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Dissociation and sticking of H, on the Ni(111), (100, and (110 substrate
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The adsorption, dissociation, and sticking of ¢h the N{111), (100, and(110) substrates are studied with
spin-polarized gradient corrected density functional theory. To parametrize the six-dimeri§@npbtential
energy surfacéPES, between six and twelve two-dimensional sections of the PES are calculated using density
functional theory. For the interpolation between such 2D sections, a scheme is developed and tested predicting
the energy of the Fimolecules with an accuracy of about 50 meV in low-symmetry sites. On the interpolated
6D PES, classical simulations of the lticking coefficient are performed, and the results are compared with
experiment. The important experimental trends are well reproduced, and a simple model is discussed to explain
why dissociation is activated on tii&11) surface and nonactivated on the roy@t0) surface. The results are
compared to those for +on Pd, and it is shown that the difference between Ni and Pd stems mainly from the
surfaces electrons.

[. INTRODUCTION tween such sections is done after subtracting the potential
experienced by two isolated H atoms, located at the same
To understand K adsorption and dissociation on low- positions as the atoms in the,Hnolecule. The resulting
index metal surfaces is the first step toward the modeling ofunctions are smooth and weakly site dependent so that a
more complex catalytic reactions on surfaces. It is thereforstraightforward interpolation between different adsorption
not astonishing that the last decade has seen a great eff@ites becomes physically meaningful.
devoted to the investigation of these processes, leading to a The approach is applied to the dissociation and sticking of
significantly improved understanding of the dissociation re-H, on low-index Ni surfaces. This choice is mainly moti-
action. Until recently, most numerical studies were restrictedrated by the fact that reliable sticking coefficients were mea-
to simple model systems, but with advances in computesured experimentally by molecular beam experiments for all
performance six-dimensional(6D) quantum-mechanical three low-index surfaces, allowing for a direct comparison
(QM) simulations of the sticking coefficient on realistic po- with experiment. Another reason for this choice is the re-
tential energy surfaceES’9 became feasible. In the first markable difference between the three low-index Ni sur-
calculations of this character, the 6D PES’s gfdth Pd100 faces. On the rouglil10) surface, Renduli@t al. found a
and W(100 were derived directly from density functional nonactivated behavior, whereas a typical activated normal
calculation$™® and subsequently used in five- and six- energy scaling sticking curve was measured for thel)
dimensional QM calculations of the sticking coefficiént. surface’ The exact reason for this behavior is still unclear.
The insight gained from these simulations was significant, Since the experimentally observed features make Ni a
because they showed that the experimentally observed deromising candidate for simulations of the sticking coeffi-
crease of the sticking coefficient with increasing beamcient, many studies have been reported before using
energy'’ can be explained by steering and not by a precursoclassical~1° and quantum calculatiortd-1* Unfortunately
mediated process, as often assumed before: at low kinetimost of these studies suffer from inaccurate potential energy
energies, molecules are directed by the PES toward favorabgurfaces relying often on the London-Eyring-Polanyi-Sato
adsorption sites, where dissociation readily occurs, wherea&EPS potentials(see, e.g., Ref. 12 and references therein
at intermediate kinetic energies, the molecules have not sufAs already mentioned, the PES’s of the present work are
ficient time to reorient or move toward favorable sites, soderived from first-principles calculations avoiding aag
that they tend to be reflected by the surface. hoc assumptions. In combination with the interpolation, an
Despite the insight gained from simulations on realisticaccurate and reliable description of the 6D PES is obtained.
PES'’s, some deficiencies presently remain. One must que®n the interpolated PES’s, the sticking coefficients are
tion in particular whether the functional forms used in theevaluated using classical simulations. QM simulations are
parametrization of the 6D PES are sufficiently flexible topostponed to later work, since they are very time consuming
account for all features of the real PES. The current paramfor the present parametrization. The restriction to classical
etrizations often neglect that molecules will be neither ex-simulations is certainly the most significant approximation of
actly parallel to the surface nor upright above low-symmetrythe current work, but recent calculations show that qualita-
sites. In this work, | aim to remove this shortcoming bytive trends can be reliably predicted with such
developing a parametrization that is free of this approximasimulationst**°
tion. Similar to previous approach&sthe present method is The present work is a comprehensive study efadsorp-
based on accurate first-principles calculations of two-ion, dissociation, and sticking on three different low-index
dimensional(2D) sections of the 6D PES at high-symmetry surfaces. Since such systematic investigations are helpful to
sites. But, in contrast to previous work, the interpolation be-understand general trends, the differences between the three
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surfaces are discussed in detail, and a coherent picture i (111)
presented that explains why sticking is nonactivated on the
(110 surface and activated on tlig11) surface. The results
for Ni are compared to those for Pd, where experiments sug
gest that H dissociation is nonactivated on all three low-

index surfaces. The present first-principles calculations sug- | ¥

gest, in agreement with experiments, that Ni is generally less
reactive than Pd for pHdissociation. This is remarkable since

simple models relying only on the center of thidand pre- X
dict a different behaviofsee, eg., Refs. 16 and)land to
explain this result one has to consider the mstealectrons. FIG. 1. Representation of th@11), (100, and (110 surfaces

The article is organized as follows. | first discuss theindicating the sites and the orientations for which 2D sections of the
methods used throughout the work, paying particular attenéD potential energy surface were calculat@tbow plots. Each
tion to the parametrization and interpolation of the 6D en-plane for which a section was calculated is indicated by a black
ergy surface. In Sec. Il A, the first-principles calculations!ine. The center of mass of the molecule was always above one of
for 2D sections of the 6D energy surface are presented. TH&e high-symmetry siteésituated at the crossing of two lines
accuracy of the interpolation procedure is tested in Secs. ) .
Il B and 11l C, and the final sticking curves are presented incorresponds to a total of 16 Ni atoms in both supercells. For

