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Chapter I

INTRODUCTION

In the last few decades an increasing amount of research
on surface and adsorption phenomena, experimental as well as theoret-
ical, has been published. The main motives for these studies can be
found in the development of semiconductor technology and in the
importance of heterogeneous catalysis for many chemical processes.
Recently, the so-called energy crisis has given a strong stimulus
to the fundamental research on surface phenomena in order to obtain
a better understanding of heterogeneous catalysis. For instance,
considerable interest exists in catalysts for the gasification or
liquefaction of coal, with simultaneous removal of sulfur and
nitrogen. The exploitation of oil shale and tar sands involves similar
problems. Also the environmental legislation in the USA has caused
an important impact on the research of catalysts suitable for

(automobile) emission control devices.

The understanding of processes which take place at solid
surfaces, has been hampered for a long time by the lack of accurate
and reproducible experimental data. The situation was much improved
by the advance of vacuum technology, which provided the possibility
of studying clean surfaces. Even more important was the development
of various photon, electron and ion spectroscopies, which are able to
elucidate the atomic and electronic structure of the surface layers
and to characterize atoms or molecules adsorbed on the surface. For
example, low-energy electron diffraction (LEED) is used to investi-
gate the crystallographic structure of surfaces. The theory of LEED
has reached the stage where it 1s possible to deduce the position

of adsorbed atoms at the surface as well as the shape of the unit cell,



By Auger electron spectroscopy (AES) the chemical composition of clean
or contaminated surfaces may be investigated. AES is often employed
to check surface cleanliness. Recently, ion scattering has been used to
analyze the surface layer and to determine the position of adsorbed
atoms. Photoelectron spectroscopy (PES) provides information about
the electronic band structure. Especially ultraviolet photoelectron
spectroscopy (UPS) is sensitive to surface properties, such as the
existence of surface states (see Chapter II) at clean surfaces. An-
other important application of UPS to surface studies lies in the
detection of chemisorption (see below) levels, Similar information can
be obtained from ion-neutralization spectroscopy (INS), which method
18 even more sensitive to the existence of chemisorption induced
""'resonance" levels. With these and many other techniques (electron
energy loss spectroscopy, field emission or field ionization, work func-
tion measurements, ellipsometry, reflectance spectroscopy, flash,
thermal or electron impact desorption) an increasing amount of data
becomes available on (adsorbate-covered) single crystal surfaces which
are structurally well-defined.

The theoretical approach to the surface problem has shown
a similar evolution. For a long time, due to the loss of three-dimen-
sional periodicity, theoretical models for surfaces had to remain
much more primitive than the solid-state models used in studying bulk
properties. The application of computational methods for molecules
was not feasible, because of the need to use rather large clusters
for describing the substrate effects appropriately. Rough concepts,
such as the percentage of d-character in transition metals, or the use
of rigid-band models, did not provide much more insight into the
reasons for catalytic activity. The last few years have also shown a
rapid increase in the number and quality of theoretical studies. The
application of both solid-state techniques and molecular methods to
the more complex surface problems has become possible by the develop-
ment of advanced electronic computers. Also the avallability of
reliable and detailed experimental information from the techniques
mentioned above, has stimulated the development of the theory. In con-

clusion, we can certainly state that, by the interaction between



theory and experiment, surface science has grown into a mature science

by now.

In discussions concerning the relevance of surface science
for a better understanding of heterogemeous catalysis, it is often
pointed out that an important gap exists between these two fields of
research: Surface scientists generally study adsorption or simple
reactions on the surfaces of clean single crystals at low temperatures
and pressures, while industrial catalysis is an enormously complex
process involving high temperatures and pressures, many simultaneous
reactions each consisting of many steps, and quite a number of im-
purities and additives, On the other hand, 1t may be argued that the
investigation of adsorption and the simplest cases of catalysis on
well-defined clean surfaces, can provide us with the necessary insight
to identify those substrate properties which are important to hetero-
geneous catalysis, also under real reaction conditioms. In this
development of concepts applicable to catalytic processes theoretical
tools are indispensable, since, in many cases, the experimental
material does not yield direct information about the surface structure,
adsorption bonding, etc., but requires the aid of some theoretical
model, Moreover, the interpretation of the experimental data is often
rather difficult so that qualitative discussions are not conclusive
but rather extensive calculations are needed. Therefore, the strong
increase in the theoretical interest in surface and adsorption
phenomena, which appears from the large number of recent papers on
these subjects (see the 1ist of references in Chapter II) seems, to a

