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Dissociation and sticking of H2 on the Ni„111…, „100…, and „110… substrate

Georg Kresse
Institut für Materialphysik, Universita¨t Wien, A-1090 Wien, Austria

~Received 5 April 2000!

The adsorption, dissociation, and sticking of H2 on the Ni~111!, ~100!, and~110! substrates are studied with
spin-polarized gradient corrected density functional theory. To parametrize the six-dimensional~6D! potential
energy surface~PES!, 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 H2 molecules with an accuracy of about 50 meV in low-symmetry sites. On the interpolated
6D PES, classical simulations of the H2 sticking 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 the~111! surface and nonactivated on the rough~110! surface. The results are
compared to those for H2 on Pd, and it is shown that the difference between Ni and Pd stems mainly from the
surfaces electrons.
-
o

o
f
to
re
te
te

l
o-
t

l
ix-

n
d

am
so
e
ab
re
su
s

tic
ue
he
to

am
ex
tr

by
a

s
o

ry
e

ntial
me

at a
on

of
i-
ea-
all

on
-

ur-

mal

r.
i a
fi-
ing

rgy
to

in
are

an
ed.
re

are
ing
ical
of

ita-
h

ex
l to

three
I. INTRODUCTION

To understand H2 adsorption and dissociation on low
index metal surfaces is the first step toward the modeling
more complex catalytic reactions on surfaces. It is theref
not astonishing that the last decade has seen a great e
devoted to the investigation of these processes, leading
significantly improved understanding of the dissociation
action. Until recently, most numerical studies were restric
to simple model systems, but with advances in compu
performance six-dimensional~6D! quantum-mechanica
~QM! simulations of the sticking coefficient on realistic p
tential energy surfaces~PES’s! became feasible. In the firs
calculations of this character, the 6D PES’s of H2 on Pd~100!
and W~100! were derived directly from density functiona
calculations1–3 and subsequently used in five- and s
dimensional QM calculations of the sticking coefficient.4,5

The insight gained from these simulations was significa
because they showed that the experimentally observed
crease of the sticking coefficient with increasing be
energy6,7 can be explained by steering and not by a precur
mediated process, as often assumed before: at low kin
energies, molecules are directed by the PES toward favor
adsorption sites, where dissociation readily occurs, whe
at intermediate kinetic energies, the molecules have not
ficient time to reorient or move toward favorable sites,
that they tend to be reflected by the surface.

Despite the insight gained from simulations on realis
PES’s, some deficiencies presently remain. One must q
tion in particular whether the functional forms used in t
parametrization of the 6D PES are sufficiently flexible
account for all features of the real PES. The current par
etrizations often neglect that molecules will be neither
actly parallel to the surface nor upright above low-symme
sites. In this work, I aim to remove this shortcoming
developing a parametrization that is free of this approxim
tion. Similar to previous approaches,4,5 the present method i
based on accurate first-principles calculations of tw
dimensional~2D! sections of the 6D PES at high-symmet
sites. But, in contrast to previous work, the interpolation b
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f
re
fort

a
-
d
r

t,
e-

r
tic
le

as
f-

o

s-

-
-
y

-

-

-

tween such sections is done after subtracting the pote
experienced by two isolated H atoms, located at the sa
positions as the atoms in the H2 molecule. The resulting
functions are smooth and weakly site dependent so th
straightforward interpolation between different adsorpti
sites becomes physically meaningful.

The approach is applied to the dissociation and sticking
H 2 on low-index Ni surfaces. This choice is mainly mot
vated by the fact that reliable sticking coefficients were m
sured experimentally by molecular beam experiments for
three low-index surfaces, allowing for a direct comparis
with experiment.7 Another reason for this choice is the re
markable difference between the three low-index Ni s
faces. On the rough~110! surface, Rendulicet al. found a
nonactivated behavior, whereas a typical activated nor
energy scaling sticking curve was measured for the~111!
surface.7 The exact reason for this behavior is still unclea

Since the experimentally observed features make N
promising candidate for simulations of the sticking coef
cient, many studies have been reported before us
classical8–10 and quantum calculations.11–13 Unfortunately
most of these studies suffer from inaccurate potential ene
surfaces relying often on the London-Eyring-Polanyi-Sa
~LEPS! potentials~see, e.g., Ref. 12 and references there!.
As already mentioned, the PES’s of the present work
derived from first-principles calculations avoiding anyad
hoc assumptions. In combination with the interpolation,
accurate and reliable description of the 6D PES is obtain
On the interpolated PES’s, the sticking coefficients a
evaluated using classical simulations. QM simulations
postponed to later work, since they are very time consum
for the present parametrization. The restriction to class
simulations is certainly the most significant approximation
the current work, but recent calculations show that qual
tive trends can be reliably predicted with suc
simulations.14,15

The present work is a comprehensive study of H2 adsorp-
tion, dissociation, and sticking on three different low-ind
surfaces. Since such systematic investigations are helpfu
understand general trends, the differences between the
8295 ©2000 The American Physical Society
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8296 PRB 62GEORG KRESSE
surfaces are discussed in detail, and a coherent pictu
presented that explains why sticking is nonactivated on
~110! surface and activated on the~111! surface. The results
for Ni are compared to those for Pd, where experiments s
gest that H2 dissociation is nonactivated on all three low
index surfaces. The present first-principles calculations s
gest, in agreement with experiments, that Ni is generally
reactive than Pd for H2 dissociation. This is remarkable sinc
simple models relying only on the center of thed band pre-
dict a different behavior~see, eg., Refs. 16 and 17!, and to
explain this result one has to consider the metals electrons.

The article is organized as follows. I first discuss t
methods used throughout the work, paying particular att
tion to the parametrization and interpolation of the 6D e
ergy surface. In Sec. III A, the first-principles calculatio
for 2D sections of the 6D energy surface are presented.
accuracy of the interpolation procedure is tested in Se
III B and III C, and the final sticking curves are presented
Sec. III D. I finish with a discussion and conclusions.