Sec. Il D. | finish with a discussion and conclusions. both slabs, a & 4x1 k-point grid is used.
The (110 surface is modeled by a five-layer slab and a

p(2x2) supercell. The larger size of the slab and the lower

Il. METHOD OF CALCULATION symmetry required a reduction of thepoint grid to 3x2
_ o _ X 1. Tests indicate that the errors remain smaller than about
A. First-principles calculations 40 meV with this setugin the entrance channel errors re-

The first-principles calculations are based on densityn@in even smaller than 5 meVAIl calculations are per-
functional theory(see, e.g., Refs. 18 and )1and employ a formed spin p0|fil’lzed, since in our previous work we found
plane wave basis s&t?* To solve the Kohn-Sham equations that the adsorption energies per H atom change by about 100
the Viennaab initio simulation packag@?? (vasp) is used, MeV if spin polarization is not taken into account.
which performs an iterative solution of Kohn-Sham equa- 1he present supercells are twice as large as those usually
tions via an unconstrained band-by-band minimization of theémployed in the calculation of hydrogen dissociation on
norm of the residual vector of each eigenstate and an opthetal surfacessee, e.g., Refs. 1, 2, and)3This setup was
mized charge density mixing. The electron-ion interaction ischosen, because otherwise different supercells must be
described by the projector augmented w#RA&W) method adppted for different orientations of the incoming molecule.
as proposed by Btthl2* This method is a frozen core all- This woqld make .the setup of the calculatlons generally
electron method, and has the advantage that the exact shap@re tedious, and in some cases it would require one to use
of the valence wave functions is taken into account. This ifncommensurablé-point grids for different molecular orien-
turn improves the description of magnetic materialstations. . _
considerably’® The PAW potentials for Ni and H are similar ~ For the present supercells, the interaction between re-
to those proposed and tested in Refs. 25 and 26. The energgated H molecules is fairly small particularly along the
cutoff was set to 270 eV. In all calculations, the generalizedEntrance channel of the reaction. As will be shown, the en-
gradient approximation of Perdew and co-workéf§ com-  trance channel, where the accuracy is best, turns out to de-
monly refered to as PW91 is used. The slab supercell agermine the sticking coefficient of Hon Ni.
proach with periodic boundaries is employed to model the
surface, and the Brillouin zone sampling is based on the C. 2D sections of the 6D energy surface
Monkhorst-Pack techniqué.For the calculation of the frac- For the evaluation of the sticking coefficient, the param-

tional ooccqpancies a broadening approach of Methfessel angi; ation of the 6D PES is of crucial importance. Since it is
Paxtori® with N=1ando=0.2 eVis used. _ obviously impossible to map out the complete PES exactly,
Surface relaxation was not taken into account in any of;,qre approximate procedures must be adopted. One such

the present calculations. Tests for atomic H on Ni low-indexsrocedure is now discussed, and the final method adopted in
surfaces, presented in Ref. 26, indicate that this is a venpis work will be described in Sec. Il E.

reasonable approximation, errors being about 20 meV. To describe the position of the molecule the six coordi-

natesy, y, z, d, 8, and¢ are used. The coordinatgsy, and

z describe the position of the center of mass, wheiethe
distance from the surface plane. The orientation ofxtlaed

The (100 and(111) surfaces are modeled by four layers, y axes is shown in Fig. 1d is the distance between the two

whereas th€110 surface is described by a five-layer slab. H atoms, § the angle between the surface normal and the
For atomic hydrogen, tests have been presented in previousis of the molecule, ang the angle between theaxis and
work?® demonstrating that a typical accuracy of 10 meV canthe axis of the molecule projected onto the surface plane.
be achieved with this setup. For ti&00) surface, a qua- The usual approach—adopted here as well—is based on
dratic p(2x 2) surface cell is chosen, and tfELD) surface first-principles calculations of 2D sections of the 6D energy
is modeled by a rectangularx2y/3 [c(2x4)] cell, which  surface. For one such section, the orientation of the molecule

B. Modeling the Ni surfaces
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(0 and ¢) and the coordinates of the center of mass in thgx,y). More explictly such a procedure works along the fol-

surface planex,y) are kept fixed. Only the heiglatand the  lowing lines: to obtain the energy of a hydrogen molecule

bond lengthd vary. with the coordinatesx,y,z,d, 6, ¢), one first interpolates the
The 2D potentials calculated in this way have an elbowenergy with respect t@ and ¢ for eachhigh-symmetry site

shape so that they are usually calletbow plots For the ij:

three Ni surfaces, such 2D sections are evaluated above dif-

ferent high-symmetry site@.e., x andy vary) and for differ- =i i . T ¢— Py

ent molecular orientations/(and 6 vary) as indicated in Fig. E'l=cos' 9 Ej(z.d) +sin’ 6| cog 2 by by

1. For the(112) surface, only the tofft) and bridge(b) sites

are used for the parametrization, whereas for (@0 and i [T P—b1|

(110 surfaces the hollowh) site was also considered. On ><E¢l(z,d)+sm2 2 ¢~ ¢y Eg(zd)]. (2

the (110 surface, one has to distinguish in addition between . .
the long bridge(lb) and the short bridgésh). At each site, For the positions X,y) =x;a;+ X,a, in the surface plane,
the scans were performed for three different orientations othe energy of a hydrogen atom is then obtained by a Fourier
the molecule; one uprigliend on approach ¢=0) and two interpolation of the energie@i:
flat approachesside on with the axis of the molecule par-
allel to the surface =90). Ni—1Np—1

