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As the 3d orbitals of Ni are quite tightly bound,

Coulomb and exchange integrals involving these orbi-
tals are large (Jqq=l. 0 hartree=27 eV). Thus, it is of
utmost importance that the correct open-shell Hamil-
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use of the incorrect or approximate Hamiltonians.
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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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duces the salient features observed in recent
photoemission measurements.

The calculations employ (a) self-consistent
pseudopotential theory using the local-density
description of exchange and correlation effects,
(b) the mixed-basis (plane waves plus d-like
Gaussians) technique, ' ' and (c) the supercell
description of the surface geometry. The only
input to the calculations is (1) the atomic posi-
tions and (2) the bare ionic pseudopotentials (con-
structed from free-atom calculations) for the
Pd+ and the H+' ion cores. Both the H+' pseudo-
potential' and the Pd+" pseudopotential" have
yielded accurate self-consistent results in pre-
vious studies of other systems. For the present
unit cell, which contains seven layers of Pd with
one layer of H on each surface and a vacuum re-
gion equivalent to four atomic layers of Pd, con-
vergent energies and screening potentials are
obtained with ™300 plane waves plus 35 local or-
bitals (five for each Pd atom) in the basis set. '

The three structural models I have considered
for the adsorption sites are the following: (A) a
monolayer of H directly on top of every surface
Pd atom; (B) a monolayer of H in the b stacking
position of the abcabc. . . stacking sequence of
the fcc (111)direction if the terminating Pd layer
is in the a position; and (C) a monolayer of H in
the c stacking position. These three sites con-
stitute the most likely (high-symmetry) positions
in which the structureless H atom will adsorb
since the surface is a hexagonal-closed-packed
plane. Geometrically, the only difference be-
tween structures B and C is the position of the
second-layer Pd atoms. For all three geometries
the H-Pd interplanar distance is determined by
taking the H-Pd bond length to be the sum of the
Pd metallic radius (1.37 A) and the H covalent
radius (0.32 A).

The calculated results show that sites 8 and C
produce very similar spectra which agree with
photoemission measurements and decisively rule
out site A as the preferred site. We therefore
first discuss the case of site C. The hydrogen
adatoms induce extensive changes in the surface
energy-band structure of clean Pd(111) (Fig. 1).
The prominent hydrogen-induced features are
the appearance of the H-Pd bonding absorbate
band below the Pd d bands and of a rather dis-
persive (-4 eV) band of antibonding H-Pd states
in a gap just above EF near K in the projected
band structure (PBS). The effects of hydrogen
chemisorption on the intrinsic surface states
(resonances) of clean Pd(111) are different de-

pending on the individual states: Some disappear,
some move to lower energies, and some change
their character. The solid curves in Fig. 1 (be-
tween —4 and 0 eV) depict the position of the
modified Pd surface states.

The wave functions of the H-Pd adsorbate states
are found to be almost completely localized on
the H and the first Pd layer (which explains the
virtually identical surface band structure for
sites B and C) and are mostly d-like surround-
ing the surface Pd atoms. The strong chemisorp-
tion bonding at the surface therefore arises pre-
dominantly from the interactions between the hy-
drogen 1s and the Pd d orbitals. As an illustra-
tion, the charge distributions for the adsorbate
states at K are presented in Fig. 2. Small-clus-
ter calculations" have previously deduced the
existence of the occupied adsorbate band. But,
because of the neglect of substrate periodicity,
its exact energy, dispersion, and wave function
character could not be obtained. Moreover, the
existence and the nature of the unoccupied ad-
sorbate states are tied crucially to the PBS of
Pd. Therefore, they are difficult, if not impos-
sible, to deduce from small-cluster calculations.

Figure 3 depicts the theoretical surface density
of states (SDOS) together with the bulk DOS. The
most noticeable effects of H chemisorption are
the presence of the state-density peak at —6.5
eV and the drastic reduction of state density near
EF. The latter effect is due principally to the re-
moval of intrinsic surface states (resonances)
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FIQ. 1. Localized states (solid curves) and the PBS
(shaded areas) in the I7=(2&/a)(0, 3 3) and M=(2&/+)

( 3 ~ 3 y 3 ) directions for the H-chemisorbed Pd(111)
surface with H in the C site. Also indicated are the
surface states (dashed curves) for the clean surface.
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FIG. 2. Charge density contour plots for adsorbate
states at E at (a) —6.3 eV and (b) 4.1 eV. The charge
densities are normalized to 1 electron per unit cell and
plotted for a @10) plane cutting the (111) surface.

