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First-principles Hartree-Fock calculations are reported for binding of a hydrogen atom at
high-symmetry sites of low-index faces of ¹ surfaces (using an Ni2p cluster as a model).
Chemisorption energies increase with ligancy of the binding site, with bond energies of 1.6,
2.8, 3.2, and 3.0 eV for onefold, twofold, threefold, and fourfold sites, respectively. A re-
verse trend is found for &, with values of 275, 170, 150, and 73 meV for ligancies of 1, 2, 3,
and 4, respectively.

Despite numerous experimental' ' and theoreti-
cal investigations, '' there is currently great un-
certainty concerning the qualitative and quantita-
tive aspects of H-atom chemisorption on transi-
tion metals. Here we report first-principles
Hartree-Fock calculations for the interaction of
atomic hydrogen with a twenty-atom Ni cluster.
This cluster possesses chemisorption sites cor-
responding to most of the important sites on the

(100), (110), (111), and (112) surfaces of this

metal.
From calculations on small clusters of Ni

atoms (up to eight) we have found the following:

(i) The lowest states have a localized 3d' con-

figuration on each Ni atom with bonding that is
dominated by delocalized 4s-like orbitals. ' '
(ii) The use of delocalized Hartree-Fock orbitals
(as in usual band calculations) leads to large er-
rors in describing the d orbitals with an overem-
phasis of 3d-4s mixing. ' Allowing these orbitals
to be localized, we find lower total energies and
reduced mixing of 4s and 3d orbitals, permitting
a factorization of the electronic states into a set
of conduction-band (delocalized 4s) orbitals and

the localized 3d orbitals consisting of five orbit-
als and nine electrons for each Ni atoms. In ad-
dition, we have found that the role of the 3d or-
bitals in determining the shape of the conduction-
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band orbitals can be accurately represented by
an effective potential obtained from fitting to a
spherical average of the orbitals of the free atom
(the 4s'3d' state). This is equivalent to including
the average 3d' configuration explicitly in the cal-
culation but without allowing readjustment of the
3d orbitals. Use of the average 3d' potential re-
duces Ni„ to an n-electron problem for the delo-
calized conduction-band states, allowing enor-
mous computational simplification. Although

many-body effects are quite important in descrip-
ing the states involving 3d orbitals, "for clusters
larger than -12 atoms the Hartree-Fock descrip-
tion of the s-band orbitals is quite accurate. For
example, we find that inclusion of electron corre-
lation and relaxation effects in larger clusters is
of only minor importance (0.1 to 0.2 eV) in de-
scribing ionization processes, in marked con-
trast to more "molecular" systems. From stud-
ies of the conduction bands of clusters as large
as 87 atoms, we have concluded' that the small-
est cluster adequate for use in treating chemi-
sorption in this manner is a twenty-atom cluster
containing all twelve nearest neighbors to two
adjacent Ni atoms (arranged with the experimen-
tal geometry of face-centered cubic Ni). '~" This
cluster includes most chemisorption sites of im-
portance on low-index faces, allowing reliable
comparisons of bond energies and band effects
between these various sites.

Although use of the 3d' averaged potential was
adequate for description of the conduction band,
this need not imply that this potential would also
be adequate for describing the bond of an H atom
to the Ni. In order to test the use of d' averaged
potential for Ni-H bonds, we examined Ni»H with
H at a twofold site (later called site A). In one
calculation, referred to as Ni„Ni4H, all ten va-
lence electrons were allowed full variational free-
dom" for the four Ni atoms closest to the H (a
tetrahedron of Ni atoms consisting of the two sur-

face Ni bonding to the H and the two center atoms
of the cluster), and the d' averaged potential was
used on the remaining sixteen Ni atoms. In the
second calculation, referred to as Ni„H, the d'
averaged potential w'as used for all twenty Ni

atoms. As summarized in Table I, these calcu-
lations yield very similar results. Once again,
the 3d orbitals remain localized and do not partic-
ipate significantly in the NiH bond. Thus the us&

of the d' averaged potential is adequate for de-
scribing the bonding of the II to Ni clusters. Us-
ing the d' averaged potential, we have calculated
geometric and bonding parameters for various
chemisorption sites with the results in Table II.
Values not in parentheses are believed to most
closely represent parameters expected on the in-
finite surface (vide infra). Trends to note are
the following:

(i) Bond energies tend to increase with the lig-
ancy of the H atom (number of nearest neighbors
to the hydrogen) with D, = 1.6, 2.8, 3.2, and 3.0
eV for ligancies of 1, 2, 3, and 4. The best ex-
perimental numbers suggest' that D, = 2.74 eV
for the (100) and (111)surfaces, indicating that
our bond energies may be high by 0.3 to 0.5 eV.