For a single elbow scan, approximately 200 total energy ~ Eu,= > X ay k,CO4 2K X1) COY 27K2X5),

points were calculated. The height of the molecule varied k1=0 k=0

betwe@ 0 A and 4.2 A in steps of 0.3 A, and the distance Np—1 Np-1

between the two H atoms was expanded from 0.6 A to about _ 1 S Etecod 2 r‘1_|‘1

3.0 A'in steps of @ A . The 2D energy surface was inter- kK2 NyN, 1o neo TN,

polated using cubic piece wise continuous polynomials

ergies and forces are ugednd analytically continued for xeos(anz—kz> )
distances up to 5.0 A from the surface. This procedure yields N, |

a very accurate description of the potential energy surface for )
one 2D section of the 6D energy surface. The crucial ques! Should be noted that the forces can be calculated analyti-

tion is obviously how to interpolate between the 2D sections@lly for this representation of the 6D PES.
in the remaining four dimensiony, 6, ¢). Although this procedure is fairly simple it does not lead to

a satisfactory representation of the 6D PES. To give one
important illustration: at high-symmetry sites, either the flat
or the upright approach is energetically most favorable. In-
The procedure of the previous section yields a set of threg,ection of Eq(2) shows thaE! has extremal points a2
2D functions for each high-symmetry site, which will be _q 3nq9= 7/2 only, in agreement with the previous obser-
denoted as vation. Equatior{3) maintains this property at low-symmetry
Ell(z,d) (1) sites, although in rea]ity a molecule vyith the center of mass
ormE at an off-symmetry site will prefer neither of these two ori-
Here the indicesj ando label the high-symmetry site and entations. Hence, the simple interpolation scheme presented
the orientation, respectively. The functions for the uprightin this section cannot account for the correct behavior above
orientation are given bEHp(Z!d)! and the functions for a flat low-symmetry sites. In addition, the elbow scans at different

approach are written dgiqls (z,d) and |5qu'5 (z,d), where the Sites differ so substantially close to the surface that a simple
. 2 Fourier interpolation often gives unreliable results in this re-

gion. These two arguments clearly show that one has to seek
for better interpolation schemes.

D. Interpolation in the remaining four dimensions

angles¢; and ¢, indicate the orientation of the molecule
with respect to thec axis (¢, and ¢, are different for each
high-symmetry site The coordinates of the corresponding
high-symmetry sites are given by 1. Parametrization of the three-dimensional PES of atomic H
- i i - To improve the parametrization a strategy is adopted in
Fij :N—1a1+ N_2a2' which the potential energy of individual hydrogen atoms is
subtracted first. This requires one to evaluate the three-
i=0,...N;—1 and j=0,... N,—1, dimensional(3D) PES of a single hydrogen atom by total
R _ energy calculations. Since the hydrogen molecule has a non-
wherea; anda, are vectors spanning th@imitive surface  magnetic ground state, the non-spin-polarized H atom was
cell. In the present calculations; andN, are 2, andj can  chosen as a reference. In addition, tests indicate that the in-
take the values 00, 01, 10, and 11. The position 00 willterpolation of the 6D K PES gives more accurate results if
correspond to the top site. Then the positions 01 and 1€he potential of a non-spin-polarized hydrogen atom is sub-
correspond to bridge sites, and on {i®0 and (110 sur- tracted.
face the index 11 relates to the hollow site. On thé&1) For the calculation of the 3D PES of a single H atom, the
surface, the position 11 corresponds to a third bridge site. same slab geometry as before is used. In the following, the
The most obvious way to obtain the 6D potential is aposition of the hydrogen atom will be denoted by the coor-
simple angular interpolation with respect #ioand ¢ and a  dinates &,y,z). The coordinate describes again the height
Fourier interpolation with respect to the points of impactof the hydrogen atom above the surface, arahdy relate to
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the position in the surface plane. The energy of the hydroger 4
atom is evaluated far varying between-0.6 A and 3.0 A in g

steps of 0.1 A; thex andy coordinates are given bf/ij
=(x.y):

esssope:

I R
1 2

20 10 20 1.0

i=0,...N{-1 andj=0,... NJ—1.

The 'meg(_a'_'SN? and N3 are chosen to be 8 in the present g 5, First-principles results for 2D sections of the PES for
work. Positions which are related to each other by symmetryjissociative adsorption of Hon Ni(100) in various orientations
are calculated only once. This amounts to 15 to /)Y  (see text for nomenclatureContour lines are drawn at intervals of
pairs, and a total of about 500 energy calculations for each.1 ev between —2.0 and 2.0 eV; lines indicating negatpesi-
surface. The hydrogen potential is extended to a height of Gve) potential energies are dashgdll); thicker lines correspond to

A assuming an exponential decay of the potential for largenteger values. The reaction path is indicated by the line starting at

distances from the surface. z=3.5 A andd=0.75 A.
After subtraction of a potential that describes the strong
repulsive interaction for very short H-Ni distances, a Fourier F. Evaluation of the sticking coefficient

interpolation of the hydrogen potential in the,y) plane is
performed in a similar way as described in E8). In thez
direction the potential is interpolated with cubic functions.
The 3D PES of atomic H is from now denotedBg(X,Y,2).

