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Dissociation of H , on Cu(100): Dynamics on a new two-dimensional
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A two-dimensional2-D) potential energy surfad®ES has been calculated for,hhteracting with

the (100) face of copper. The PES is for,Fapproaching with its internuclear axis parallel to the
surface and dissociating over a bridge site into neighboring hollow sites. The density functional
calculations were performed both within the local density approximatid®A) and within a
generalized gradient approximatié8GA). The LDA surface shows no barrier to chemisorption,
but the GGA surface has a barrier of height 0.4 eV. A fit of the GGA surface has been used to
calculate reaction probabilities for,Hn its v=0 andv =1 vibrational states, employing a wave
packet method. The 2-D wave packet results foriked andv =1 thresholds are consistent with
experiment, indicating that the barrier height calculated within the GGA used is accurate. The GGA
results for the value of the barrier height are also consistent with the GGA (@&kie\) recently
obtained for H+Cu(111) by Hammeret al. [Phys. Rev. Lett73, 1400(1994], but the GGA value
recently computed for ki-Cu(100) (0.9 eV) by White et al. is too high[Phys. Rev. Lett73, 1404
(1994]. © 1995 American Institute of Physics.

I. INTRODUCTION dimensional2-D) potential energy surface forhhteracting
with Cu(100). Studies on molecular systems have shown that

The dissociation of molecular hydrogen on copper suryne pinding energies calculated using the LDA are usually
faces has become a standard model for the direct dISSOCIatI\{SO large, and that GGA's correct for this overbindﬁ‘igf‘BA

chemisorption of H on a metal surface. Work done on the
H,+Cu system and aimed at calculating the “threshold” Orchemisorption of CO on Qa00.*® Other recent work on

[ H ” H H . — l .
barrier” to tr|1e Ireactlgjlgmluéjeds expgr|rr|1erfts§.e%(3(3:§t’r_cl>_ﬂ|c dissociative chemisorption of ;bn Al(110 (Refs. 42 and
o e e e 0. 49), CULD (Ref. 12, and C4100) (Ref. 19 has shown that
expenimentally obtained reaction probabliiities or SUCKING €O~y o 1,5 gy heights calculated using the LDA are too low.
efficients can be interpreted in terms of reaction thresholds, : . .
. . . ; In the DFT calculations we present, the interaction ¢f H
which are related to the barrier height obtained from elec- . : . S
X S - 6 . with Cu(100) is modeled using a laterally infinite slab con-
tronic structure studies in a nontrivial wéi® Tested against taining a finite number of layers of Cu atoms and interactin
experiment, dynamics studies are the ultimate test of the ac- 9 Y 9

curacy of proposed potential energy surfag@gS’s, in ad- W'tht a:j pt)erlqdlc overlzygr of _Iz—lt_The fs ltﬁb geotm”t_a try is ext-_
dition to being helpful in interpreting the experimental find- pected to give a good description ot the metallic properties

ings. Much work has been done to understand thé)fthe surface, and calculations on @Qu(100 have shown

mechanism of the dissociation and to investigate the effectd®0d convergence of the chemisorption energy with size of
of molecular vibratio®®3¢ and rotatior?834° the unit cell(coverage and the number of layers used in the

A recent careful investigatidh of available experimen- sllab?‘3'5.°WhiIe cluster calculations can yield useful qualita-
tal results has put the threshold to dissociation feridits ~ tve insights concerning the PES, a problem with cluster cal-
ground vibrational state at approximately 0.5 eV. The barriefulations is that the chemisorption energy converges poorly
height accessible through electronic structure calculation¥/ith cluster siz€*%!
should then be of roughly the same size. Obviously, in cal- Our present purpose is twofold. First, we check our DFT
culating the barrier height care must be taken that the erroresults for consistency with the experimental results. For this
(either in the theoretical model or in the numerical methodgPurpose, an accurate fit of the GGA surface is made. The fit
used to solve the theoretical moplate not of the same order is then used to calculate reaction thresholds fgrii its
as the barrier itself. The required accuracy has only recently=0 andv=1 vibrational states employing a 2-D wave
become availablé194243from density functional calcula- packet method” It is now knowrf>~2"30385%nat for an ac-
tions using gradient corrections in conjunction with the usecurate calculation of the thresholds it should be necessary to
of slabs to model the interaction of the molecule with thetake into account all the molecular degrees of freedom, ne-
metal. cessitating a 6-D dynamics study on a 6-D PES. However, it

In this work, we use density functional theofpFT) is also known that the error in the 2-D results is systematic,
within the local density approximatiolDA) and within a in that the 2-D thresholds calculated for the molecule disso-
generalized gradient approximatio0B GA) to obtain a two- ciating in a favorable orientation and on a favorable site are

recent study arrived at a similar conclusion for the molecular
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usually too low by 0.1-0.2 e¥/:*8%3We can then use this TABLE I. The character and the exponent of the Slater functions for the
knowledge in combination with the results from the 2-D basis sets for the H and Cu atoms. NAO is a numerical atomic orbital,
wave packet calculations to arrive at a preliminary assestained from a Herman—Skilmann-type calculation.