large extent, justified,

In studying adsorption one may distinguish between physical
adsorption, which results from Van der Waals forces and shows no
transfer or "sharing" of electrons between the admolecule and the

solid, and chemical adsorption or chemisorption, which arises from the

transfer or sharing of electrons between the adsorbate and the

adsorbent. The latter type of adsorption generally causes a significant



modification in the adsorbed species, which may even result in the
breaking of some adsorbate bonds; the chemisorption bond has all
characteristics of a common chemical bond. Physical adsorption is
usually weaker than chemisorption and experimentally determined
heats of adsorption are often used to distinguish between the two
types. There are systems, however, in which this distinction is not
clear.

In this thesis we describe some linear combination of
atomic orbital (LCAO) studies on chemisorption, in particular models
for (atomic) hydrogen adsorbed on different sites of the low index
surfaces of nickel crystals. We intend to obtain a better under-
standing of the adsorption binding with transition metals by this
research.

The thesis is composed as follows. In Chapter II we review
the various theoretical techniques used to investigate surface and
chemisorption phenomena. We discuss most extensively the more recently
developed methods which are suited to study adsorption energiles,
(local) densities of states, etc., employing models for real crystals.
We show how the surface and chemisorption problem is being tackled
from two sides, by solid-state physicists and by quantumchemists. The
approximations inherent to the various approaches and their conse-
quences are discussed. Furthermére, the practical feasibility, merits
and drawbacks of the various techniques are indicated and a direct
comparison of some methods is discussed. At the end of Chapter II, we
pay attention to a few important concepts and interesting physical
phenomene, such as virtual and split-off states, indirect interactions
between adsorbed particles and dissociative chemisorption.

In surface and chemisorption theory one often employs a so-
called resolvent or Green's-function technique. In most cases simple
model crystals, for which the crystal problem can be solved analytical-
ly, are studied. We present in Chapter III a numerical procedure
developed in our group for applying the resolvent method to more com-
plicated systems. Thus, it is possible to deal with more realistic

models for transition-metal substrates, considering complete d-bands



as well as sp-bands. A few other recent (numerical) methods are also
developing along these lines. Chapter IV contains our results from
Extended Hlickel molecular orbital calculations on finite periodic
crystals and clusters., For further concise information we refer to the
summaries of the reprinted articles and the introductory remarks with
Chapter IV.

Finally, in the Appendix we give some model Hamiltonians
originating from solid-state physics and expressed in second-quantized
form, which are often employed in chemisorption theory, and we indicate

which approximations are implicit in these Hamiltonians.



Chapter 11

THEORETICAL MODELS FOR
SURFACES AND CHEMISORPTION

1. Introduction

Theoretical studies on surface phenomena began with the in-
vestigation of so-called surface states, which are one-electron states
localized close to the surface with energies lying outside the band of
the delocalized bulk states. Although the earliest model calculations
were performed in the 1930's, the interest in these results was rather
small, because there was a negligible technological motivation or
experimental confirmation. The first major technological impetus for
a more thorough investigation of surface states was provided by the
rise of transistor technology during the late 1940's, since the
presence of one-electron states in the forbidden band gaps may strongly
modify the optical and electrical properties of semiconductors. More-
over, it has been suggested that the surface states play en important
réle in chemical adsorption by allowing the formation of chemisorption
states, which are constructed from adsorbate and localized substrate
levels. However, the current view is that a chemisorptive bond and
chemisorption states may also be formed without the pre-existence of
surface states.

Since the problems regarding the occurrence of localized
states caused by impurities in the solid and by foreign atoms adsorbed
on the solid resemble each other, the development in the theoretical
research of impurity states of interest for properties of semiconduc-
tors and metals, and the study of chemisorption states important for
chemical adsorption and heterogeneous catalysis, bave run parallel. We
shall restrict ourselves in this chapter, however, to a discussion of

the theoretical research on surface and chemisorption phenomena.