II. METHOD OF CALCULATION

A. First-principles calculations

The first-principles calculations are based on den
functional theory~see, e.g., Refs. 18 and 19! and employ a
plane wave basis set.20,21To solve the Kohn-Sham equation
the Viennaab initio simulation package22,23 ~VASP! is used,
which performs an iterative solution of Kohn-Sham equ
tions via an unconstrained band-by-band minimization of
norm of the residual vector of each eigenstate and an o
mized charge density mixing. The electron-ion interaction
described by the projector augmented wave~PAW! method
as proposed by Blo¨chl.24 This method is a frozen core al
electron method, and has the advantage that the exact s
of the valence wave functions is taken into account. This
turn improves the description of magnetic materi
considerably.25 The PAW potentials for Ni and H are simila
to those proposed and tested in Refs. 25 and 26. The en
cutoff was set to 270 eV. In all calculations, the generaliz
gradient approximation of Perdew and co-workers27,28, com-
monly refered to as PW91 is used. The slab supercell
proach with periodic boundaries is employed to model
surface, and the Brillouin zone sampling is based on
Monkhorst-Pack technique.29 For the calculation of the frac
tional occupancies a broadening approach of Methfessel
Paxton30 with N51 ands50.2 eV is used.

Surface relaxation was not taken into account in any
the present calculations. Tests for atomic H on Ni low-ind
surfaces, presented in Ref. 26, indicate that this is a v
reasonable approximation, errors being about 20 meV.

B. Modeling the Ni surfaces

The ~100! and~111! surfaces are modeled by four layer
whereas the~110! surface is described by a five-layer sla
For atomic hydrogen, tests have been presented in prev
work26 demonstrating that a typical accuracy of 10 meV c
be achieved with this setup. For the~100! surface, a qua-
dratic p(232) surface cell is chosen, and the~111! surface
is modeled by a rectangular 23A3 @c(234)# cell, which
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corresponds to a total of 16 Ni atoms in both supercells.
both slabs, a 43431 k-point grid is used.

The ~110! surface is modeled by a five-layer slab and
p(232) supercell. The larger size of the slab and the low
symmetry required a reduction of thek-point grid to 332
31. Tests indicate that the errors remain smaller than ab
40 meV with this setup~in the entrance channel errors r
main even smaller than 5 meV!. All calculations are per-
formed spin polarized, since in our previous work we fou
that the adsorption energies per H atom change by about
meV if spin polarization is not taken into account.

The present supercells are twice as large as those us
employed in the calculation of hydrogen dissociation
metal surfaces~see, e.g., Refs. 1, 2, and 31!. This setup was
chosen, because otherwise different supercells must
adopted for different orientations of the incoming molecu
This would make the setup of the calculations genera
more tedious, and in some cases it would require one to
incommensurablek-point grids for different molecular orien
tations.

For the present supercells, the interaction between
peated H2 molecules is fairly small particularly along th
entrance channel of the reaction. As will be shown, the
trance channel, where the accuracy is best, turns out to
termine the sticking coefficient of H2 on Ni.

C. 2D sections of the 6D energy surface

For the evaluation of the sticking coefficient, the para
etrization of the 6D PES is of crucial importance. Since it
obviously impossible to map out the complete PES exac
more approximate procedures must be adopted. One
procedure is now discussed, and the final method adopte
this work will be described in Sec. II E.

To describe the position of the molecule the six coor
natesx, y, z, d, u, andf are used. The coordinatesx, y, and
z describe the position of the center of mass, wherez is the
distance from the surface plane. The orientation of thex and
y axes is shown in Fig. 1.d is the distance between the tw
H atoms,u the angle between the surface normal and
axis of the molecule, andf the angle between thex axis and
the axis of the molecule projected onto the surface pla
The usual approach—adopted here as well—is based
first-principles calculations of 2D sections of the 6D ener
surface. For one such section, the orientation of the mole

FIG. 1. Representation of the~111!, ~100!, and ~110! surfaces
indicating the sites and the orientations for which 2D sections of
6D potential energy surface were calculated~elbow plots!. Each
plane for which a section was calculated is indicated by a bl
line. The center of mass of the molecule was always above on
the high-symmetry sites~situated at the crossing of two lines!.
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(u and f) and the coordinates of the center of mass in
surface plane (x,y) are kept fixed. Only the heightz and the
bond lengthd vary.

The 2D potentials calculated in this way have an elb
shape so that they are usually calledelbow plots. For the
three Ni surfaces, such 2D sections are evaluated above
ferent high-symmetry sites~i.e., x andy vary! and for differ-
ent molecular orientations (f andu vary! as indicated in Fig.
1. For the~111! surface, only the top~t! and bridge~b! sites
are used for the parametrization, whereas for the~100! and
~110! surfaces the hollow~h! site was also considered. O
the ~110! surface, one has to distinguish in addition betwe
the long bridge~lb! and the short bridge~sb!. At each site,
the scans were performed for three different orientations
the molecule; one upright~end on! approach (u50) and two
flat approaches~side on! with the axis of the molecule par
allel to the surface (u590).

For a single elbow scan, approximately 200 total ene
points were calculated. The height of the molecule var
between 0 Å and 4.2 Å in steps of 0.3 Å , and the distan
between the two H atoms was expanded from 0.6 Å to ab
3.0 Å in steps of 0.2 Å . The 2D energy surface was inte
polated using cubic piece wise continuous polynomials~en-
ergies and forces are used! and analytically continued fo
distances up to 5.0 Å from the surface. This procedure yie
a very accurate description of the potential energy surface
one 2D section of the 6D energy surface. The crucial qu
tion is obviously how to interpolate between the 2D sectio
in the remaining four dimensions (x,y,u,f).

D. Interpolation in the remaining four dimensions

The procedure of the previous section yields a set of th
2D functions for each high-symmetry site, which will b
denoted as

Eo
i j ~z,d!. ~1!