ment of the accuracy of the calculated GGA barrier. We hopé

to extend our PES to higher dimensions and perform higher Cu 3p core Cu 3 core

dimensionality dynamics calculations in the future. 1s NAO 3d NAO 4s NAO
Second, we check our DFT results for consistency with > %9 Eh}fg 410

other recent GGA-slab results for the same sy&temd also 2p 10 45 1.0

for Hy+Cu(111).1? Such checks should be useful for several 4p 2.0

reasons. In slab calculations, where we have to also consider
convergence with the size of the unit cell and the number of

layers in the slab, we are at present far from the situation that tiof for th lati Th dient
exists for calculations on small molecules, where benchmarEorrec 1o for the correlation energy. fhe gradient correc-

DFT and ab initio results are available to much higher 10" ftor ttEg Atc()jtal gt_nergétr?re clalclulslted rf]rom tr? c S?Ir]:?
accuracy. At the same time, small implementation errors caffo >/ €N ensities. Liher caicuiations have shown this

easily result in errors in the barrier height of a few tenths oft0 be an excellent apprOX|_mat|on to the binding energy cal-
an eV281%1n such a situation it is obviously of use to com- culated from the self-consistent nonlocal den$ity.
pare results of using slightly different methods for identical
or similar systems. B. Convergence

In Sec. II, we give a short description of tBanD pro- The accuracy of the binding energies as calculated by
gram used to calculate the PES's. We also give results aianp depends on the basis sets, the coverage to approximate
convergence tests and present the results of the DFT calCthe single atom/molecule adsorption, the number of layers in
lations in this section, comparing our results with those Ofthe slab to approximate the semi-infinite slab, and the accu-

others for the H+Cu system. Section Il gives an account of racy of the numerical integration schemes used. We will ad-
the procedure used to fit the GGA surface. The wave packejress each of these points in some detail.

method used to calculate reaction thresholds is presented in Basis setsThe basis sets for H and Cu consisted of a
Sec. IV. In this section we also present the results of th&umerical atomic orbital and a Slater-type orbital, supple-
dynamics calculations and compare with experiment. Sectiofhented by polarization functiongabbreviated as NAO

V gives our conclusions. +STO+P in the tables below The details of the basis set
can be found in Table I. As the basis sets used are somewhat
Il ELECTRONIC STRUCTURE CALCULATIONS unconver?tlona'l, we have' calculated the'equllllbrlum dis-
_ _ tances, dissociation energies, and lowest vibrational frequen-
A. Density functional method cies of the H and CuH molecules with these basis sets and

The PES’s discussed in this work were calculated using?'so with standard triple zeta basis sets with polarization
equation&5 for periodic systems. In calculations employ- VWN functionaf® with the gradient corrections of Bece

ing periodicity in two directions usinggAND, the one- and Perde® have been used here as in all the results of the

electron states can be expanded in flexible basis sets consi§Rnvergence tests presented below. The Cu atoms have a
ing of numerical atomic orbitals(NAO’s), Slater-type frozen core up to B. For H, we can also compare the results
orbitals (STO’9, or a combination of both. The core elec- 10 the basis set free result as calculated by Becke with the
trons of heavier atoms can be modeled using the frozen coféMOL program?® The results are given in Tables Il and Ill.
approximation, avoiding the need for using pseudopotentials//é see that the NA@STO+P basis sets give almost the
In BAND, the matrix elements of the Hamiltonian are calcu-Same results as the & basis sets. Comparing the results
lated using an accurate Gauss-type numerical integratiofif Using the NACH-STO+P basis set with the results of the
schemé” The k-space integration can be done accuratelyPasis set free calculations for?ﬁ3 we also find good con-
using the quadratic tetrahedron metti®o shape approxi- Vergence with respect to the size of the basis set used.for H
mations are made to the potentials. The error in the binding

energy as a result of the numerical methods usexhiD to ) ) )

. . . TABLE Il. Properties of the free Hmolecule as calculated with a basis set
solve the KOhn__Sham equations, such as the mtegrgtlons %nsisting of a numerical atomic orbital, a Slater-type orbital, and a polar-
real space and ik space, are well below the errors in the jzation function(NAO+STO+P) or with a basis set consisting of three
binding energy due to intrinsic errors such as the choice o$later-type orbitals and polarization functioffZ + P). NUM is the basis set
basis set, the size of the unit cell or coverégeapproximate free result.
single-molecule adsorptipnand the number of layers in the

: NAO+STO+
slab, to be dlscusseq below. _ _ H, p TZ+P  NUM Expt.
In a LDA calculation, the exchange-correlation energy is
calculated using the Vosko—Wilk—Nus&\fWN) formulas®® gf’”d "?”t:qth(A) g‘gi 2'22 2';5 2';4
Recently, gradient corrections have also been implemented ifo. 02" eneray ' ' ' '
the program. In a GGA calculation, we use the Beckeyipration freq.(cm ) 4304 4315 4330 4400

correctiof® for the exchange energy and the Perdew:

Downloaded-09-Aug-2011-to-130.37.129.78.-Redistributlo N IBieRNYS - X@ 1020 Mo,of- o MAIGA LR - http://jcp.aip.org/about/rights_and_permissions



Wiesenekker et al.: Dissociation of H, on Cu 3875

TABLE lll. Properties of the free CuH molecule as calculated with a basis

set consisting of a numerical atomic orbital, a Slater-type orbital, and a 0.10¢F ! ) !
polarization functiofNAO+STO+P) or with a basis set consisting of three E
Slater-type orbitals and polarization functiofi&Z +P). < ;
& -0.00F
NAO+STO+ w :
CuH P TZ+P Expt. c b
o —0.10F
Bond length(A) 1.48 1.48 1.46 o E
Dissociation energy 2.84 2.82 2.89 § :
(ev) 2 3
Vibration freq. (cm ™) 1926 1900 1940 £ -0.20¢

