; = z.4in which atom 1 is located at '
the equilibrium position for a single H atom on the surfacewhereny y,cu(X) is the total electron densityc (x) is the
and the distance between atom 2 and 1 is the same as thkectron density of the bare Cu slab, an@x) is the electron
equilibrium distance of Kl The potential energy of this con- density of an isolated H atom at the position of atorfirst
figuration is about 1 eV, which is about 50% of the total we examineAn(x) in panel(a) of Fig. 8 for the configura-
potential energy releaskV of about 2.1 eV. An interesting tion of a single H atom at the equilibrium position in the
feature of theC section is the presence of a transition statehollow (fcc) site. The formation of a bond between the H
for subsurface absorption in which H atom 1 is located at the@tom and the Cu surface is clearly seen in the increase of
surface planez;=0.0 A and H atom 2 is located a distance An(x) in this region. As can be seen from the charge ar-
of about 1.25 A from the surface plane. rangements around the surface Cu atom, thel Giates are

An idea of the behavior of the entrance channel is pro-also strongly involved in this bond. Panéls and(c) of Fig.
vided by the HHP and HTP sections of the PES in Fig. 5, in8 show the charge rearrangements in the presence of a sec-
which atom 1 is located at the chemisorption minimum in theond approaching H atom. As shown in pafi@l already at a
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ation of the positions of the substrate atoms. The transition
state for the subsurface channel in sectwf the PES is
about 0.1 eV below the chemisorption minimum and shows
that the incident H atom promotes absorption of the adsorbed
H atom. However, this absorption channel is located away
from the minimum energy path from the reactants to the
product, which suggests that it might be difficult to access.
Note that the subsurface absorption barrier increases rapidly
for smallerr because a molecular bond is formed between
the H atoms, which results in a repulsive interaction with the
Cu surface. The presence of this transition state shows also
that the reverse process, the recombination of a subsurface H
atom with an adsorbed H atom on the rigid surface, has the
lowest barrier when the adsorbed atom is displaced about 0.3
A from its equilibrium position towards the vacuum region.
We find that the recombination results in a potential energy
release that is almost as large as for the ER reaction. How-
ever, for a proper description of these subsurface processes,
it is necessary to perform total energy calculations that relax
FIG. 8. Contour plots of electron density rearrangemetigx) for some the p05|_t|on_s of the substrate atoms. A similar process_, for the
selected configurations of the collinear section of the PBSa single H recombination of an adsorbed @.hﬂadlge.xl on N(l]:l) with
atom at the equilibrium positior, =0.95 A from the surface(b) a second ~an absorbed H atom has been identified experimentally by
H atom at the positioz,=2.3 A from the surface(c) a second H atom at Ceyer and Co-Worker‘rg.
the P953?0”22=1678AA”°”; the Sl:ffac‘f*v anﬂi)dé}ntfbmcgeglﬁ WithtL“tef'ﬁ It is not possible to make a direct comparison of the
'Ia'tr?(-:ﬂli;htlesta;rfde de.arkera:on?oﬁfé1 tiraﬁ thmeaZ?e;SbZQESroﬂnd cr(())r':;sp?)r?(l; tscjﬁrst-prlnmples sections Of_the PES_for the interaction of two
increase and a decrease of the electron density, respectively. The scale of the@toms on the Gd11) with experiments. However, there
absolute density is logarithmic. are two features of the PES for which we can make contact