(ii) The Ni-H bond distance increases monoton-
ically with ligancy of the H atom with A, (Ni-H)
=1.50, 1.59, 1.63, and 1.78A for ligancies of 1,
2, 3, and 4. In comparison, for diatomic NiH
the bond length is 1.4V A."

(iii) The vibrational frequency of the H atom
relative to the surfaces changes markedly with
H ligancy, with &,= 275, 170, 150, and 73 meV
for ligancies of 1, 2, 3, and 4, respectively. By
comparison, ru. =237 meV for diatomic NiH. "

To provide further characterization of the bond-

ing, we also considered the modifications of the
band spectrum resulting from chemisorption of
an H atom at different sites. Spectra for repre-
sentative sites are shown in Fig. 1, illustrating
the following general trends:

TABLE I. 3d orbital effects in bonding H to Ni, o.

Description of
cluster atoms

All ten d~

valence averaged
electrons potential

Bond energy
(ev) (kcal)

Vibrational
frequency

(cm ') (meV)

Bond distance
a (NiH)

(A) (A)

16
20

2.86
2.73

66
63

1507
1428

187
177

1.03
0.99

1.61
1.59

'3d orbitals allowed to readjust self-consistently.
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TABLE II. Bond parameters for H binding sites.

Description
Site Surface Ligancy of H'

Bond Vibrational Chemisorption
length R ~ frequency Energy

(~& (mev) (eV)

C
A
6

II
I
D
J

(001&
(zoo&

(zi2&
(001&
(001&
&bio&

(Xi2&
(111&
(iu&
(ool&

1(7)
1(5)
1(7)
2(7)
2(5)
2(6)
2(5)

3(6, 7)
3(5'. 5)
4(7 5)

1.50
1.49
1.49
0.99
0.99
0.93
0.96
0.78
0.79
0.30

283
280

(231)
177

(173)
(161)
176
155

(131)
73

1.56
1.43

(1.00)
2.73

(2.17)
(1.56)
2.34
3.21

(2.i2)
3.04

In parentheses is the number of nearest neighbors for the Ni atom(s)
at the binding site. Where nonequivalent surface atoms are present, val-
ues are given for each type.

Optimum distance from H to the plane representing the surface.

(i) For each chemisorption site, one of the
cluster orbitals originally occupied in Nl2p is de-
stabilized above the Fermi energy (i.e., unoccu-
pied). Analysis of orbital shape shows this orbit-
al to be the highest Nl2p orbital having significant
density at the bonding site.

(ii) The group of sites used in Fig. 1 represents
a series of adjacent sites on the surface of the
Ni„cluster. Thus moving from Fig. 1(b) to 1(f)
represents a traversal around the surface of the
cluster. By taking the overlap of the Ni2pH orbit-
als with t e Ni„orbitals [Fig. 1(a) or 1(g)], it
was found that the band orbita1s at diff erent sites
correlate quite well (in the figure, orbitals of
similar character are connected by dashed lines).

(iii) A new H-like level appears at 3 to 10 eV
below the Fermi level and is denoted as "H" in

Fig. 1. In all cases, this level interacts most
strongly with one of two Ni» levels near 13.6 eV
absolute ionization potential (the value for a free
H atom).

(iv) Levels excluded by symmetry from direct
interaction with the H atomare shown as dashed
levels. Of the levels allowed to interact by sym-
metry, certain ones interact strongly and are
marked with thick lines in the figure. Comparing
these levels with the free cluster levels from
which they originate shows them to be pushed
away in energy from the new "H-binding" level.

(v) The occupied band orbitals of Ni»H are lin-
ear combinations of the original Ni» occupied or-
bitals, with less than 1% incorporation of empty
Ni„band orbitals in almost all cases.

These results suggest the following qualitative
model for the hydrogen chemisorptive bond. An

electron is removed from a high-lying Ni2p orbit-
al directed towards the H atom, allowing the H

atom to adsorb effectively as an H species (i.e.,
with a small negative charge on the H). The or-
bital energies of the antisymmetric orbitals are
insensitive to this change, indicating that the re-
adjustments in electron density are too small to
affect orbitals not directly involved in the bond.

The variation in heats of adsorption noted in
Table II may be addressed using the results of
Fig. 1. Two sites, D and E in Table II, show

binding energies that are significantly lower than
the other values at similar sites. In Fig. 1 we

see that for sites D and E it is the third-highest
Ni» level that is ionized [Figs. 1(e)-1(f)], while
for the remaining sites in the figure it is the
highest Ni2p orbital that is removed. The energy
difference between these two orbitals is -0.8 eV,
the same magnitude as the discrepancy in the
binding energies for sites D and F..- Binding at
all other sites considered leads to ejection of the
electron from the highest Ni» orbital, resulting
in internally consistent binding energies. Thus
we conclude that in using clusters to obtain chem-
isorption energies, it is essential that the cluster
be such that the ground-state wave function of
the cluster possesses a conduction-band orbital
near the Fermi energy with large amplitude at
the chemisorption site. If, in solving for the
ground state of the Ni„H complex, it is found that
the ejected electron is from a deeper orbital,
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FIG. 1. Spectrum of states for Ni2p and ¹20Hclus-
ters. Levels connected by light dashed lines are of
similar orbital character. Heavy lines indicate levels
interacting significantly with the H atom. The H on a
level indicates the orbital with maximum H character.