-0.30¢ . e L

1 2 3 4

Coverage In calculating the energy of Hinteracting r (bohr)

with a Cu surface, we approximate the interaction energy in

the Zero_ cqverage limit by calculating the interaction ENerg¥ . 2. The difference between the energy per unit cell of the bar2 i,

of a periodic overlayer of hydrogen molecules adsorbed to @verlayer and the energy of a freg kolecule is plotted as a function of the
copper slab. Obviously the coverage has to be small enoughternuclear distance between the H atoms. In the overlayer calculation, the
to ensure that direct or indiredhrough-latticée interactions centers of mass of the molecules are placed on sites corresponding to bridge
between neighboring molecules are negligible. In the CalCusites of C100), dissociation taking place into neighboring hollow sites.
lation of the PES’s presented below we have usd@>a2)
overlayer of hydrogen moleculg¢see Fig. 1 for a schematic . ) .
plot of the(2x2) overlayer of H located at bridge sites on a Molecules(i.e., the energy per unit cell containing one H
Cu (100 surfacd. The copper slab is set up using the experi-Mmolecule with the energy of a free hydrogen molecule. As
mental lattice constant of 4.822 bohrs. To assess the impof@n Pe seen, the direct interaction between neighboring hy-
tance of the direct interactions between the hydrogen moldrogen molecules is negligible for bond distanse$ bohrs
ecules in the overlayer, we plot in Fig. 2, for different values@nd in partlcular also for distances near the sgddle point in
of the hydrogen—hydrogen intramolecular distancthe dif-  the PES(@pproximately 2 bohrs, see belphe differences

ference between the energy of a b&2&2) overlayer of H opserved at bond distances Iarger_than 4 boh_rs are _due to the
distances between H atoms of different, neighboring mol-

ecules becoming similar to the,Hbond length(for r=4.8
bohrs, a X1 overlayer of H atoms absorbed in the hollow
sites is obtained, and the H—H distance between atoms of
neighboring molecules also becomes 4.8 bohrs, see Fig. 1
At these bond distances, contacts between H atoms of neigh-
boring H, molecules lower the energy by 0.1-0.2 eV, which
is of the same order as the,ond energy at=4.8 a,.
Thus our calculated PES’s could well be in error by 0.1-0.2
eV for r>4 bohrs, but these errors should not affect the
calculation of the reaction probabilities in the wave packet
calculations to any appreciable extent, as they occur for bond
distances well beyond that found at the saddle point.

At H—H intramolecular distances<4 a,, direct H—H,
contacts in thg2x2) H, overlayer are negligiblésee Fig.
2). Nevertheless, the HCu interaction obtained in this way
may still differ from the interaction of isolated,Hnolecules
with Cu. We will call the difference the through-lattice inter-
action. The absence of such an interaction has been verified
through calculations employing(8x2) coverage, where the
H—H distance between H atoms of neighboring molecules is
still only 9.6 a, for r=4.8 a, (see Fig. 1 Results of calcu-
lations of the energy using @%2) coverage are compared
with results of using 42x2) coverage in Table IV. In each

FIG. 1. Plot illustrating different coverages of tkE00) face of copper by case the energy change per unit cell is calculated, with re
periodic overlayers of K In all cases, each molecule has its center of malssSpeCt to a Cu slab and two free H atoms, upon approach of
above a bridge site and its internuclear axis parallel to the surface, dissocthe H atoms to each other and to the Cu slab at the specified
ating into neighboring hollow sites. The coverages illustrated (arehe r and Z. We note that ar<4 a, the differences in the

v2Xv2 coverage|b) as(a), with the H atoms dissociated into the hollow : : i
sites(r=4.8 a,), (c) the 2x2 coverage(d) as(c), with the H atoms disso- energies are very small, but at-4.8 8o there is an addi

ciated into the hollow sites, an@) the 3x2 coverage with the H atoms tional 0.22.eV stabilization in thé2x2) case, e.qual to the
dissociated into the hollow sites. one found in the bare overlayer calculation. It is then tempt-
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TABLE IV. The difference(in eV) between the potential energy of,H
interacting with a copper slafwith respect to the Cu slalas calculated for
a 2x2 coverage and for a23 coverage is given for a few points,Z) (in

TABLE VI. Properties of a2x2) overlayer of hydrogen atoms adsorbed on
the top, bridging, and hollow sites of two-layer copper slabs with the copper
atoms in the bottom layer, a core up t@ ®r up to 3. The first entry

bohrs. corresponds to the equilibrium bond distarioe bohrg, the second to the
bond energyin eV).

r Z Difference (2xX2)—(3X2)

Top Bridging Hollow
2.0 2.0 —0.04
4.0 2.0 —-0.05 3d core 291,-184 2.01,-2.43 1.17,—-2.59
438 2.0 -0.22 3p core 2.88,—1.90 2.03,—-2.49 1.19,-2.57

ing to conclude the stabilization to be due to diregtH, Numerical integration The accuracy of the numerical
interactions only, rather than to a through-lattice effect, buintegration in real space, as measured by the deviation of
this would not be a valid statement: due to the way we hav&umerical integrals from their known values, was 0.05%, the
defined the through-lattice interaction, the concept is mearvalue of the “accint” parameter used BAND being 3.5>
ingful only in case the direct interactions between the H This gives an error in the calculated binding energies of
molecules are negligible, which is not the case for(the2) about 0.01 eV. The irreducible wedge of the first Brillouin
coverage whem=4.8 a,. zone consists of two triangles. In each triangle Isipoints