Here the indicesi j and o label the high-symmetry site an
the orientation, respectively. The functions for the uprig
orientation are given byEup

i j (z,d), and the functions for a fla
approach are written asEf1

i j (z,d) and Ef2

i j (z,d), where the

anglesf1 and f2 indicate the orientation of the molecu
with respect to thex axis (f1 andf2 are different for each
high-symmetry site!. The coordinates of the correspondin
high-symmetry sites are given by

rW i j 5
i

N1
aW 11

j

N2
aW 2 ,

i 50, . . . ,N121 and j 50, . . . ,N221,

whereaW 1 and aW 2 are vectors spanning theprimitive surface
cell. In the present calculations,N1 andN2 are 2, andi j can
take the values 00, 01, 10, and 11. The position 00 w
correspond to the top site. Then the positions 01 and
correspond to bridge sites, and on the~100! and ~110! sur-
face the index 11 relates to the hollow site. On the~111!
surface, the position 11 corresponds to a third bridge sit

The most obvious way to obtain the 6D potential is
simple angular interpolation with respect tou and f and a
Fourier interpolation with respect to the points of impa
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(x,y). More explictly such a procedure works along the fo
lowing lines: to obtain the energy of a hydrogen molecu
with the coordinates (x,y,z,d,u,f), one first interpolates the
energy with respect tou andf for eachhigh-symmetry site
i j :

Ēi j 5cos2 u Eup
i j ~z,d!1sin2uFcos2S p

2

f2f1

f22f1
D

3Ef1

i j ~z,d!1sin2S p

2

f2f1

f22f1
DEf2

i j ~z,d!G . ~2!

For the positions (x,y)5x1aW 11x2aW 2 in the surface plane
the energy of a hydrogen atom is then obtained by a Fou
interpolation of the energiesĒi j :

EH2
5 (

k150

N121

(
k250

N221

ak1k2
cos~2pk1x1!cos~2pk2x2!,

ak1k2
5

1

N1N2
(

n150

N121

(
n250

N221

Ēn1n2 cosS 2p
n1k1

N1
D

3cosS 2p
n2k2

N2
D . ~3!

It should be noted that the forces can be calculated ana
cally for this representation of the 6D PES.

Although this procedure is fairly simple it does not lead
a satisfactory representation of the 6D PES. To give o
important illustration: at high-symmetry sites, either the fl
or the upright approach is energetically most favorable.
spection of Eq.~2! shows thatĒi j has extremal points atu
50 andu5p/2 only, in agreement with the previous obse
vation. Equation~3! maintains this property at low-symmetr
sites, although in reality a molecule with the center of ma
at an off-symmetry site will prefer neither of these two o
entations. Hence, the simple interpolation scheme prese
in this section cannot account for the correct behavior ab
low-symmetry sites. In addition, the elbow scans at differ
sites differ so substantially close to the surface that a sim
Fourier interpolation often gives unreliable results in this
gion. These two arguments clearly show that one has to s
for better interpolation schemes.

1. Parametrization of the three-dimensional PES of atomic H

To improve the parametrization a strategy is adopted
which the potential energy of individual hydrogen atoms
subtracted first. This requires one to evaluate the thr
dimensional~3D! PES of a single hydrogen atom by tot
energy calculations. Since the hydrogen molecule has a n
magnetic ground state, the non-spin-polarized H atom w
chosen as a reference. In addition, tests indicate that the
terpolation of the 6D H2 PES gives more accurate results
the potential of a non-spin-polarized hydrogen atom is s
tracted.

For the calculation of the 3D PES of a single H atom, t
same slab geometry as before is used. In the following,
position of the hydrogen atom will be denoted by the co
dinates (x,y,z). The coordinatez describes again the heigh
of the hydrogen atom above the surface, andx andy relate to
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8298 PRB 62GEORG KRESSE
the position in the surface plane. The energy of the hydro
atom is evaluated forz varying between20.6 Å and 3.0 Å in
steps of 0.1 Å; thex and y coordinates are given byrW i j
5(x,y):

rW i j 5
i

N1
H

aW 11
j

N2
H

aW 2 ,

i 50, . . . ,N1
H21 and j 50, . . . ,N2

H21.

The integersN1
H and N2

H are chosen to be 8 in the prese
work. Positions which are related to each other by symme
are calculated only once. This amounts to 15 to 25 (x,y)
pairs, and a total of about 500 energy calculations for e
surface. The hydrogen potential is extended to a height
Å assuming an exponential decay of the potential for la
distances from the surface.

After subtraction of a potential that describes the stro
repulsive interaction for very short H-Ni distances, a Four
interpolation of the hydrogen potential in the (x,y) plane is
performed in a similar way as described in Eq.~3!. In the z
direction the potential is interpolated with cubic function
The 3D PES of atomic H is from now denoted asEH(x,y,z).

E. Improved interpolation of the 6D H2 PES

For H2, the actual interpolation procedure adopted in t
work is based on the observation that the potential

G~rW1 ,rW2!5EH2
~rW1 ,rW2!2EH~rW1!2EH~rW2! ~4!

is almost site independent. In this equation,rW15(x1 ,y1 ,z1)
denotes the position of the first andrW25(x2 ,y2 ,z2) the po-
sition of the second H atom in the molecule. I will call th
potential the effective hydrogen interaction potential, sinc
describes the interaction between two hydrogen atoms in
vicinity of the surface. The effective potential is first eval
ated for each high-symmetry site:

Go
i j ~z,d!5Eo

i j ~z,d!2EH„rW1~z,d!…2EH„rW2~z,d!…, ~5!

where the potentialEo
i j (z,d) is the two-dimensional H2 po-

tential obtained by the first-principles calculations, a
rW1(z,d) and rW2(z,d) are the positions of the individual hy
drogen atoms in the molecule. The 6D effective poten
G(rW1 ,rW2) is then obtained by interpolation in the remainin
four dimensions as described in Eqs.~2! and ~3!. The final
potential of a hydrogen dimer at an arbitrary point is giv
by

EH2
~rW1 ,rW2!5G~rW1 ,rW2!1EH~rW1!1EH~rW2!. ~6!