with the experiments. First, the potential energy release

of the ER reaction is related to the maximum internal energy
relatively large distance of 153A a bond charge is built up Emax Of the product molecul&y,=AV+Ey+K;, whereE,
between the two atoms at the expense of the bond chard@ the zero-point energy of the adsorbed atom, Enis the
between H atom 1 and the surface. This results in an attra@nergy of the incident atom. Rettner and Aueradind
tive interaction between the H atom and a weakening of thérom their state resolved molecular beam experiments that
H-surface bond. This behavior is not unexpected for an inEmax is about 2.5 eV for HD molecule@ncluding the zero-
coming radical atom such as the open shell H atom and exoint energy of about 0.23 ¢\hat are formed in an ER
plains why the PES is attractive in the entrance channel. At &action of an incident D beam with adsorbed H atoms on
closer H—H distance of 057A a localized bonding charge is Cu(111). In this experimentK;=0.07 eV andE, is esti-
built up between the two H atoms. An inspection of themated from an analysis based on the harmonic approxima-
one-electron energy structure shows that this charge is créion of the measured vibrational energies of the adsorbed H
ated by filling two electrons into a localized state well belowatom by Lamont and co-workerso be about 0.16 eV. From
the d band. This bonding charge distribution is already simi-these values, we find thatV is about 2.3 eV which is close
lar to the molecular bonding charge distribution, as can béo the calculated value of 2.1 eV. Second, the PES shows
seen from a comparison with the result in pajiwhere the  that the interaction between adsorbed H atoms is repulsive,
center-of-mass distance is 2.6 A and the interatomic distancehich is consistent with the observation that the maximum
is 0.8 A. This closed shell results in a repulsive interaction ofstable coverage of H on Cl41) is at most 2/3. We find that
the H, molecule with the surface from the orthogonalizationthe repulsive interactions between H atoms in neighboring
of the metal orbitals to this molecular orbital. Thus this be-hollow and bridge local minimum sites and in neighboring
havior explains the repulsion in the exit channel of the hollow and hollow local minimum sites are about 1.6 and 0.5
section of the PES. eV, respectively.

The presence of a subsurface absorption channel in sec- Our model PES, based on a corrugated LEPS-PES, gives
tion C of the PES is related to the direct subsurface absorpan excellent representation of the topography of the four sec-
tion channel for the PES of a single H atom on(Cll). As  tions of the first-principles PES. A direct comparison of the
shown in Fig. 3 and as first reported by Shgvist and C and QC sections of the first-principles and our model PES
co-workers’? there is no energy barrier for an H atom inci- in Figs. 4 and 6, respectively, shows that these two PESs
dent from the vacuum side to cross the surface plane in thiwok very similar except for the subsurface channel in@he
vicinity of the hollow site. The minimum potential barrier is section. In the construction of the model PES, we have ig-
about 1.3 eV above the chemisorption minimum and is aboutored this channel in the PES for a single atom on the
1.1 eV below the vacuum energy. They found that this barCu(111) surface. As shown in Fig. 3, this latter PES is
rier drops down by about 0.4 eV when allowing for relax- strictly repulsive close to the surface for all four sites. This
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enforced repulsive branch for the H—Cu interaction makesefined by corrugating the LEPS potential with a corrugation
the C and QC sections of the model PES more repulsive irfunction for H-Cu Morse potential that was based on the
the region where atom 1 comes close to the surface planBFT-GGA calculation® for H on Cu111), and the same
than in the first-principles PES. As can be seen from Tablealues were kept for the Sato parameféra&\ corrugated

lll, the least squares fit to each set of calculated energyEPS-PES was also constructed by Dai and Zhaimgtheir
points gives similar values for the Sato parameters and rmguantum dynamics study of dissociative adsorption 9bH
errors. This result gives us some confidence that our chosgbu(111). Their construction was partly based on the DFT-
form of model potential energy surface is appropriate. In aGGA calculations by Hammer and co-workErbut Dai and
recent papet’ we made a preliminary construction of a cor- Zhang were not certain that their choice of parameters was
rugated LEPS-PES from the four calculated sections of th@ccurate or even consistent without sufficient first-principles
first-principles PES. An important difference between thisdata. However, it turns out that their H—Cu potential is very
model PES and the present one is that the previous modsimilar to the Morse potentials over hollow, bridge, and top
PES was based on Morse potentials for the representation &ftes that was based on first-principles datnd that their

the H-H and H-C(1.1)) interactions. In particular, we find Vvalues for the Sato parametess,=0.1 andA,= —0.15, are
from our new calculations that this representation of the atclose to values used in the LEPS-PES for the ER
tractive branch of the H—Cu interaction is poor and results irf eaction"%