The number of layerdo study the convergence with the were chosen, allowing the use of the quadratispace inte-
number of layers of the copper slab we have calculated equigration methotf in each triangle. The total number &f
librium distances and binding energies for hydrogen atomgoints is 9, of which 6 are symmetry unique. The error in the
adsorbed in 42x2) overlayer on the top, bridging and hol- calculated binding energies caused by the numerical integra-
low sites of a one-, two-, and three-layer copper slab. Theion in k space is of the order of 0.03 eV, as determined from
copper atoms in the top layers have a frozen core uppto 3 calculations using the values 3 and 5 for thespace” pa-
the copper atoms in the bottom layer a frozen core updto 3 rameter insanp.>*
Results are given in Table V. As can be seen, even in the We conclude this section by remarking that based on the
worst casghollow site atomic adsorptigrthe results of the given convergence studies the PES’s as calculated from the
two-layer calculation are already converged to within 0.07(2X2) hydrogen molecule overlayer adsorption to a two-
eV compared to the three-layer results. This is similar tdayer copper slab should be near the density-functional limit
what was found before in calculations of chemisorption ofresults for values of <4 bohrs. We expect our results to be
CO on Cy100, where the results of using four layers were converged to within approximately 0.1 eV over the region of
found to be only marginally different from results using two the PES important in calculating reaction probabilities using
layers(see Fig. 1 of Ref. 43 In the calculation of the po- dynamics methods.
tential energy surfaces, we therefore use a two-layer slab.

The slabs in the bottom layer have a frozen core up tQ The LDA and GGA PES'’s for H ,+Cu(100)
3d for economical reasons: the calculations are computation-
ally less demanding. To show that this treatment of the lower 10 construct the 2-D LDA and GGA PES's, we have
layer of Cu atoms is justified, we compare in Table VI resultsc@lculated energies of €x2) overlayer of H molecules
of two calculations for the bond distance and bond energy oftdsorbed to a two-layer €100 slab for a number of values
atomic hydrogen adsorbed in (@x2) overlayer to a two- of z (the d|stanpe of the hmqlecule t_o the top layer of the
layer slab. In one calculation, the copper atoms in the bottorlad andr (the internuclear distance inH In each case, the
layer have a frozen core up tal3s in the calculation of the €Nergy reported is the energy per unit cell minus the energies
PES's, in the other calculation a larger basis set of activ®f the Cu slab and two free H atoms. We used 5 values of
orbitals is usedfrozen core only up to 8). The results are and 6 values of, giving a total of 30 points. The calcula-
given in Table VI. As can be seen, the results of using dions are for H approaching with its internuclear axis paral-
frozen core up to 8 for the bottom layer atoms are con- IeI_to the; surface ar_ld dissociating over a brldg_e site into
verged to better than 0.06 eV for all sites. We conclude thafi€ighboring hollow sites. To locate the saddle point and ob-

using a 3l core for the copper atoms in the bottom layer ist@in high accuracy of the fit in the region of the saddle point,
sufficient. the results of the calculations were fit, and the position of the

saddle point was calculated from the fit. Next, we calculated
the binding energy in 9 additional points distributed around
TABLE V. Properties of 82x2) overlayer of hydrogen atoms adsorbed on the saddle point. These points were added to the set, giving

the top, bridging, and hollow sites of a one-, two-, and three-layer coppethe final PES's. The LDA and GGA PES's are shown in Fig.
slab. The first entry gives the molecule—surface equilibrium bond distanc%_

(in bohrg, the second entry the bond energy ev). Clearly, the LDA PES shows no barrier to chemisorp-

Top Bridging Hollow tion: the hydrogen molecules dissociate smoothly into the
hollow sites. The GGA PES shows a later barrier located at

?VCE zz.gf,’jigi ;:gi:gjg 2:2?::;:?: r=2.2 bohrs an&=1.9 bohrs. The barrier height is 0.4 eV.
Three 2.86-1.89 1.99,-2.45 1.16,—2.52 Our LDA results are consistent with those recently obtained

for the same systethand also for H+Cu(111) (Ref. 12 in
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FIG. 4. Contour plot of the GGA potential energy surface as calculated
using the same coverage of, K#2Xv?2) as used by Whitet al. (Ref. 19.
The contours shown are for4.9, —4.6, —4.18,—-3.6, —3, —2, and 0 eV.

Z (bohr)