At this point, accurate 6D representations of the PES’s
have been obtained. The sticking coefficients are evaluated
on these PES’s using classical molecular dynamics. Only
normal beam incidence is simulated in the present work. Dif-
ferent impact points and different molecular orientations are

E. Improved interpolation of the 6D H, PES sampled with a Monte Carlo procedure. The initial vibra-
For H,, the actual interpolation procedure adopted in thistional and rotational energies of the molecules are also ran-
work is based on the observation that the potential om and drawn from the simulation of an ideal classical

molecular gas at a temperatufewith

G(ry,r2)=Ep(ry,r2) —En(ry) —En(ry) 4 5
. 5 keT=Eqin,

is almost site independent. In this equatiops= (X4,Y1,21) 2
denotes the position of the first amg=(x,,y,,2;) the po-  where E,;, is the kinetic energy of the incident molecular
sition of the second H atom in the molecule. | will call this heam?32 The starting height of the molecules is 5 A, since at
potential the effective hydrogen interaction potential, since ifhjs distance the interaction of the molecule with the surface
describes the interaction between two hydrogen atoms in thg essentially zero for the present parametrization. The equa-
vicinity of the surface. The effective potential is first evalu- tions of motions are integrated using a Verlet algorithm for a
ated for each high-symmetry site: time step of 0.5 fs. The energy stability was typically 0.5

N . R . meV, which was found to be sufficient for the present

Gg(z,d)=Eg(z,d)—Eu(ri(z,d))—En(ry(z,d)), (5)  purpose® The simulations are terminated either if the mol-

g ) ) ) ecule reaches a bond length of 2.0(dissociation or if the
where the potentiaE, (z,d) is the two-dimensional Hpo-  mglecule reaches a height larger than Sréflection. Typi-
tential obtained by the first-principles calculations, andca|y 40000 trajectories are simulated for each beam energy.
r.(z,d) andr,(z,d) are the positions of the individual hy-
drogen atoms in the molecule. The 6D effective potential

NN IIl. RESULTS
G(rq,r,) is then obtained by interpolation in the remaining
four dimensions as described in Eq8) and (3). The final A. Elbow scans at selected high-symmetry points
potential of a hydrogen dimer at an arbitrary point is given  Figure 2 shows the results for 2D sections of the PES for
by dissociative adsorption of Hon Ni(100) as obtained by our
Lo .. . . first-principles calculations. To distinguish between different
En,(ri,r2)=G(ry,rp) + Ey(ry) +Ey(ra). (6)  orientations, each panel is characterized by three lettgrs

X, where the second letter refers to the center of mass of the
The important point is that an angular and Fourier interpolamolecule and the other two indicate the orientation of the
tion of Gy (z,d) is much more meaningful than a direct in- molecule(see also Fig. )1 “b-t-b” corresponds to an orien-
terpolation of EJ(z,d), since the former quantity is only tation with both atoms oriented toward bridge sites, where
weakly site dependent, as will be discussed in more detail ithe hydrogen atoms will end up after dissociation. “b-up”
Sec. llI B. It is also important to stress that any 2D sectioncorresponds to a molecule approaching the surface upright
used in the course of the interpolation procedure is exactlwith the center of mass above the bridge site. Also shown is
reproduced by this methadherefore the wording “interpo- the reaction patlz(s) andd(s), along which the gradient of
lation” is more appropriate than “parametrization” the 2D PES is parallel to the local tangent of the path. In
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reaching a local minimum at a bond length of 0.9 A approxi-
mately 1.5 A above the surface. After surmounting a barrier
of 60 meV, dissociation into the two bridge sites occurs. For
dissociation in the h-t-h orientation, the elbow pl@tot
shown and the potential energy along the reaction path are
very similar as for b-t-b, but the final energy gain is larger
since the atoms end up in the more favorable hollow sites.
Dissociation over the bridge site is accompanied by larger
barriers(0.15 e\j. This is clearly visible in the elbow plots
(h-b-h and t-b-t in Fig. 2and in Fig. 3(dashed lines In this
case, the molecule can dissociate only if the atoms are ori-
ented toward the hollow sites, since adsorption of atomic H
in the atop position is highly unfavorableompare Ref. 26
A similar behavior is also found if the center of mass is over
the hollow site, but the barrier for dissociation increases even
to 0.35 eV(dotted lines, Fig. B Finally, no dissociation is
observed if the axis of the molecule is parallel to the surface
normal(upright approach since after a slight decrease of the
energy at distances of 3.0 A, the energy essentially increases
along the reaction pattFig. 2, b-up. This increase is steep-
est for the atop approach and smallest if the molecule is over
the hollow sites.
The other two low-index surfaces show in many respects
a similar behavior so that the discussion is limited to the
energy along the reaction path. For this purpose the results
for three important pathways—»b-t-b, h-b-h, and b-h-b—are
compiled in Fig. 4, now comparing the same pathway for
different surfaces in one panéhe results for Pd will be
b-t—b discussed in Sec. IV For the(111) surface, the approach
h—t—h over the top site is again most favorable, but the barriers are
0 0B 1 15 2 25 3 35 4 45 B slightly larger than on the€l00) surface(see panel b-t-b, Fig.
@) 4). The same is true for an approach over the brldgg site
(panel h-b-h, Fig. % whereas for the hollow sites the barriers
FIG. 3. Potential energy along the reaction patfor H, on ~ have decreased slightlpanel b-h-b, Fig. # For the(110
Ni(110), (100, and(111). The molecules start at a height of 3.5 A, surface, the opposite trend is visible. Now, over the top and
corresponding to the leftmost point of the diagrams. The energy i¢he short bridge sites the energy has decreased compared to
shown for an approach over top sitéwill lines), bridge sites the (100 surface, whereas over the long bridge and hollow
(dashed lines and hollow sitegdotted line$. For the(110 surface,  sites a significant increase of the barriers is found. Dissocia-
the dotted line corresponds to an approach over the long bidpe tion over the top site remains the most favorable gatit-
site (see text for nomenclature sb), but the barrier over the short bridge site is now also very
small (h-sb-h, Fig. 3. Figure 3 also shows that the energy
simple words: if a molecule is dragged slowly from the al_ong t_he_r_eaction_path is now strongly orientation dependent
vacuum toward the surface it follows this pathway exacﬂy_WIth S|gn|f|cint differences for molecules parallel to the
Since the energy along this path allows a simple and diredi001] and[110] direction. The observed trends and, in par-
comparison between different orientations, the potential enticular, the height of the barrier along the reaction path will
ergies along different reaction pathways are summarized iRe discussed in more detail in Sec. IV.
Fig. 3. In passing, | note that the calculated potential energies
along all investigated pathways start at a value30meV 5
A above the surface, and they decrease slightly ) meV
at z=3.5 A. Since the energy along the reaction path is It is instructive to have a closer look at the effective in-
shown from a height of 3.5 A, all curves have slightly nega-teraction potential defined in E@5). For this purpose the
tive values ats=0. The shallow energy minimum at a dis- potentialG' (z,d) for the b-t-b N{100) case is shown in Fig.
tance & 3 A might well be a deficiency of the present gra- 5. For large distances from the surface3 A), the variation
dient corrected functionals, but it has no significant influencewith the bond lengthd is essentially identical to the binding
on the final resultge.g., the sticking coefficiept curve of H, (the corresponding isolines are outside the range
| first concentrate on the Ni00) surface(middle panel of of values shown in Fig. 5 The energy has a minimum
Fig. 3. As can be seen, the most favorable approach is witaroundd=0.75 A at a binding energy of 6.8 eV (with
the center of mass over the top sitell lines, b-t-b and  respect to non-spin-polarized H atom®g/hen the molecule
h-t-h). At s=1.2 A, a slight shoulder is visible in Fig. 3, approaches the surface the individual H atoms start to inter-
causing an approach of the 0 eV isolinezat2.4 A in Fig.  act with the surface, each gaining about 3.5-4 eV, and at the
2 (b-t-b). The energy then decreases along the reaction pattame time the effective potential between hydrogen atoms