a corrugated LEPS-PES that is too long ranged in the en-

trance channel. In the present version of the corrugatel- CONCLUDING REMARKS

LEPS-PES, we have used a modified Morse potential that \ye have performed first-principle total energy calcula-

gives a much improved description of this branch of thejions of low-dimensional sections of the electronically adia-
H—Cu interaction and results in a better description of theyatic PES that are relevant for the ER reaction of H atoms on
entrance channel for thé and QC sections and also for the j rigid Cy111) surface. In this reaction pathway, an incident
HHP and HTP sections of the first-principles PES. Thus, wey atom reacts directly with an adsorbed H atom to form,a H
believe from this overall comparison that our developedmglecule that leaves the surface. These calculations were
model PES gives a sufficiently good representation of thgyerformed within DFT using a plane-wave and pseudopoten-
PES that is useful in ER dynamics calculations. tial method and the generalized gradient approximation for
Another indication of the quality of the present PES isthe exchange-correlation energy. To obtain a proper descrip-
provided by considering a two-dimensional section that isjon of the dissociation limit of the various configurations,
relevant for dissociation of the molecule: the potential eN+e included spin po|arization in the calculations for these
ergy as a function of the center-of-mass distance form theonfigurations. The calculated energy points for various con-
surface and the interatomic distance when the molecule iﬁgurations of one and two atoms on the (Cll) surface
oriented parallel to surface above the bridge site with theyere used to construct a model PES that can be used in ER
hydrogen atoms pointing towards their chemisorption sitesreaction dynamics calculations. This PES is based on a LEPS
Our model PES gives a value of 0.54 eV and a positiorconstruction in which both the H—Cld1) interaction and
(r,2)=(1.0, 1.2) A for the activation barrier for dissociation. the H—H interactions are represented by modified Morse po-
These values are in excellent agreement with the correspongkntials. The surface corrugation of the former interaction is
ing first-principles values 0.54 eV ar(d.1, 1.3 A, calcu- modeled by a Fourier series expansion of the potential pa-
lated by Hammer and co-workéfsfor the same set ok  rameters, which were determined from a fit to first-principle
points. total energy curves for the H atom in four different sites. The
Finally, we would like to stress that our calculated DFT- two remaining Sato parameters of the LEPS-PES describing
GGA PES supports previous semiempirical models of thehe interaction between the H atoms in the presence of the
PES for the ER reaction of two hydrogen atoms orfX1d).  surface were determined from a least square fit to the four
An early attempt by Persson and JacK8omas based on a two-dimensional sections of the first-principle PES.
flat-surface approximation—no surface corrugation of the  We find that the overall topography of the four sections
H-Cu interaction. The choice of Morse potential parametersf the first-principle PES is relatively simple. There is no
for this interaction was guided by measured values for théarrier for the ER reaction pathway, which has a large po-
H—Cu vibrational frequency and binding energy, and the valtential energy release. In the notion introduced by Polyani,
ues for the Morse potential parameters for the isolated hythe PES is attractive; that is, a large fraction of the potential
drogen molecule was based on experiments. The resultingnergy release is located in the entrance channel. These PES
Morse potential for the H—Cu interaction turns out to give afeatures are in qualitative agreement with the large rovibra-
good representation of the first-principles binding energytional excitation observed for the HD product in molecular
curve around the chemisorption minimum for the hollowbeam scattering experiments of(lJ atoms from DH)-
site. The Sato parameters were chosen to reproduce the amvered surfaces and the calculated energy release is in
cepted view of the activation barrier for dissociation beingquantitative agreement with the measured maximum energy
late in the entrance channel with a barrier of about 0.6 eVof the HD product. The first-principle PES supports qualita-
The chosen Sato parameters;=0.2 andA,,=—0.2 are tively and even semiquantitatively previous semiempirical
close to the values that we used in our previousPESs constructed for this reaction. One interesting feature of
constructiort® A,=0.1 andA,,=—0.2, and gives thus a the PES that has not been anticipated by these semiempirical
very similar topography of th€ section. This PES was later constructions is the presence of a subsurface channel in
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