interactions or through-lattice interactions may affect the cal-
culation of the barrier height in case the higher coverage is
used. To check this, we have also performed calculations
employing av2Xv2 coverage, otherwise using the same val-
ues for the other parameteflsasis sets, number of layers,
etc., see Sec. || B The resulting PES is plotted in Fig. 4.
The barrier height of this PES is 0.66 eV, which value is
r (bohr) larger than that found for @22 coverage by 0.26 eV, which
explains at least part of the discrepari6y5 eV) found with
FIG. 3. Contour plots of the LDAa) and GGA(b) potential energy sur- the results of Whiteet al® . .
faces. The contours shown are feb. —5, —4.7, —4.44, —4, 3, —2. and Another difference _between the methods is that White
0eV. et al. use pseudopotentials to model the core electrons of Cu
where we use the frozen core approximation. In a sense the
frozen core approximation may be said to be more robust, in
that they are qualitatively wrong: according to the LDA, ei- that convergence with respect to the number of active atomic
ther there is no barrier to dissociation or it is very small. Ourorbitals can easily be checked by decreasing the size of the
GGA result for the barrier height is also consistent with thefrozen core. However, pseudopotentials can also give accu-
GGA result for H+Cu(111):* our barrier height for the rate results when chosen with care. Finally, Wiital. use a
more open(100) face is slightly smaller at 0.4 eV than that slightly different GGA than we do. While we employ the
obtained for the more closdd11) face(0.5 eV), as would be  gradient corrections of Bec&and PerdeW! the GGA used
expected. On the other hand, the barrier height we calculatey White et al. is that due to Perdew and WaffgThis GGA
is not consistent with the value of 0.9 eV calculated for thehas recently also been implementedsimnD, and calcula-
(100 face by Whiteet al*® We are not entirely sure what is tions comparing results of using this GGA and using the
the cause of this discrepancy. Certainly, a barrier height o6GA consisting of the Becke and Perdew corrections
0.9 eV seems too high when compared with the experimentalhowed only small differencegess than 0.1 eyin the total
results’* One reason for the discrepancy may be that Whiteenergies calculated for HCu. We conclude that it is not
et al. have used a coverage that could be too high. With thentirely clear why the difference between the barrier heights
v2Xv2 coverage they employ, the distance between H atomsalculated by us and by Whitet al. should be so large.
of different H, molecules becomexéz_l.82+(4.8—r)2 bohrs, Roughly half of the difference can be explained by White
compared to(9.6—r) bohrs for the X2 coverage. At the et al. using a coverage that is too large. The discrepancy of
saddle point(r=2.2 bohrg, this distance is considerably our results clearly shows the need for performing compari-
shorter for the/2Xv2 coveragg5.46 bohrgthan it is for the  sons of results of chemisorption calculations using different
2X2 coverage7.4 bohrg. This suggests that direct,HH, = methods and codes.
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TABLE VII. Fitting coefficients for the two-body part of the potential. For

(Zet, Tref) the meaning of the parameters, see the text.
reactants Parameter VA VB

7 D, (eV) 4.8286 2.597

Xe* (a0) 1.40 1.18
a; (agh 2.282 1.190
products a, (ag?) 1.555 0.583
az (ag2) 0.753 0.113

a, (agh 223 1.20

a (eV) 24.0 45.81
r b (agh) 1.39 1.365

i i ; ; B
FIG. 5. Plot illustrating the division of coordinate space in reactants and "¢ is re in the entrance channeV/() andZ, in the exit channel ¢°).

products regiongsee text

and a repulsive interactiofthe Pauli repulsion Thus, in the
IIl. FITTING THE POTENTIAL entrance channdtegionA, reactantsthe potential is given

, i . i ) approximately by
Performing reaction dynamics on the density functional

H,+Cu(100) potential requires this potential to be known on  Vou(1,Z)=Vag(1) +Vied Z). (1)

a sufficien_tly dense grid of points. It_ is then d_esirable to h"?‘VEIn writing Eq. (1), we neglect the van der Waals interaction
an analytical representation of this potential over a wide&g; the moment. Angless larger thand, correspond to the

enough region of coordinate space, in the form of a fit. If wegyi; channel(region B, product3, where H behaves as if it
want to use the potential to calculate vibrational excitations in an excited repulsive electronic state, and the H atoms
probabilities and reaction probabilities, this fit should be ac+,m chemical bonds to the surface

curate primarily in the entrance channel, the reaction region, 5
and the part of the exit channel lying close to the reaction  Vap(r,Z)=2Val(Z) +Viedr). 2

barrie_:r. Our_fitting strategy follows from these requirements.t, impose the proper asymptotic behavior on the potential in
The fit consists of a two-body part and a three-body part. Thgne entrance channel, the GGA barg potential was taken

two-body part yields quantitatively correct asymptotic be- ¢ V.(r) and fitted over the range=0.75-3.0 a, to a
havior in the entrance chann@t,+Cu), and qualitatively . 4ified Rydberg form

correct behavior in the exit channel and reaction zone. No
attempt is made to model tmedependence of the potential in Vo= —DeX[1.0+ayp+app*+azp®lexd —ayp],
the exit channel for>4.8 a,, wherer =4.8 a, corresponds (33
to both H atoms being above the hollow site, the limit towherep=r—r,. The constants obtained for the fit are col-
which our potential extrapolates in the exit channel. At anylected in Table VII. The Pauli repulsion was taken as
rate, as was discussed in Sec. Il B, the GGA potential is V=2 exg —bZ] (3b)
expected to be less accurate for4 ay. The fit is made rep '
accurate in the entrance channel, reaction zone, and start with thea andb constants taken from Ref. 18ee also Table
the exit channel by fitting the three-body part. Actually, it is VII ).
in the three-body part that we really fit the potential, whereas We proceed in a similar fashion in the exit channel. To
in the two-body part we only use information concerning theobtain V,(Z), density functionalGGA) results for atomic
fragments and the general nature of the potential. As delRydrogen above the hollow sifeee abovewere fitted to the
scribed below, for the three-body part we borrow a form usedorm of Eq. (38 with p=2Z—2Z,, whereZ is in the range
also in fitting potentials of triatomic molecules. The expres-—0.5 to 3.0a, (see Table VII for the coefficients thus ob-
sion used has high flexibility, and should allow for higher tained. The repulsive potentid¥.{(r) was taken as in Eq.
accuracy than the much used London, Eyring, Polanyi, an@b), with a andb fitted to anab initio multiple reference
Sato(LEPS form,®* which has fewer adjustable parameters.double-excitation  configuration-interaction (MRD-CI)