The important point is that an angular and Fourier interpo
tion of Go

i j (z,d) is much more meaningful than a direct in
terpolation of Eo

i j (z,d), since the former quantity is only
weakly site dependent, as will be discussed in more deta
Sec. III B. It is also important to stress that any 2D sect
used in the course of the interpolation procedure is exa
reproduced by this method~therefore the wording ‘‘interpo-
lation’’ is more appropriate than ‘‘parametrization’’!.
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F. Evaluation of the sticking coefficient

At this point, accurate 6D representations of the PE
have been obtained. The sticking coefficients are evalua
on these PES’s using classical molecular dynamics. O
normal beam incidence is simulated in the present work. D
ferent impact points and different molecular orientations
sampled with a Monte Carlo procedure. The initial vibr
tional and rotational energies of the molecules are also
dom and drawn from the simulation of an ideal classi
molecular gas at a temperatureT, with

5

2
kBT5Ekin ,

where Ekin is the kinetic energy of the incident molecula
beam.32 The starting height of the molecules is 5 Å, since
this distance the interaction of the molecule with the surfa
is essentially zero for the present parametrization. The eq
tions of motions are integrated using a Verlet algorithm fo
time step of 0.5 fs. The energy stability was typically 0
meV, which was found to be sufficient for the prese
purpose.33 The simulations are terminated either if the mo
ecule reaches a bond length of 2.0 Å~dissociation! or if the
molecule reaches a height larger than 5 Å~reflection!. Typi-
cally 40 000 trajectories are simulated for each beam ene

III. RESULTS

A. Elbow scans at selected high-symmetry points

Figure 2 shows the results for 2D sections of the PES
dissociative adsorption of H2 on Ni~100! as obtained by our
first-principles calculations. To distinguish between differe
orientations, each panel is characterized by three lettersx-y-
x, where the second letter refers to the center of mass of
molecule and the other two indicate the orientation of
molecule~see also Fig. 1!. ‘‘b-t-b’’ corresponds to an orien-
tation with both atoms oriented toward bridge sites, wh
the hydrogen atoms will end up after dissociation. ‘‘b-up
corresponds to a molecule approaching the surface upr
with the center of mass above the bridge site. Also show
the reaction pathz(s) andd(s), along which the gradient o
the 2D PES is parallel to the local tangent of the path.

FIG. 2. First-principles results for 2D sections of the PES
dissociative adsorption of H2 on Ni~100! in various orientations
~see text for nomenclature!. Contour lines are drawn at intervals o
0.1 eV between –2.0 and 2.0 eV; lines indicating negative~posi-
tive! potential energies are dashed~full !; thicker lines correspond to
integer values. The reaction path is indicated by the line startin
z53.5 Å andd50.75 Å.
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simple words: if a molecule is dragged slowly from th
vacuum toward the surface it follows this pathway exac
Since the energy along this path allows a simple and di
comparison between different orientations, the potential
ergies along different reaction pathways are summarize
Fig. 3. In passing, I note that the calculated potential ener
along all investigated pathways start at a value 065 meV 5
Å above the surface, and they decrease slightly to220 meV
at z53.5 Å. Since the energy along the reaction path
shown from a height of 3.5 Å, all curves have slightly neg
tive values ats50. The shallow energy minimum at a dis
tance of 3 Å might well be a deficiency of the present gr
dient corrected functionals, but it has no significant influen
on the final results~e.g., the sticking coefficient!.

I first concentrate on the Ni~100! surface~middle panel of
Fig. 3!. As can be seen, the most favorable approach is w
the center of mass over the top site~full lines, b-t-b and
h-t-h!. At s51.2 Å, a slight shoulder is visible in Fig. 3
causing an approach of the 0 eV isolines atz52.4 Å in Fig.
2 ~b-t-b!. The energy then decreases along the reaction

FIG. 3. Potential energy along the reaction paths for H2 on
Ni~110!, ~100!, and~111!. The molecules start at a height of 3.5 Å
corresponding to the leftmost point of the diagrams. The energ
shown for an approach over top sites~full lines!, bridge sites
~dashed lines!, and hollow sites~dotted lines!. For the~110! surface,
the dotted line corresponds to an approach over the long bridge~lb!
site ~see text for nomenclature!.
.
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reaching a local minimum at a bond length of 0.9 Å appro
mately 1.5 Å above the surface. After surmounting a bar
of 60 meV, dissociation into the two bridge sites occurs. F
dissociation in the h-t-h orientation, the elbow plot~not
shown! and the potential energy along the reaction path
very similar as for b-t-b, but the final energy gain is larg
since the atoms end up in the more favorable hollow site

Dissociation over the bridge site is accompanied by lar
barriers~0.15 eV!. This is clearly visible in the elbow plots
~h-b-h and t-b-t in Fig. 2! and in Fig. 3~dashed lines!. In this
case, the molecule can dissociate only if the atoms are
ented toward the hollow sites, since adsorption of atomic
in the atop position is highly unfavorable~compare Ref. 26!.
A similar behavior is also found if the center of mass is ov
the hollow site, but the barrier for dissociation increases e
to 0.35 eV~dotted lines, Fig. 3!. Finally, no dissociation is
observed if the axis of the molecule is parallel to the surfa
normal~upright approach!, since after a slight decrease of th
energy at distances of 3.0 Å, the energy essentially incre
along the reaction path~Fig. 2, b-up!. This increase is steep
est for the atop approach and smallest if the molecule is o
the hollow sites.

The other two low-index surfaces show in many respe
a similar behavior so that the discussion is limited to t
energy along the reaction path. For this purpose the res
for three important pathways—b-t-b, h-b-h, and b-h-b—a
compiled in Fig. 4, now comparing the same pathway
different surfaces in one panel~the results for Pd will be
discussed in Sec. IV!. For the ~111! surface, the approach
over the top site is again most favorable, but the barriers
slightly larger than on the~100! surface~see panel b-t-b, Fig
4!. The same is true for an approach over the bridge
~panel h-b-h, Fig. 4!, whereas for the hollow sites the barrie
have decreased slightly~panel b-h-b, Fig. 4!. For the~110!
surface, the opposite trend is visible. Now, over the top a
the short bridge sites the energy has decreased compar
the ~100! surface, whereas over the long bridge and holl
sites a significant increase of the barriers is found. Disso
tion over the top site remains the most favorable path~sb-t-
sb!, but the barrier over the short bridge site is now also v
small ~h-sb-h, Fig. 3!. Figure 3 also shows that the energ
along the reaction path is now strongly orientation depend
with significant differences for molecules parallel to th
@001# and@11̄0# direction. The observed trends and, in pa
ticular, the height of the barrier along the reaction path w
be discussed in more detail in Sec. IV.