Dashed levels are for orbitals unable to interact with
the H atom by symmetry. Asterisks indicate singly oc-
cupied orbital levels. The d levels are spatially local-
ized and have been replaced by an effective potential. .

The position of the Fermi level is approximate and is
used primarily to distingpxish between occupied and un-
occupied levels.

then we expect the bond energy to be low.
In Table II we note that the bonding of an H di-

rectly on a single Ni is quite unfavorable. From
Fig. 1 we note that the band spectra of the linear
sites also fall into a class by themselves. Both
linear sites in Fig. 1 (as well as site F, not
shown) possess an "H-level" 5 to 7 eV higher in
energy than any of the other sites. Apparently
the presence of an Ni atom directly beneath the H

atom produces a more "covalent" bond than is
observed for the other sites, indicating that the
cluster density at this site is not as polarizable.

The results obtained'here compare favorably
with the few experimental values currently avail-
able. Work function values are calculated to in-
crease upon chemisorption of H to all Ni sites,

in agreement with available data. ' Heats of ad-
sorption on the two highest-density faces are
predicted to be quite similar li.e., M(threefold)
~ AH(fourfold)], also in agreement with experi-
mental results. '"

Photoemission studies for H on Ni(111) lead to
a single level at 5.9 eV below 8 F, with a width
of 3 eV. ' Very recent angle-resolved studies
also indicate the presence of an sp surface state
0.25 eV below F.„on Ni(111) that is strongly
attenuated on adsorption of H." Qur calculations
predict the presence of this surface state and
suggest the source of the attenuation (i.e. , de-
stabilization of the high-lying levels). In addition,
a single broad level would be expected from our
results at about 7-9 eV below E F. We find that
the width and position of this level are sensitive
to p~, but are nearly independent of site ligancy.
The single exception is the unfavorable linear
site.

The most sensitive experimental probe for de-
termining the binding site is high-resolution en-
ergy-loss spectroscopy, ' but results are present-
ly available only for the (100) plane of Ni. ' The
observed value of 75 meV is in excellent agree-
ment with the value (73 meV) we predict for four-
fold binding on Ni(100).
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The electronic properties of H chemisorbed on the Pd(ill) surface are studied using a self-
consistent pseudopotential mixed-basis method. The H atoms are predicted to prefer a three-
fold hollow over the top site. Strong bondizg between hydrogen and the substrate results in
(a) dramatic changes in the surface electronic structure and (b) the formation of bonding and

antibonding adsorbate states. The combined effects of both accurately reproduce and explain
the salient features of recent photoemission measurements.

The interaction of hydrogen with group-VIII
transition-metal surfaces (Ni, Pd, Pt, .. .) is
fundamental to the understanding of a number of
physically interesting and technologically impor-
tant processes. These include the dissociative
chemisorption and reactivity of hydrogen ob the
surfaces of these metals and the solubility of
atomic hydrogen (hydrogen-storage technology)
in these metals. Our knowledge of H chemisorp-
tion on transition-metal surfaces is, however,
quite limited. Previous theoretical (jellium-H,
parametric tight-binding, and cluster) studies'

, have provided a partial picture but none of them
is capable of properly describing all the known

aspects of the problem. For example, a full un-

derstanding of the H-induced structures found in
recent photoemission measurements and the an-
swer to the simple, yet crucial, question of the
adsorption site have been lacking.

In this Letter the results of a realistic, fully
self-consistent calculation describing H chemi-
sorption on a transition-metal surface are pre-

sented. The system observed experimentally is
an ordered (1x 1) monolayer of atomic hydrogen
on the Pd(111) surface. ' Since the adsorption
site is unknown, calculations were performed for
the three different high-symmetry structural
geometries. Unlike previous theoretical approach-
es, ' the full effects of the underlying band struc-
ture and of the various interactions (Pd-Pd, H-

Pd, and H-H) at the surface are treated on an

equal footing and in a self-consistent, parameter-
free fashion. ' Comparison of the calculated re-
sults with experimental spectra ' shows that the
H atoms prefer a threefold hollow over the top
site. Strong bonding between the H ls orbital
and the Pd d electrons is observed which results
in dramatic changes in the Pd surface electronic
structure. In the preferred geometry, both an
occupied H-Pd bonding surface band centered at
6.5 eV below E z (in excellent agreement with ex-
periment) and an unoccupied antibonding H-Pd
surface band are found. Moreover, with only
initial-state effects included, the theory repro-
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