In the two-body part of the potential, we use the nowpotentiaf® for the first excited state of H{Z was replaced by
well established knowledge concerning the general featuresin Eq. (3b)].
of the potential* as others have done befofe® and its Next we considered the potential given by
asymptotic behavior. Briefly, the energy diagram forV(r,Z)=min[V5,(r,Z),V5,(r,Z)]. This potential is qualita-
H,+Cu(100 is divided into two regions by a seam, along tively similar to the full density functional potential, with the
which the saddle point or barrier to reaction is located. Thdocation of the seam given approximately #y=61.5° and
seam is reasonably well described by a line lying in theZ,=18.3a,, for a preselected value ofy of 11.0a,. To
(r,Z) plane, making an anglé, with ther axis, and passing now fit the full density functional potential, we start by pro-
through the point(Z,.r ), (See also Fig. b Angles ¢  ducing a two-body potentialV,, which is somewhat
smaller thang, correspond to the entrance channel, wheresmoother than the potential obtained by simply taking the
H, is in its ground electronic state and has both an attractiveninimum value of Egs(1) and(2). This is accomplished by
interaction with the surfacéhe van der Waals interactipn defining a reaction regiofregionC, see also Fig. 5 given
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TABLE VIII. Fitting coefficients for the three-body part of the potential. For regionsA and C, see Table VIII. The form of Eq96) has
the meaning of the parameters, see the text. Note that the p@irij is  been used successfully in fitting potentials of triatomic
notthe saddie point. molecule<® It goes exponentially to zero for eitheror Z
(or both large, while remaining finite for bothandZ small.

Parameter VA VB h He S

— In regionsB andC the three-body GGA, potential is fitted to
71 (80°) i-gg 1-;3 VB (r,Z), which is identical in form to Eqs(6) (see also
ry" EZE)l) 075 e Table VIII). A smooth fit of the three-body potentisl,, is
7. (a) 208 2 08 then obtained by switching fromv4,(r,Z) to V5,(r,Z) in
co (eV) —1.9884 —-2.1179 regionC using the same switching functi¢kgs.(5)] as was
c1(eVagh) —3.4251 —4.0001 used in producing a smooth two-body potenfighs. (4)].
C2 . 0.3355 0.2748 The fit thus obtained deviated from the density functional
c11 (eVag?) -0.8331 -0.0385 ) . :
. —30379 65386 potential values by less than 0.1 eV for total interaction en-
cz 0.4633 0.2111 ergies smaller than-2.5 eV. Finally, in the product region
11 (€Vag®) 1.4237 1.8041 the three-body potential s, is multiplied with the damping
Ci12 —5.1844 —1.8222 function f4 given by
C122 1.0940 —5.2617 .
Cozo ~0.1435 0.4700 fa(Z)=3—73 coqa), (73
Ci111 (€Vag? 0.8313 —0.4233
Ci112 -2.1928 1.9003 [z—(zg—A2)]w
Ci122 0.3939 —0.5171 a= (7b)
C1222 -0.2351 —2.7936
C2222 —0.0075 —0.7040 with z,=0.8 a; andAz=0.2 a,. This only affects the full

potential well into the product region, and should have no
effect on the calculated reaction probabilities. The reason
that we switch off the three-body potential in the product
by ¢gg—Ap<p<gy+A¢p (We takeA$=2.5°. The two-body region forZ<<1.0 bohrs is that it does not perform well in
potential is then obtained by switching smoothly from theextrapolating to values af smaller than 1 bohr, for which

entrance channel to the exit channel in regidn we have no GGA results. The fitted potential is plotted in
Fig. 6.
Vap=VA(1.2), $<do—Ad, CE
= A + J— B
Var=Tel HVop(r, 2) +[ 1= 1 #)1Vas(r.2), IV. DYNAMICS CALCULATIONS
Po-Ap<d=<dotA¢, (4D A Method
Var=V5,(r.2), ¢>ho+Ad, (40) The Hamiltonian describing the two-dimensior{atD)
where the switching function is given by dynamics of the Himolecule interacting with a rigid surface
is
fo(4)=3+73 cod ), (5a)
[¢—(do—A)]m
and ¢ is defined by
(Z_Zref)
=arctan————. 5c
¢ (T Tred (50

The reason thaZ,; and r; were taken as large positive
numbers is to allow the switching to be performed without
singularities resulting in the energy-accessible coordinate re-
gion. The next step is where the actual fitting of the full
density functional potentialGGA) is done. We obtain the
density functional three-body potential by substracting
from the full density functional potential. Next, in regioAs
and C the remaining term is fitted to a “three-body poten-
tial” of the form

V4,(r,Z)=P(s1,S,)[1.0—tanh y;8;)][1.0—tank 72522]6,6‘)