One-dimensional crystals_(chains)

In the earliest investigations the conditions for the occur-
rence of surface and chemisorption states in strongly parametrized
one~dimensional semi-infinite or finite model crystals have- been
examined. Tamm [1] was the first to show that, under certain conditions,
surface states appear. He used a Kronig-Penney model potential (a
linear array of é-function repulsive potentials) which was terminated
at a free surface by a step discontinuity, and he matched the wave
function and its derivative across the discontinuity. Shockley [2]
examined the properties of a general one-dimensional periodic potential,
terminated at its potential maximum by a step. He matched the wave
functions across the discontinuity and showed that if the bulk bands
were ''crossed'", surface states appeared in the forbidden band gaps
when the surface perturbation was sufficiently small. These surface
states came to be called '"Shockley states" in contrast to the ones
found in previous studies, which appeared above or below the bulk band
(provided that the surface perturbation was sufficiently large) and
which were afterwards called "Tamm states".

Many calculations of surface states have been performed by
the tight-binding (TB) method., which was used for the first time by
Goodwin [3]. Various studies investigating the existence conditiomns
and number of surface or chemisorption states, were performed on
linear chains which represented mono-atomic and mixed crystals, with
and without an adsorbed atom. A survey of these calculations until

1970 can be found in reference [4]. Also the effect of electron

* In its original concept, this linear combination of atomic orbitals
(LCAO) procedure used an orthogonal set of orbitals with only one
orbital per atom, considering merely nearest-neighbour interactions.

In this way it is equivalent to the Hiickel method known from molec-
ular calculations. The definition has gradually evolved, however, em-
ploying more orbitals per atom and taking into account nonorthogonality

and more extensive interactions.



correlation [5,6,7] has been examined by means of chain models, as well
as adatom-adatom interaction [8,9,10] and chemisorption on supported

metals [11].

ngee-dimensional crystals

A very common procedure for studying the surface properties
of three-dimensional crystals within the LCAO formalism is known as the
Green's-function or resolvent technique [4,12]. The method was initial-
ly developed to investigate the influence of impurities and defects on
the one-electron states in periodic crystal lattices and has been
applied by Koutecky [13] to establish the existence conditions of
localized states on the (ideal) surfaces of three-dimensional crystals.
The properties of chemisorption states, due to the interaction of a
foreign atom with a crystal, have also been studied [8,14]. Koutecky
and ToméSek [15-19] examined the surface and chemisorption (for the
case of adsorption of a complete hydrogen layer) states for the low
index planes of semi-infinite diamond- and sphalerite-type crystals.
Furthermore, TomiSek [20,21] investigated the effect of electron cor-
relation in diemond-like crystals by using an alternant molecular or-
bital (AMO) approach. A survey of these semiconductor calculations,
which could be performed analytically by introducing several simplifi-
cations, such as interactions between specific hybrids only, may be
found in reference [22]. Later, Freeman [23] showed how the resolvent
method can be applied to more sophisticated models by performing
numerical calculations. Levine and Freeman [24] studied by this
technique the effect of surface recomnstruction upon the energies of
the surface states of zinc blende. Recently, TomiZek and Mikusik [25]
have obtained Shockley surface states for the (110), (010) and (111)
planes of beec iron.

A second technique which has often been used to investigate
surface states in three-dimensional crystals, was developed by Heine
[26-28]. In this method the one-electron wave functions (and their
normal derivatives) inside the crystal are matched to the solutions

of the one-electron Schrédinger equation in the vacuum outside the



surface. The surface plane is defined by an abrupt potential change be-
tween the perfectly periodic potential inside and a constant potential
outside the crystal. Since the energies of the (Shockley) surface
states lie inside the band gaps, the (real) eigenvalues of the crystal
Hamiltonian must also be determined for complex wave vector ;; these
are the so-called evanescent solutions which possess a purely imaginary

-
kl' the component of K perpendicular to the surface. For each k the

’
(unchanged) component of the wave vector parallel to the surfacglplane,
localized states exist when a match of these eigenfunctions and their
normal derivatives to the appropriate vacuum wave functions i1s possible.
The method described here has been used to study surface states on low
index planes of semiconductors [29-343, simple metals [35] and d-band
metals [36,37]. It is very difficult to investigate surface recon-
struction or chemisorption by the direct matching procedure, since this
would require an interface region in which the potential varies
gradually instead of abruptly at the surface plane.