E(eV)

10} h—b—h

B. The effective H-H interaction potential
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s(A)

FIG. 4. Potential energy along the reaction patfor selected
path ways for H on Ni and Pd(110), (100), and(111). The energy
is shown for the b-t-b, h-b-h, and b-h-b orientations. For (thE))
surface b corresponds to the short bridge &&= text for nomen-
clature.

becomes repulsiveeemember, positive values in the poten-
tial correspond to repulsionAt d=0.75 A andz=1.0 A, a

repulsive energy of some 1 eV is found. If, on the other
hand, the H-H distance becomes larger than 1.0-1.5 A th
potential becomes effectively zero in the vicinity of the sur-

face, since the two H atoms no longer interact.
The effective interaction potential is very similar for other

sites, so that it is more instructive to look at the difference

potentialAG=G— Gy..,. For h-b-h and b-h-b, the effective
potential is slightly more attractivenegative at a height of
2.0 A and a bond length of 0.75 A. This relates to the fac

2.0 2.

1015
d(&)

FIG. 5. The effective H-H interaction potenti@lin the vicinity
of the surface for b-t-b, and the difference potentidl&=G
— Gp.p for h-b-h and b-h-Ni (100)]. Contour lines are drawn at
the same energies as in Fig 2.
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FIG. 6. Comparison of the calculated and interpolated potential
energy surfaces for a Hmolecule over the bridge site of the
Ni(100 surface tilted by 60° with respect to the surface normal.
Contour lines are drawn at the same energies as in Fig 2. The
energy increases along the reaction path, and a shallow local mini-
mum atz=0.8 A,d=1.2 A, andE~0.1 eV is found.

that the interaction with the surface starts later for dissocia-
tion over the bridge and hollow sites, so that the H-H repul-
sion over these sites develops more slowly than over the top
site. On the other hand, close to the surface, the H-H inter-
action is now more repulsivépositive). This can be ex-
plained by recalling, that adsorbed H atoms carry a negative
charge density, which is partially screened by the Ni surface
atoms(compare Ref. 26 For dissociation over the top site, a
Ni surface atom is located between the two dissociated H
atoms, which leads to a reduction of the barriers. For disso-
ciation over the bridge and hollow sites, screening is much
less effective, leading to a longer ranged H-H repulsion after
dissociation.

C. Interpolation of the potential energy surface

The previous section demonstrates that the effective po-
tential is indeed only weakly site dependent, and that the site
dependency can be understood on simple grounds. With this
in mind, one can be confident that it is sufficient to param-
eterize the effective potential at the hollow and top sites

nly, since these two points represent opposite extremes. For
the (110 surface and th€100) surface, the effective poten-
tial was also calculated at the bridge site, which should fur-
ther improve the quality of the parametrization. In the
present work, for the€111) surface only the top and bridge
sites were used in the interpolation.

To test the accuracy of the interpolation procedure in de-
tail two results are shown. In Fig. 6, the elbow plot for a
molecule that is tilted by 60° with respect to the surface
normal is presentedh-b-h orientation The left and right
panels show the first-principles resulfaot used in the
course of the parametrizatipand the results of the interpo-
lation procedure, respectively. Clearly a very good agree-
ment is found, and inspection of the energy along the reac-
tion path shows a maximum error of 20 meV. Similar tests
were performed for other high-symmetry sites, and in all
inspected cases the interpolation error with resped te-
mains smaller than 20 meV. With respect to the variable
the accuracy is usually even better, since ¢ghedependence
is negligible on thg111) and (100 surfaces. One can con-
clude that the interpolation procedure gives an accuracy of
about 20 meV with respect to the angular interpolation.
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FIG. 7. Comparison of the interpolated and calculated potential :,C: 1.0
energy surfaces for a flat,Hnolecule over the threefold hollow site 0
of the Ni(111) surface(b-h-b). Contour lines are drawn at the same ““q:) 0.8
energies as in Fig 2. A barrier of about 0.25 eV is found along the 3
entrance channel. 2 0.6
z 0
The inaccuracies are slightly larger for spatial interpola- =
tion in thex andy directions. In Fig. 7, the interpolated b-h-b < 04
path on the(111) surface is compared to first-principles cal- =
culations (again not included in the parametrizatiomhe 02
error in the interpolated potential is 30 meV up to the barrier
and increases to 60 meV after the barrier. The error after the 0.0 L . .
barrier is related to the fact that the electrostatic repulsion 0.0 0.2 0.4 0.6

between H atoms is underestimated if the center of mass is
over the hollow site, since for th&11) surface this approach
has not been included in the course of the interpolation. Be- FIG. 8. (a) Experimental andb) simulated sticking coefficients
cause the hollow site exhibits relatively large barriers, dissofor H, on Ni(111) (triangles, (100 (circles, and (110 (squares
ciation over this site is unlikely anyway so that one canExperimental data are from Ref. 7.

probably neglect these inaccuracies.