P(S1,S;)=Co+C1S1+ CpSp+ Cq1S2+C18Sp+ - (6h)

retaining terms up to fourth order in E(ﬁb) In qus-(6)1 FIG. 6. Contour plot of the fit to the GGA potential energy surface. The
S;=r—rqg ands,=Z—Z,. For the coefficients obtained for contours shown are for5, —4.7, —4.44,—4, -3, —2, and 0 eV.
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= — rLrz +V(Z 8 o
=79 922 2 a2 (Z,r), 8 : :
where Z is the distance from the surface to the molecular o8 L i
center of mass andis the internuclear separation. The total .| ]
mass and reduced mass are denotedvbyand u, respec- = - .
tively, andV(Z,r) is the fit to the GGA potential energy of § 0.6 [ B
the H, molecule interacting with the rigid GQLOO) surface g ’ v=1 _
(see Sec. Il C and Sec. lllAtomic units are used throughout £ 1
unless otherwise stated. Since the Hamiltonian is indepen- = 04 '_ i
dent of time, the formal solution to the time-dependent % 1 .
Schralinger equation can be written as 2 - 1
W(Z,r,t+At)=e AP (Z 1 1), (9) 02 B
The wave function is propagated in time using the i ]
Chebyshev metho. This involves the evaluation of the ac- 0 —— 0I2 Y E—
. 4 0.6

tion of the Hamiltonian on the wave function. The spatial
derivatives occurring in the kinetic energy part of the Hamil-
tonian are evaluated using the Fourier metfftd. The
evaluation of the action of the Hamiltonian is completed by
multiplying the wave function at each grid point by the po-
tential energy and adding the result to the kinetic energy

contribution. The required computation times and memory

requirements are reduced by representing the translation@ave function. The Hlvibrational eigenfunctions were cal-
wave function on a two-dimensional L-shaped gfidthe  culated employing the discrete grid Hamiltonian method of
grid is constructed so that it covers the reactants, interactiofdalint-Kurti et al.”® and using the GGA bipotential as fitted
and products regions of the potential energy surface. Th&o EQ. 3a) (see also Table V]I After the interaction with the
amplitude of the wave function is negligible far outside thesesurface was complete and the scattered portion of the wave
regions since the total energy of the molecule is much lowefunction reentered the asymptotic region of the reactants
than the potential energy. In the L-shaped grid, 256 and 3ghannel transition probabilities were calculated by determin-
points were used in th& coordinate in the interaction- ing the overlap of the final wave function with the asymp-
reactants and products regionS, respective|y' Inr theordi- totic states of the SySteFﬁ’.75The dissociation probablllty at
nate 16 and 48 grid points were used in the reactants arRRch energy was calculated by subtracting the sum of the
interaction-products regionS, respective]y_ The gr|d Covere(ﬂ)rObab”itieS for elastic and Vibrationa”y inelastic Scattering
the region fromZz=-1.0 a, to Z=37.25 a, and from  from unity.

r=0.0 a, to r=9.4 a,. An absorbing potential in the Scattering information can be obtained over a wide
asymptotic region of the products channel was used to daminge of energies from propagating a single wave function
out the wave function and prevent reflection from the gridSince the initial wave function has a broad momentum dis-

Translational Energy (eV)

FIG. 7. The dissociation probability of Hs shown as a function of the
collision energy for the ground and first excited vibrational states.

boundary. Its functional form is a power law potenfial tribution. Calculations in which the=1 channel was ener-
NF(r—r2)/ _ 2 - getically open required longer propagation time and the

Vopdr)= INL(r=T0)/(Fmax—To)I% 1=To (10) number of grid points in th& direction was doubled. Total
ab 0, r<rg propagation times varied from 18 000 to 26 000 atomic time

units depending on the incident energy and the initial vibra-
riional state. Variation of the grid parameters and propagation
these parameters. imes showed that the calculated probabilities are converged.

Introduction of an absorbing potential results in an insta-" evaluating the action of the Hamiltonian on the wave

bility in the Chebyshev propagator when long propagationfuncuon’ the interaction potential was cutoff at 3.0 and 6.0

times are used-"2For this reason, the time propagation Wasev for low and high incident energies, respectively.
split up into smaller individual propagation steps each of
which was 250 atomic time units long. The initial transla-
tional function att=0 is written as the product of a vibra-

with ro=4.8 ay andr,,,=9.4 a4, andA=1.0 eV. The tran-
sition probabilities were independent of small changes i

B. Discussion

tional eigenfunction for Hin r, x, , and a Gaussian i& The dependence of the dissociation probability on the
—(Z-24)? ?ncid_ent translational energy fo;ro_=0 andvy=1 is_shovx_/n_

\P(Z,r,t=0)=Xvo(r)(27-r§2)‘1’4 exr{—420—+ikoz , in Fig. 7. For the ground vibrational state the dissociation

3 (11 probability increases rapidly for translational energies above

0.25 eV and reaches unity for energies of 0.33 eV and above.
whereZ, andk, are the average position and momentum,For thev =1 vibrationally excited state, dissociative adsorp-

respectively, and is the width of the wave packet. Values of tion becomes significant for translational energies exceeding
Z,=17.0a, and¢=1.118a, were used to define the initial 0.12 eV and saturates at approximately unity above 0.18 eV.
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These results for the dependence of the adsorption probabirom two dimensions to six dimensiofihe 6-D calculations
ity on the kinetic energy can be well described by a func-were done using the quasiclassical mephddhether we will

tional form suggested by Harffs see a similar or even higher increase for the0 threshold,
. and whether oup =1 threshold will go up by less in future
P,(E)=2[1+tanK(E—T(v))/W(v)}], (12)  higher dimensionality calculations remains to be seen. Nev-

ertheless, at this point we find it encouraging that the thresh-
~olds we obtain using our potential energy surface are close to
the experimental values, knowing also that calculations of
higher dimensionality should move them further in the right

where T is the threshold energgthe value of the kinetic
energy at which the dissociation probability is half the satu
ration value, which is 1 in the present casad W is the
width of dissociation probability versus energy curve, and & ™.
both T andW are taken to be dependent on the initial vibra-direction. . 10 i .