B. The effective H-H interaction potential

It is instructive to have a closer look at the effective i
teraction potential defined in Eq.~5!. For this purpose the
potentialGi j (z,d) for the b-t-b Ni~100! case is shown in Fig.
5. For large distances from the surface (.3 Å!, the variation
with the bond lengthd is essentially identical to the bindin
curve of H2 ~the corresponding isolines are outside the ran
of values shown in Fig. 5!. The energy has a minimum
aroundd50.75 Å at a binding energy of26.8 eV ~with
respect to non-spin-polarized H atoms!. When the molecule
approaches the surface the individual H atoms start to in
act with the surface, each gaining about 3.5–4 eV, and at
same time the effective potential between hydrogen ato

is
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becomes repulsive~remember, positive values in the pote
tial correspond to repulsion!. At d50.75 Å andz51.0 Å, a
repulsive energy of some 1 eV is found. If, on the oth
hand, the H-H distance becomes larger than 1.0–1.5 Å
potential becomes effectively zero in the vicinity of the su
face, since the two H atoms no longer interact.

The effective interaction potential is very similar for oth
sites, so that it is more instructive to look at the differen
potentialDG5G2Gb-t-b. For h-b-h and b-h-b, the effectiv
potential is slightly more attractive~negative! at a height of
2.0 Å and a bond length of 0.75 Å. This relates to the f

FIG. 4. Potential energy along the reaction paths for selected
path ways for H2 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~110!
surface b corresponds to the short bridge site~see text for nomen-
clature!.

FIG. 5. The effective H-H interaction potentialG in the vicinity
of the surface for b-t-b, and the difference potentialsDG5G
2Gb-t-b for h-b-h and b-h-b@Ni ~100!#. Contour lines are drawn a
the same energies as in Fig 2.
r
e

-

e

t

that the interaction with the surface starts later for dissoc
tion over the bridge and hollow sites, so that the H-H rep
sion over these sites develops more slowly than over the
site. On the other hand, close to the surface, the H-H in
action is now more repulsive~positive!. This can be ex-
plained by recalling, that adsorbed H atoms carry a nega
charge density, which is partially screened by the Ni surfa
atoms~compare Ref. 26!. For dissociation over the top site,
Ni surface atom is located between the two dissociated
atoms, which leads to a reduction of the barriers. For dis
ciation over the bridge and hollow sites, screening is mu
less effective, leading to a longer ranged H-H repulsion a
dissociation.

C. Interpolation of the potential energy surface

The previous section demonstrates that the effective
tential is indeed only weakly site dependent, and that the
dependency can be understood on simple grounds. With
in mind, one can be confident that it is sufficient to para
eterize the effective potential at the hollow and top si
only, since these two points represent opposite extremes
the ~110! surface and the~100! surface, the effective poten
tial was also calculated at the bridge site, which should f
ther improve the quality of the parametrization. In th
present work, for the~111! surface only the top and bridg
sites were used in the interpolation.

To test the accuracy of the interpolation procedure in
tail two results are shown. In Fig. 6, the elbow plot for
molecule that is tilted by 60° with respect to the surfa
normal is presented~h-b-h orientation!. The left and right
panels show the first-principles results~not used in the
course of the parametrization! and the results of the interpo
lation procedure, respectively. Clearly a very good agr
ment is found, and inspection of the energy along the re
tion path shows a maximum error of 20 meV. Similar te
were performed for other high-symmetry sites, and in
inspected cases the interpolation error with respect tou re-
mains smaller than 20 meV. With respect to the variablef
the accuracy is usually even better, since thef dependence
is negligible on the~111! and ~100! surfaces. One can con
clude that the interpolation procedure gives an accuracy
about 20 meV with respect to the angular interpolation.

FIG. 6. Comparison of the calculated and interpolated poten
energy surfaces for a H2 molecule over the bridge site of th
Ni~100! surface tilted by 60° with respect to the surface norm
Contour lines are drawn at the same energies as in Fig 2.
energy increases along the reaction path, and a shallow local m
mum atz50.8 Å, d51.2 Å, andE'0.1 eV is found.
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The inaccuracies are slightly larger for spatial interpo
tion in thex andy directions. In Fig. 7, the interpolated b-h-
path on the~111! surface is compared to first-principles ca
culations ~again not included in the parametrization!. The
error in the interpolated potential is 30 meV up to the barr
and increases to 60 meV after the barrier. The error after
barrier is related to the fact that the electrostatic repuls
between H atoms is underestimated if the center of mas
over the hollow site, since for the~111! surface this approach
has not been included in the course of the interpolation.
cause the hollow site exhibits relatively large barriers, dis
ciation over this site is unlikely anyway so that one c
probably neglect these inaccuracies.

More generally, the errors seem to be acceptable, in
ticular if one considers that the current calculations have
absolute accuracy between 10 meV@~111! and ~100! sur-
faces# and 40 meV@~110! surface#. Further tests at low-
symmetry sites will be presented elsewhere, and confirm
the accuracy of the angular and spatial interpolation is 20
50 meV. Since the errors are in addition generally very sm
in the entrance channel and become large only at a b
length where dissociation has already occurred, the stick
coefficient should not be affected significantly by these in
curacies.

D. Sticking coefficients

The final sticking coefficients for the three low index su
faces are summarized in Fig. 8. The calculations were
formed classically on the parametrized 6D potential ene
surfaces, and 40 000 trajectories were simulated for e
beam energy and surface~see Sec. II F for more details!. The
most important result is that the sticking coefficient shows
activated behavior for the~111! surface and a nonactivate
behavior for the~110! surface. This is in accord with th
potential energy along the reaction path for the top site@see
Fig. 4~b!#, where no barrier for dissociation was found on t
~110! surface and a notable barrier for the~111! surface.
Inspection of the trajectories for the~110! surface shows tha
at low kinetic energies all molecules are steered toward
top site and dissociate from there into the short bridge si
In the simulations, the residence time at the top site is o
several picoseconds since the molecules have to reorien
fore dissociation can occur. The mechanism that decre

FIG. 7. Comparison of the interpolated and calculated poten
energy surfaces for a flat H2 molecule over the threefold hollow sit
of the Ni ~111! surface~b-h-b!. Contour lines are drawn at the sam
energies as in Fig 2. A barrier of about 0.25 eV is found along
entrance channel.
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the sticking coefficient with increasing beam energy wo
exactly along the lines discussed in previous work:4,5 with
increasing energy the molecules do not have sufficient t
to reorient or move toward the favorable top site, so that th
are reflected by the surface. The increase of the sticking
efficient at around 0.25 eV is related to the fact that n
dissociation sites become available at this energy. These
first the short bridge sites, and later the long bridge sites.
the investigated beam energies, dissociation over the ho
site remains very unlikely.