More generally, the errors seem to be acceptable, in pathe sticking coefficient with increasing beam energy works
ticular if one considers that the current calculations have aexactly along the lines discussed in previous wotkwith
absolute accuracy between 10 méf11) and (100) sur- increasing energy the molecules do not have sufficient time
faced and 40 meV[(110 surfacd. Further tests at low- to reorient or move toward the favorable top site, so that they
symmetry sites will be presented elsewhere, and confirm thatre reflected by the surface. The increase of the sticking co-
the accuracy of the angular and spatial interpolation is 20 tefficient at around 0.25 eV is related to the fact that new
50 meV. Since the errors are in addition generally very smaltlissociation sites become available at this energy. These are
in the entrance channel and become large only at a boniirst the short bridge sites, and later the long bridge sites. For
length where dissociation has already occurred, the stickinthe investigated beam energies, dissociation over the hollow
coefficient should not be affected significantly by these inacsite remains very unlikely.
curacies. On the other hand, on tH&11) surface the initial sticking
coefficient is zero, since a finite barrier is found along all
pathways. In addition, steering effects are generally small,
because the PES is only weakly corrugated. The increase of

The final sticking coefficients for the three low index sur- the sticking coefficient is related to the fact that more sites
faces are summarized in Fig. 8. The calculations were pebecome available with increasing beam energy. In particular,
formed classically on the parametrized 6D potential energyhe barriers over the bridge and hollow sites can be overcome
surfaces, and 40000 trajectories were simulated for eacht an energy of around 0.2—0.25 eV, causing a weak shoulder
beam energy and surfa¢gee Sec. Il F for more detajlsThe  in the curve.
most important result is that the sticking coefficient shows an For the (100) surface, essentially no barrier in the en-
activated behavior for thél11l) surface and a nonactivated trance channel is observed. The initial sticking coefficient is
behavior for the(110 surface. This is in accord with the finite but small and rises steeply with increasing beam en-
potential energy along the reaction path for the top [§e®=  ergy. On this surface, steering is found to be fairly important
Fig. 4(b)], where no barrier for dissociation was found on theat low beam energie®.1 eV). Most molecules are directed
(110 surface and a notable barrier for tligll) surface. toward the top site and the atoms dissociate from there into
Inspection of the trajectories for thg¢10) surface shows that hollow and bridge sites. This effect increases the sticking
at low kinetic energies all molecules are steered toward theoefficient significantly over that on the less corrugated
top site and dissociate from there into the short bridge siteg111) surface. At around 0.15 eV, the sticking coefficient
In the simulations, the residence time at the top site is oftetevels off, since steering becomes less effective, but it starts
several picoseconds since the molecules have to reorient b increase again at around 0.25-0.3 eV, since then all sites
fore dissociation can occur. The mechanism that decreasé&gcome available for dissociation. The high sticking coeffi-

beam energy E (eV)