tional statev of the molecule. The values we calculate are ”E.xpenme.nt% _on D, apd .FHCU(MD find high prob-
T(0)=0.28 eV.T(1) is 0.14 eVW(0)=0.03 eV, and\(1) abilities for vibrational excitation of the molecule from the

~0.01 eV. Ourcalculations show only little vibrationally V=0 State to they=1 state(for D,, a value in the range
inelastic scattering from the=0 state to the =1 state, the 0.3-0.4 was reported for a collision energy of approximately

vibrational excitation probability reaching a maximum at0'8 eVin both experimen)sAs far as we know, no experi-
0.002 forE=0.74 eV. mental results are available for tkiE00) face at present. Our

calculations find vibrational excitation probabilities which
are lower by two orders of magnitude at similar collision
]energies. It is intriguing that calculations employing a model
potential energy surface for,H Cu(100 (Ref. 34, see Table
| thereo) similarly find low excitation probabilities, while
gies no results are available. Theoretical work indicated calculation§1'24employ_ing a model potential energy surface
that initially vibrationally excited Hdissociates at lower col- for Hy+Cu(11) find V|brat|one_1l excitation probabllmes of
the same order as the experiments for this system. Recent

lision energies than vibrationless,Hthe stretching of the h tical 80 cauti that calculati f hiaher di
bond in the vibrationally excited molecule helps to overcome eoretical work” cautions that caiculations othigher dimen-

the reaction barrier which is “late,” i.e., placed in the exit sionality are required for obtaining accurate values for dis-

channel where the molecular bond is stretched. The theoretTs_ociation thresholds and vibrational excitation thresholds si-

cal findings were in agreement with the results of Seedeawultaneously. Nevertheless, an interesting question that
beam experiments on,H Cu(110),>® which showed higher emerges is whether vibrationally inelastic scattering is much
2 ’

dissociation probabilities at similar collision energies for vi- more efficient on thel11) face than on th€100 face. Hope-

brationally hotter beams. Originally, Anget al® found no fully, experiments on th¢100) face will address this ques-

evidence in their experiments for vibrational enhancement ofonin the near future.

dissociation. However, in a careful analysis of their experi-
ments Michelsen and Auerbdthfound subtle deviations V. CONCLUSIONS
from normal energy scaling, which were well explained if a  We have used density functional thedBFT) to calcu-
lower threshold for dissociation were assumedderl H, late 2-D potential energy surfacéBES’9 for dissociative
than forv =0 H,. Their analysis puts the=1 threshold at chemisorption of H on the(100) face of copper. The PES’s
0.26 eV and they=0 threshold at approximately 0.55 eV. are for H, approaching with its internuclear axis kept parallel
Also, over the range of energies used in the experiment oo the surface and dissociation over a bridge site into hollow
Anger et al, most of the observed sticking should be due tosites. While one PES was computed within the local density
the vibrationally excited K present in the beam. The idea approximation(LDA), the Becke and Perdew nonlocal or
that initial vibrational excitation enhances dissociation hagradient corrections to the exchange-correlation energy were
been confirmed by recent experiments which measure thadded in the calculation of the other surfd@GGA).
kinetic energies of desorbing,th a state-selective manrfer. Our DFT results are fully consistent with the results re-
Comparing our results for the thresholds with the resultsently obtained by Hammast al1? for H,+Cu(111). In par-
of the analysis by Michelsen and Auerb&thye find that ticular, the LDA surface shows no barrier to chemisorption,
our 2-D results for the thresholds are too low, the1l  which is a qualitatively wrong result. On the other hand, a
threshold (0.14 by approximately 0.1 eV and our=0 late type barrier of 0.4 eV is found for the GGA surface. This
threshold by approximately 0.3 eV. However, it is knownis somewhat smaller than the barrier folihdor the less
from comparisons of 2-D computational results with resultsopen (111) surface, as would be expected. The calculated
of higher dimensionality calculatiof’s®®°3 that the 2-D  barrier height is also consistent with the experimentally de-
thresholds are usually too low. The 2-D potential energy surtermined thresholds for dissociation of, HOn the other
face used in our calculation is for an orientation and point ofhand, oufGGA) result for the barrier height is not consistent
impact of H, which are optimalor near optimalin the sense  with the value calculated for HCu(100 by White et al1°
that the barrier to dissociation is at its lowest value. CalcuHowever, their valug0.9 e\V) seems to be too high com-
lations of higher dimensionality sample a distribution of bar-pared with both experiment and the barrier value calculated
rier heights, which should push up the threshold by averagfor the (111) face!? It is quite likely that the H coverage
ing. Previous calculations on,HCu(110 (Ref. 279 found  employed in their calculations was too high. Using the same
an increase of the =0 threshold by 0.2 eV when going coverage as employed by Whig al. (the v2Xv2 coverage

Experimental dissociation probabilities are available
from the molecular beam work of Anget al! Their results
show the onset of sticking to lie at a translational energy o
approximately 0.2 eV, the sticking coefficient rising to ap-
proximately 0.05 aE=0.45 eV. Forhigher collision ener-
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