On the other hand, on the~111! surface the initial sticking
coefficient is zero, since a finite barrier is found along
pathways. In addition, steering effects are generally sm
because the PES is only weakly corrugated. The increas
the sticking coefficient is related to the fact that more si
become available with increasing beam energy. In particu
the barriers over the bridge and hollow sites can be overco
at an energy of around 0.2–0.25 eV, causing a weak shou
in the curve.

For the ~100! surface, essentially no barrier in the e
trance channel is observed. The initial sticking coefficien
finite but small and rises steeply with increasing beam
ergy. On this surface, steering is found to be fairly importa
at low beam energies~0.1 eV!. Most molecules are directe
toward the top site and the atoms dissociate from there
hollow and bridge sites. This effect increases the stick
coefficient significantly over that on the less corrugat
~111! surface. At around 0.15 eV, the sticking coefficie
levels off, since steering becomes less effective, but it st
to increase again at around 0.25–0.3 eV, since then all s
become available for dissociation. The high sticking coe

al

e

FIG. 8. ~a! Experimental and~b! simulated sticking coefficients
for H2 on Ni~111! ~triangles!, ~100! ~circles!, and ~110! ~squares!.
Experimental data are from Ref. 7.
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cient on the~100! surface is therefore related to a combin
tion of steering at low energies and direct activated disso
tion at high beam energies.

Coming now to the comparison with experiment, o
notes that from a qualitative point of view, the simulatio
are in satisfactory agreement with the available data.
simulations show the experimentally observed activated
havior for the~111! surface and a nonactivated sticking o
the ~110! surface. The~100! surface lies—also in agreeme
with experiment—between these two extremes, although
detailed shape of the curve differs from that found in expe
ment. In addition, the quantitative agreement between
periment and theory is not satisfactory for any of the th
surfaces: for the~111! and ~110! surfaces, the simulate
sticking coefficient is about twice as large as in the exp
ment, and the factor seems to become even larger for
~100! surface. The discrepancy between theory and exp
ment for the~100! surface should not be overinterprete
since the Ni~100! surface might have been contaminated
CO.34 Therefore at present the significant overestimation
the sticking coefficient for the other two surfaces seems
require explanation. One point, which has to be kept in mi
is that classical simulations often tend to overestimate
sticking coefficient,14,15 in particular, if zero point vibrations
are not correctly accounted for. It seems likely that some
the discrepancies could be removed by a full QM treatm
of the H2 molecule. I will come back to this point in Sec. V

IV. DISCUSSION

Certainly, the most apparent result of the present wor
the variation of the dissociation barriers with the surface.
first limit our discussion to Ni, and will comment on the P
surface only in the last paragraph of this section.

Over the top site and for a distance of 2.2 Å from t
surface, the H2 molecule is about 70 meV more stable on t
~110! surface than on the~111! surface. The energy differ
ence increases to 150 meV for smaller distances~compare
Fig. 4!, but changes sign at very small distances. One m
stress here that surface magnetism doesnot change these
results significantly, which was established by repeating
b-t-b calculations for an artificial nonmagnetic Ni surfac
for the first part of the reaction pathways, the energies
main essentially unchanged, and, in particular, the barrie
the ~111! surface is not reduced. The decrease of the dis
ciation barriers from the close packed to the more open
face is also observed for otherd metals, for instance, Cu
~111! and Cu~110!.35 But, interestingly in our case, the de
crease of the dissociation barrier over the top site is acc
panied by a significant increase of the barriers over the
low and lb sites. In other words, the~111! surface exhibits
only a fairly small corrugation, whereas the corrugation
large on the~110! surface. To explain this behavior, I wi
partly rely on a model developed in Ref. 35, but as will
discussed below the effect of thes electrons seems to b
more important than assumed so far in the literature.16,17This
section will also compare the current results with those
H2 on Pd.1,2,31,36–38To make this comparison less depende
on technical parameters, the PES’s of H2 on all three Pd
surfaces were recalculated with essentially the same setu
for Ni.
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To discuss the dissociation of H2 on a transition metal
surface, one has to keep in mind that the electrostatic po
tial and the surfaces andd electrons play an important rol
~see Refs. 16, 17, and 35!. Let me first concentrate on th
surfaces electrons and the electrostatic potential. When
hydrogen molecule is brought to the surface, the hydro
electrons gain energy because they experience the su
potential~the H2 s level moves to lower energies!. This is
counterbalanced by the electrostatic repulsion exerted on
H core and the repulsion caused by the overlap of Hs
electrons and Ni surfaces electrons~Pauli repulsion!. The
net interaction is usually repulsive, since the electrostatic
fects balance each other and only the Pauli repulsion
vives.

The second contribution stems from the interaction of
Ni d electrons with the H2 molecule. In the usual picture
charge is donated from the H2 s orbital to the surfaced
states, accompanied by a back-donation from the surfacd
states to the H2 s* orbital.16,17The net effect is a weakenin
of the H-H bond and a strengthening of the H-substrate bo
Over the top site the Nid3z22r 2, dxz , anddyz orbitals inter-
act with the H2 molecule. The almost fully occupiedd3z22r 2

orbital hybridizes with the occupied H2 s orbital, moves to
higher energies, and loses a very small amount of cha
For Ni, the effect on the energy is small and probably rep
sive ~Pauli repulsion!, since two initially occupied states in
teract and remain both almost occupied. The major bond
contribution over the top site derives from thedxz and dyz
orbitals. These orbitals extend into the vacuum and are a
symmetric with respect to the H2 molecule. They experience
only the electrostatic potential of the H cores but no Pa
repulsion, since the occupied H2 s state is orthogonal to
them. Although at large distances from the surface the in
action has mainly an electrostatic origin, the covalent con
bution cannot be neglected at smaller distances, when b
breaking occurs.39,31As a result of the interaction, the cente
of the almost filleddxz anddyz states shift to lower energie
and the unoccupied H2 s* orbital moves to higher energies
yielding a net energy gain. Such an antisymmetric contri
tion of d orbitals is predominantly available above the t
site. Over the bridge or hollow sites,d states that are anti
symmetric with respect to the H2 molecule exist only in
small parts of the Brillouin zone. This explains why the a
proach over top is most favorable. Together w
Smoluchowski40 smoothing we can now also understa
why dissociation over the troughs is particularly unfavora
on the~110! surface. Since Smoluchowski smoothing lea
to an accumulation ofs electrons in the troughs, the H2
dimer experiences a strong Pauli repulsion when it
proaches the surface over the hl or lb sites. Together with
absence of antisymmetricd orbitals, a strong repulsion be
tween the H2 dimer and the surface is found.