D. Sticking coefficients
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cient on the(100) surface is therefore related to a combina- To discuss the dissociation of,Hbn a transition metal
tion of steering at low energies and direct activated dissociasurface, one has to keep in mind that the electrostatic poten-
tion at high beam energies. tial and the surface andd electrons play an important role
Coming now to the comparison with experiment, one(see Refs. 16, 17, and B3.et me first concentrate on the
notes that from a qualitative point of view, the simulationssurfaces electrons and the electrostatic potential. When the
are in satisfactory agreement with the available data. Théydrogen molecule is brought to the surface, the hydrogen
simulations show the experimentally observed activated beelectrons gain energy because they experience the surface
havior for the(111) surface and a nonactivated sticking on potential (the H, o level moves to lower energigsThis is
the (110 surface. The100 surface lies—also in agreement counterbalanced by the electrostatic repulsion exerted on the
with experiment—between these two extremes, although thgl core and the repulsion caused by the overlap of H 1
detailed shape of the curve differs from that found in experielectrons and Ni surface electrons(Pauli repulsion The
ment. In addition, the quantitative agreement between exnet interaction is usually repulsive, since the electrostatic ef-
periment and theory is not satisfactory for any of the threefects balance each other and only the Pauli repulsion sur-
surfaces: for the(111) and (110 surfaces, the simulated vijves.
sticking coefficient is about twice as large as in the experi- The second contribution stems from the interaction of the
ment, and the factor seems to become even larger for thRi d electrons with the bl molecule. In the usual picture,
(100 surface. The discrepancy between theory and expericharge is donated from the,Hr orbital to the surfaced
ment for the (100 surface should not be overinterpreted, states, accompanied by a back-donation from the sudace
since the Ni100 surface might have been contaminated bystates to the Klo* orbital 11" The net effect is a weakening
CO3* Therefore at present the significant overestimation off the H-H bond and a strengthening of the H-substrate bond.
the sticking coefficient for the other two surfaces seems t@yer the top site the Nilz,2_,2, dy,, andd,, orbitals inter-
require explanation. One point, which has to be kept in mindgct with the H, molecule. The almost fully occupieth,>_,2
is that classical simulations often tend to overestimate thgrpital hybridizes with the occupied,Hr orbital, moves to
sticking coefficient"*°in particular, if zero point vibrations higher energies, and loses a very small amount of charge.
are npt correct!y accounted for. It seems likely that some ofqr Nij, the effect on the energy is small and probably repul-
the discrepancies could be removed by a full QM treatmengjye (Pauli repulsiol, since two initially occupied states in-
of the H, molecule. I will come back to this point in Sec. V. teract and remain both almost occupied. The major bonding
contribution over the top site derives from tdg, andd,,
orbitals. These orbitals extend into the vacuum and are anti-
symmetric with respect to the,Hnolecule. They experience
Certainly, the most apparent result of the present work i®nly the electrostatic potential of the H cores but no Pauli
the variation of the dissociation barriers with the surface. Weepulsion, since the occupied,r state is orthogonal to
first limit our discussion to Ni, and will comment on the Pd them. Although at large distances from the surface the inter-
surface only in the last paragraph of this section. action has mainly an electrostatic origin, the covalent contri-
Over the top site and for a distance of 2.2 A from thebution cannot be neglected at smaller distances, when bond
surface, the limolecule is about 70 meV more stable on thebreaking occur?3'As a result of the interaction, the centers
(110 surface than on thél11) surface. The energy differ- of the almost filledd,, andd,, states shift to lower energies
ence increases to 150 meV for smaller distan@esnpare and the unoccupied Ho™* orbital moves to higher energies,
Fig. 4), but changes sign at very small distances. One mustielding a net energy gain. Such an antisymmetric contribu-
stress here that surface magnetism doetchange these tion of d orbitals is predominantly available above the top
results significantly, which was established by repeating thsite. Over the bridge or hollow sited, states that are anti-
b-t-b calculations for an artificial nonmagnetic Ni surface:Symmetric with respect to the ;Hmolecule exist only in
for the first part of the reaction pathways, the energies resmall parts of the Brillouin zone. This explains why the ap-
main essentially unchanged, and, in particular, the barrier oproach over top is most favorable. Together with
the (111 surface is not reduced. The decrease of the disscSmoluchowsK® smoothing we can now also understand
ciation barriers from the close packed to the more open sumwhy dissociation over the troughs is particularly unfavorable
face is also observed for other metals, for instance, Cu on the(110 surface. Since Smoluchowski smoothing leads
(111) and Cu(110).*° But, interestingly in our case, the de- to an accumulation of electrons in the troughs, the,H
crease of the dissociation barrier over the top site is accondimer experiences a strong Pauli repulsion when it ap-
panied by a significant increase of the barriers over the holproaches the surface over the hl or |b sites. Together with the
low and Ib sites. In other words, th@11) surface exhibits absence of antisymmetrid orbitals, a strong repulsion be-
only a fairly small corrugation, whereas the corrugation istween the H dimer and the surface is found.
large on the(110 surface. To explain this behavior, | will The picture is corroborated by the local density of states
partly rely on a model developed in Ref. 35, but as will be(DOS shown in Fig. 9. The H o orbital is located about
discussed below the effect of theelectrons seems to be —7 eV below the Fermi leve(full line). For Ni, thes andp
more important than assumed so far in the literatfi'dThis  DOS on the surface atofdotted ling overlaps energetically
section will also compare the current results with those fowith the H, o orbital. The surfacel electrons are found at an
H, on Pd}23135-3819 make this comparison less dependentenergy of—5 to 1 eV(dashed ling As indicated in Fig. 10,
on technical parameters, the PES’s of bh all three Pd the position of the unperturbed state with respect to the
surfaces were recalculated with essentially the same setup &ermi level is given approximately by, — ¢, whereg is the
for Ni. work function. Since the work function is larger for the close

IV. DISCUSSION
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Efermi E vacuum

FIG. 10. Schematic DOS for Hon Ni. Thed states are shown
as gray rectanglelglark gray,(111) surface, light gray(110 sur-
face], the position of the Fermi level with respect to the vacuum
level is indicated by lines, and the surfagstates are indicated by
a paraboldfull lines, (111) surface, dashed line$110 surfacd.
The positions of ther ando* state are shown as thick black lines.
The o orbital is located 10.3 eV below the vacuum level, and the
local density approximation™ orbital is located approximately at
the vacuum level. The position of the orbital with respect to the
Ni d band depends on the work function. Qualitatively similar re-
sults are obtained for Pd, but for Pd thestate does not overlap
with the surfaces states.

n(E) (states/eV/atom)