from this energy region (Fig. 1). It is interesting
to compare the present results to that of the PdH
alloy system. Both theoretical and experimental
data" show a similar H-induced structure in the
DOS of PdH. However, the peak is much broader
in the bulk compound and is located at —5.4 ev.
The latter indicates a weaker bonding which is
consistent with the finding that the heat of forma-
tion for PdH is only half the adsorption energy
of hydrogen on Pd(111).s Another feature of the
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self-consistent SDOS is that, unlike predictions
from simple Anderson-Newns-like calculations, "
there is no peak in the spectrum which corre-
sponds to the antibonding H-Pd states. This
again is a band-structure effect. An examina-
tion of the surface band structure (Fig 1.) shows
that the antibonding H-Pd states exist, but are
very dispersive and can only exist as bona fide
localized states in a very limited region of the
two-dimensional Brillouin zone (2DBZ).

The present results are amenable to a posteri-
ori interpretation in terms of the Anderson-
Newns model of chemisorption. The interaction
between the hydrogen and the d states of Pd is
stronger than the d bandwidth, leading to the
formation of mell-defined surface-molecular
bonding and antibonding states. The interaction
between these "molecular" states and the s-p
continuum, while strong, is smaQ compared to
the effectively infinite width of the s-p band. The
bonding and antibonding states are therefore
broadened by an amount proportional to the state
density of the portion of the s-p continuum with
which they are degenerate; the bonding states
which lie below the s-P continuum remain well
defined, while the antibonding states become
broad resonances in most part of the 2DBZ.

In comparing the calculated results to experi-
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FIG. 3. Calculated local DOS for (a) bulk Pd and
(b) Pd(111) surface with and without a monolayer of H

in the C site.

FIQ. 4. Comparison of the calculated H-induced
photoemission difference spectra with the experimental
difference curve. The experimental curve is from Fig.
2 of B,ef. 4.
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ment, the theoretical difference spectrum

~N(E) = Q,.J „"~n,.(E')f(E-E',y(E)) dE' (1)

is constructed, where hn, is the difference be-
tween the local DOS of the chemisorbed surface
and that of the clean surface for the ith layer;
f(E -E',y(Z)), a lifetime and instrument broad-
ening factor, is a Gaussian function with an en-
ergy-dependent width. tThe full width at half
maximum is given by the empirical relation"
y(Z) = 0.15)E-EF~+ 0. 2eV.] Equation (1) thus ap-
proximates the changes in the photoemission in-
tensities in angle-integrated measurements if
final-state and matrix-element effects are ne-
glected. The theoretical b.N(E) for the three
chemisorption geometries is presented in Fig. 4
together with the experimental b.N(E) from Ref. 4.
All three theoretical curves are obtained with no
adjustable parameters and are found to be not
very sensitive to small deviations in the H-Pd
interplanar distance. '~

Of the four main features in the experimental
data, the structure [labeled (d)] just below E~ is
reproduced in all three theoretical spectra. These
results confirm a previous interpretation by the
author' that the characteristic adsorbate-induced
reductions of the photoemission intensity at en-
ergies near EF are due to changes in the surface
density of states. Because these changes are
brought about by the removal (bonding away to
lower energies) of surface states and resonances,
they are not very sensitive to the nature of the
adsorbate or to its position. From Fig. 4, site
A can be immediately ruled out as the preferred
site since the prominent experimental H-induced
feature at —6.5 eV (arising from the bonding
H-Pd band) is shifted upward by ™2eV toward
F. F. The spectra for sites B and C, on the other
hand, reproduce remarkably well the experimen-
tal spectrum with regard to both the peak posi-
tions and their general shapes. The agreement
is slightly better for site C in the region of the
Pd d-band complex. However, the approxima-
tions used in evaluating b.N(E) and the uncertain-
ties in the experiment" prevent a discrimination
between the two threefold sites B and C. But,
since their surface band structures are virtually
identical, the interpretation of the experimental

features is the same for both geometries. The
origin of the remaining two features in the ex-
perimental spectrum is the following. The peak
at —3.2 eV arises mainly from the appearance
of the two surface bands in the gap in the PBS
near I'. (See Fig. 1.) Correspondingly, the val-
ley at —2.2 eV results from the removal of the
above-mentioned surface states and of the sur-
face states about K from this energy region.
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