The picture is corroborated by the local density of sta
~DOS! shown in Fig. 9. The H2 s orbital is located about
27 eV below the Fermi level~full line!. For Ni, thes andp
DOS on the surface atom~dotted line! overlaps energetically
with the H2 s orbital. The surfaced electrons are found at a
energy of25 to 1 eV~dashed line!. As indicated in Fig. 10,
the position of the unperturbeds state with respect to the
Fermi level is given approximately byes2f, wheref is the
work function. Since the work function is larger for the clo
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packed surface than for the open surface, thes state is lo-
cated at lower energies on the~110! than on the~111! surface
(f (111)55.07 eV;f (110)54.55 eV; compare Ref. 26!. This
has several effects, all reducing the barriers on the~110!
surface compared to the~111! surface. First, the interactio
between the H2 s orbital and the surfaces electrons is larger
on the ~111! surface, increasing the Pauli repulsion. As
result thes state is much broader on the~111! surface than
on the~110! surface~cf. Fig. 9!. In a similar way, the Paul
repulsion between thes orbital and thed3z22r 2 state is re-
duced on the~110! surface. Finally, the bonding between th
dzx anddzy states and the H2 s* orbital is enhanced on th
~110! surface, since thed band is narrower, and closer to th
H2 s* level.

The picture presented here should be relevant for hyd
gen dissociation on most transition metals, and it is inter
ing to compare Ni with Pd. Since Pd has a 40% larger v
ume than Ni, thes bandwidth is significantly reduced in P
~compare Fig. 9!. The reduceds density should reduce th
Pauli repulsion between surfaces electrons and the H2 s
orbital. Figure 9 indeed shows that thes andp DOS ~dotted
line! is significantly reduced at the position of thes orbital
~–7 eV, below the Fermi level!. Since thed electrons—on

FIG. 9. Local density of states~l-DOS! at the H2 molecule~full
line! and at the transition metal~TM! surface atom for the~111! and
~110! surfaces (H2-surface distance 2.2 Å, b-t-b orientation!. The
TM s and p DOS’s are shown as dotted and the TMd states as
dashed lines. The dash-dotted line indicates the change in the
of the surface atom compared to the clean surface~summed over up
and down!.
o-
t-
l-

the other hand—extend further into the vacuum, the inter
tion between thed electrons and the H2 molecule is en-
hanced. Both effects combine and lead at large distances
stronger bonding of H2 to the substrate. The last panel in Fi
4 demonstrates that the barrier has vanished on the Pd~111!
surface, which is in agreement with the experimental obs
vation that hydrogen dissociation is nonactivated on all th
low-index Pd surfaces.7,41,42Closer inspection shows that th
energy along the reaction pathways changes by the s
amount onall three surfaces: at a distance of 2.2 Å, the H2
molecule is about 100 meV more stable on Pd than on
This, of course, causes the barrier to disappear on the~111!
surface, but the change is not caused by any feature pec
to the ~111! surface. I conclude that the reduction of thes
bandwidth ands density, which is caused by the increas
atomic volume of Pd, is responsible for the vanishing of t
H2 dissociation barriers on Pd.

V. CONCLUSION

The important methodological development of the pres
work is the introduction of an interpolation scheme for t
6D PES of H2. Like many previous schemes it relies on th
evaluation of 2D sections of the full PES. But to interpola
between these sections, an intermediate effective H-H in
action potential in the vicinity of the surface is introduce
This potential is obtained by subtracting the potential of t
individual H atoms from the calculated 2D H2 PES. The
effective potential is only weakly site and orientation depe
dent and can be Fourier interpolated accurately betw
high-symmetry sites. The interpolation predicts the corr
molecular orientation above low-symmetry sites, which is
significant advantage over previous simpler schemes,5,31 but

S

FIG. 10. Schematic DOS for H2 on Ni. Thed states are shown
as gray rectangles@dark gray,~111! surface, light gray,~110! sur-
face#, the position of the Fermi level with respect to the vacuu
level is indicated by lines, and the surfaces states are indicated by
a parabola@full lines, ~111! surface, dashed lines,~110! surface#.
The positions of thes ands* state are shown as thick black line
The s orbital is located 10.3 eV below the vacuum level, and t
local density approximations* orbital is located approximately a
the vacuum level. The position of thes orbital with respect to the
Ni d band depends on the work function. Qualitatively similar r
sults are obtained for Pd, but for Pd thes state does not overlap
with the surfaces states.
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it does not suffer from the functional restrictions other p
rametrizations have~e.g., the LEPS parametrization!. In ad-
dition, the first-principles results at high-symmetry sites
exactly reproduced.

With this scheme, a detailed investigation of the PES a
the sticking of H2 on the three low-index Ni surfaces wa
performed. In a first step, 2D sections of the 6D PES w
calculated by first-principles calculations. It is found that d
sociation over the top site is most favorable on all th
surfaces, but the energies along the reaction pathways d
by up to 150 meV between the three surfaces. Gener
dissociation over the top site of the rougher surface is ea
than over the top site of the close packed surfaces, so tha
barrier for dissociation is found on the~110! surface and a
small barrier of about 15 meV is obtained on the~111! sur-
face. The origin of this variation can be traced back to
position of the H2 s and H2 s* orbital with respect to the
metal electrons: on the open surfaces, the work functio
smaller, shifting the H2 states to lower energies. As a resu
the Pauli repulsion between the H2 s orbital and the Nis and
d states is reduced, and the bonding interaction between
H2 s* andd states increases. A comparison between Ni a
Pd indicates that the Pauli repulsion between the mets
electrons and the H2 s orbital is much stronger on Ni than o
Pd. This observation explains why dissociation of H2 is ac-
tivated on Ni~111! and nonactivated on Pd~111!.