E(eV) the other hand—extend further into the vacuum, the interac-
tion between thed electrons and the Hmolecule is en-
FIG. 9. Local density of state-DOS) at the H, molecule(full hanced. Both effects combine and lead at large distances to a
line) and at the transition met&lrM) surface atom for th€l11l) and  stronger bonding of Kto the substrate. The last panel in Fig.
(110 surfaces (H-surface distance 2.2 A, b-t-b orientatioThe 4 demonstrates that the barrier has vanished on tli&1Rd
TM s andp DOS's are shown as dotted and the Tdvstates as  surface, which is in agreement with the experimental obser-
dashed lines. The dash-dotted line indicates the Change in the D%tion that hydrogen dissociation is nonactivated on all three
of the surface atom compared to the clean surfaogenmed over up  |ow-index Pd surface&?'*2Closer inspection shows that the
and down. energy along the reaction pathways changes by the same
amount onall three surfaces: at a distance of 2.2 A, thg H
packed surface than for the open surface, dhstate is lo-  molecule is about 100 meV more stable on Pd than on Ni.
cated at lower energies on tfL0) than on the111) surface  This, of course, causes the barrier to disappear orlth#
(¢(111)=5.07 eV; ¢(110=4.55 eV; compare Ref. 26This  surface, but the change is not caused by any feature peculiar
has several effects, all reducing the barriers on (tE0)  to the (111) surface. | conclude that the reduction of the
surface compared to th@11) surface. First, the interaction bandwidth ands density, which is caused by the increased
between the Ko orbital and the surfaceelectrons is larger atomic volume of Pd, is responsible for the vanishing of the
on the (111) surface, increasing the Pauli repulsion. As aH, dissociation barriers on Pd.
result theo state is much broader on tligl1) surface than
on the(110 surface(cf. Fig. 9. In a similar way, the Pauli
repulsion between the orbital and thed;,2_,2 state is re-
duced on thé¢110) surface. Finally, the bonding between the  The important methodological development of the present
d,x andd,, states and the o™ orbital is enhanced on the work is the introduction of an interpolation scheme for the
(110 surface, since thd band is narrower, and closer to the 6D PES of H. Like many previous schemes it relies on the
H, o* level. evaluation of 2D sections of the full PES. But to interpolate
The picture presented here should be relevant for hydrobetween these sections, an intermediate effective H-H inter-
gen dissociation on most transition metals, and it is interestaction potential in the vicinity of the surface is introduced.
ing to compare Ni with Pd. Since Pd has a 40% larger vol-This potential is obtained by subtracting the potential of two
ume than Ni, thes bandwidth is significantly reduced in Pd individual H atoms from the calculated 2D,HPES. The
(compare Fig. 8 The reduceds density should reduce the effective potential is only weakly site and orientation depen-
Pauli repulsion between surfaceelectrons and the Ho  dent and can be Fourier interpolated accurately between
orbital. Figure 9 indeed shows that tekendp DOS (dotted  high-symmetry sites. The interpolation predicts the correct
line) is significantly reduced at the position of theorbital = molecular orientation above low-symmetry sites, which is a
(=7 eV, below the Fermi levgl Since thed electrons—on  significant advantage over previous simpler schetiesut

V. CONCLUSION
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it does not suffer from the functional restrictions other pa-rows. At low kinetic energies it is again mainly the reaction
rametrizations havée.g., the LEPS parametrizatiorin ad-  path over the top site that is utilized, but with increasing
dition, the first-principles results at high-symmetry sites arebeam energy the short bridge site also becomes available.
exactly reproduced. Since dissociation over the troughs is very unfavorable,
With this scheme, a detailed investigation of the PES andteering is now a dominant mechanism even at intermediate
the sticking of B on the three low-index Ni surfaces was and high beam energies.
performed. In a first step, 2D sections of the 6D PES were The simulated sticking curves are in qualitative agreement
calculated by first-principles calculations. It is found that dis-with previous experiments, but unfortunately the quantitative
sociation over the top site is most favorable on all threeagreement is not so good. For a wide range of energies, the
surfaces, but the energies along the reaction pathways diffesticking coefficient is overestimated by about a factor of 2.
by up to 150 meV between the three surfaces. GenerallyAt present, it is unclear whether this is related to uncertain-
dissociation over the top site of the rougher surface is easidies of the experimental data or to inaccuracies of the present
than over the top site of the close packed surfaces, so that rapproach. Although it is well known that the absolute mag-
barrier for dissociation is found on tH&10) surface and a nitude of the sticking coefficient is difficult to determine ex-
small barrier of about 15 meV is obtained on {id1) sur-  perimentally, | want to address briefly possible deficiencies
face. The origin of this variation can be traced back to theand advantages of the present approach.
position of the H o and H, ¢* orbital with respect to the Since the interpolation scheme is very accurate it seems
metal electrons: on the open surfaces, the work function isinlikely that errors are caused by an inappropriate represen-
smaller, shifting the H states to lower energies. As a result tation of the PES. On the contrary—all previous high-
the Pauli repulsion between the ¢ orbital and the Nsand  dimensional QM studie@nd most classical simulationsti-
d states is reduced, and the bonding interaction between tHzed parametrizations that did not account for the fact that
H, o* andd states increases. A comparison between Ni andhe H, molecules will tend to tilt over low-symmetry
Pd indicates that the Pauli repulsion between the metal sites®>3! An interesting application of the interpolation
electrons and the jo- orbital is much stronger on Ni than on scheme presented here is to investigate how large these ef-
Pd. This observation explains why dissociation gfislac-  fects are, and such calculations are currently in progress.
tivated on Ni(111) and nonactivated on PL1). The most likely reason for the discrepancy between
The decrease of the barrier over the top site on the rougtheory and experiment is therefore the classical treatment of
(110 surface is accompanied by a significant increase of théhe H, molecule. In previous work, it has been shown that
dissociation barriers over the troughs. In other words, th&uch a treatment often increases the sticking coefficient com-
structurally roughest surface is also electronically stronglypared to a full QM treatment of the Hnolecule!® Unfortu-
corrugated. The trends in the barriers and in the corrugationately, such QM simulations would be extremely time con-
strongly affect the dissociation dynamics on the three sursuming, since the current parametrization allows for a
faces. On the flat uncorrugatétill) surface steering is not scattering by oddn quantum numbers, which increases the
very important. Initially the sticking coefficient is effectively computational effort of the QM calculations by a factor of 8
zero, and sticking increases with increasing beam energyompared to previous calculatiofisThe lower symmetry of
The observed increase is mainly related to the opening ohe (110 surface further increases the computational de-
dissociation channels with increasing translational energymands. Despite these difficulties, | hope to come back to this
This agrees well with previous experimental interpretations. point in future work.
On the (100 surface, the corrugation is larger than on the Recently, a similar interpolation scheme was suggested by
(111) surface, and in addition no barrier is found for disso-Busnengo, Salin, and Dong and applied to the dissociation of
ciation over the top site. Steering now plays an importan'|-|2/|:>(1111)_44
role, in particular at low kinetic energies. At a beam energy

of 0.1 eV, most mplecult_as are dirgcted tpwqrds the top site ACKNOWLEDGMENTS
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