The decrease of the barrier over the top site on the ro
~110! surface is accompanied by a significant increase of
dissociation barriers over the troughs. In other words,
structurally roughest surface is also electronically stron
corrugated. The trends in the barriers and in the corruga
strongly affect the dissociation dynamics on the three s
faces. On the flat uncorrugated~111! surface steering is no
very important. Initially the sticking coefficient is effectivel
zero, and sticking increases with increasing beam ene
The observed increase is mainly related to the opening
dissociation channels with increasing translational ene
This agrees well with previous experimental interpretation7

On the ~100! surface, the corrugation is larger than on t
~111! surface, and in addition no barrier is found for diss
ciation over the top site. Steering now plays an import
role, in particular at low kinetic energies. At a beam ene
of 0.1 eV, most molecules are directed towards the top
where they dissociate quickly. At higher kinetic energies,
surface behaves like the flat uncorrugated~111! surface,
since with increasing beam energy more sites become a
able for dissociation. Finally, on the rough~110! surface,
dissociation occurs exclusively above the close packed
,
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rows. At low kinetic energies it is again mainly the reactio
path over the top site that is utilized, but with increasi
beam energy the short bridge site also becomes availa
Since dissociation over the troughs is very unfavorab
steering is now a dominant mechanism even at intermed
and high beam energies.

The simulated sticking curves are in qualitative agreem
with previous experiments, but unfortunately the quantitat
agreement is not so good. For a wide range of energies
sticking coefficient is overestimated by about a factor of
At present, it is unclear whether this is related to uncerta
ties of the experimental data or to inaccuracies of the pre
approach. Although it is well known that the absolute ma
nitude of the sticking coefficient is difficult to determine e
perimentally, I want to address briefly possible deficienc
and advantages of the present approach.

Since the interpolation scheme is very accurate it see
unlikely that errors are caused by an inappropriate repre
tation of the PES. On the contrary—all previous hig
dimensional QM studies~and most classical simulations! uti-
lized parametrizations that did not account for the fact t
the H2 molecules will tend to tilt over low-symmetry
sites.4,5,31 An interesting application of the interpolatio
scheme presented here is to investigate how large thes
fects are, and such calculations are currently in progress

The most likely reason for the discrepancy betwe
theory and experiment is therefore the classical treatmen
the H2 molecule. In previous work, it has been shown th
such a treatment often increases the sticking coefficient c
pared to a full QM treatment of the H2 molecule.15 Unfortu-
nately, such QM simulations would be extremely time co
suming, since the current parametrization allows for
scattering by oddm quantum numbers, which increases t
computational effort of the QM calculations by a factor of
compared to previous calculations.43 The lower symmetry of
the ~110! surface further increases the computational
mands. Despite these difficulties, I hope to come back to
point in future work.

Recently, a similar interpolation scheme was suggested
Busnengo, Salin, and Dong and applied to the dissociatio
H2/Pd~111!.44

ACKNOWLEDGMENTS

I thank A. Eichler and J. Hafner for helpful discussio
and comments. The initial stage of this work was suppor
by the Austrian Science Funds within the Joint Resea
Project on Gas-Surface Interaction, Grant No. S8106-PH
he-
1S. Wilke and M. Scheffler, Surf. Sci.329, L605 ~1995!.
2S. Wilke and M. Scheffler, Phys. Rev. B53, 4926~1996!.
3J.A. White, D.M Bird, and M.C. Payne, Phys. Rev. B53, 1667

~1996!.
4M. Kay, G.R. Darling, S. Holloway, J.A. White, and D.M. Bird

Chem. Phys. Lett.245, 311 ~1995!.
5A. Groß and M. Scheffler, Phys. Rev. Lett.77, 405 ~1996!.
6C.T. Rettner and D.J. Auerbach, Chem. Phys. Lett.253, 236

~1996!.
7K.D. Rendulic, G. Anger, and A. Winkler, Surf. Sci.208, 404
~1989!.

8C.Y. Lee and A.E. DePristo, J. Chem. Phys.85, 4161~1986!; J.
Vac. Sci. Technol. A5, 485 ~1987!; J. Chem. Phys.87, 1401
~1987!.

9A. Bourcet and G.F. Tantardini, J. Electron Spectrosc. Relat. P
nom.69, 55 ~1994!.

10H. Sellers, J. Chem. Phys.101, 5201~1994!.
11R.C. Mowrey, J. Chem. Phys.99, 7049~1993!.



n

e

tion

ci.

PRB 62 8305DISSOCIATION AND STICKING OF H2 ON THE . . .
12P. Sallfrank and W.H. Miller, J. Chem. Phys.98, 9040~1993!.
13M.S. Munn and D.C. Clary, J. Chem. Phys.105, 5258~1996!.
14M. Kay, G.R. Darling, and S. Holloway, J. Chem. Phys.108,

4614 ~1998!.
15A. Gross and M. Scheffler, Phys. Rev. B57, 2493~1998!.
16B. Hammer and J.K. Norskov, Nature~London! 376, 238 ~1995!.
17B. Hammer and J.K. Norskov, Adv. Catal.~to be published!.
18W. Kohn and L. Sham, Phys. Lett.140, A1133 ~1965!.
19R.O. Jones and O. Gunnarsson, Rev. Mod. Phys.61, 689 ~1989!.
20R. Car and M. Parrinello, Phys. Rev. Lett.55, 2471~1985!.
21M.C. Payne, M.P. Teter, D.C. Allan, T.A. Arias, and J.D. Joa

nopoulos, Rev. Mod. Phys.64, 1045~1992!.
22G. Kresse and J. Hafner, Phys. Rev. B48, 13 115~1993!.
23G. Kresse and J. Furthmu¨ller, Comput. Mater. Sci.6, 15 ~1996!;

Phys. Rev. B54, 11 169~1996!.
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