Many other calculations on surface states have been per-
formed, using a large variety of different techniques; an excellent
review may be found in reference [4]. In all the earlier approaches
only existence conditions and energies of pure surface or chemisorption
states with wave functions localized at the surface and energies out-
side the crystal bulk bands have been calculated. However, most one-
electron states remein within the crystal bands and do not become
localized, but they are nevertheless affected by surface formation and
adsorption. As Koutecky§ [12] pointed out, these bulk or volume states
should be included in order to obtain surface or adsorption energiles

and many other important properties.

In the last few years rapid development in the direction of
more quantitative calculations on more realistic models, for example
the transition metals, have become possible by the availability of
high-speed and large-memory computers. From two sides the surface and

chemisorption problem is being attacked now: by a "solid-state"



approach and by a "molecular" approach. The first group of techniques
generally starts from solid-state band calculations on infinite
periodic crystals, which are subsequently reduced to semi-infinite
crystals with a surface at which adsorption can take place. The second
class of methods is of the molecular type. Assuming that the effects
of surface and adsorption are rather localized, one applies molecular
orbital methods to a finite cluster of atoms, possibly interacting
with one or more adsorbed atoms.

Since no encompassing review is available, we shall discuss
in the following sections the more recently developed methods which
are suitable to calculate (local) densities of states, work functionms,
and cohesion, surface and chemisorption energies. A survey of the
previous calculations can be found in references [4,9,12,22,33,39].

We shall not deal with physical adsorption and only in passing dis-
cuss ionic adsorption, where the atomic structure of the solid i1s

less important and where continuum models are often used, but we shall
chiefly pay attention to theoretical treatments of chemisorption with
mainly covalent bonding.

In the next sections, the solid-state and molecular approaches
will be discussed successively. Further, we shall concisely consider
calculations on thin films or slabs, which are infinite in two direc-

tions but consist of a limited number of layers.

2. Semi-infinite crystal models

Several '"solid-state" methods have been developed to study
the surface and adsorption effects on the electronic properties of
substrate and adsorbate. In all cases semi~infinite crystal models
are used, but the way in which the solid is actually taken into account
differs strongly. In the classical image force model, the solid is con-
sidered as a continuous polarizable medium in which image charges are
induced by adsorbed particles. This model is often used for the in-
vestigation of alkali atoms adsorbed on metals (section 2.1)., In the

"jellium" model the (continuous) solid is explicitly taken into ac-

10



count. It is represented by an inhomogeneous electron gas in a uniform
background of positive charge. The atomic structure is sometimes intro-
duced by means of some lattice pseudopotential which is dealt with
perturbationally (section 2.2). It is preferable, however, to consider
directly the effects of the pseudopotential. This may be done imn two
ways. Firstly, the wave equation can be solved directly in the
field of the pseudopotential, either by the surface-Green's-function
method (section 2,3) or by a self-consistent scattered wave method
(section 2.4). Secondly, one can employ an expansion of the wave
function into localized basis functions. Some of the most powerful
methods to deal with the surface and chemisorption problem rest on this
technique and we shall especlally pay attention to them,

In the LCAO formalism the one-electron wave functlons are ex-
panded in locelized basis orbitals, while the valence-bond (VB) method
constructs N-electron states from these localized orbitals. It is very
easy to incorporate local potential perturbations in both procedures.
For example, the LCAO method often works with the one-electron Green's
function, taking optimally advantage of the solution of the unperturbed
problem (e.g. the infinite crystal). In general, one may discern three
levels of approximation in the expansion technique: (1) The tight-
binding methods (section 2.5). These do not explicitly take into ac-
count electron repulsion or correlation. effects., (ii) The effective
one-electron Hartree-Fock type of methods (section 2.8). Allowance is

made in a self-consistent manner for electron repulsions on one or a

* It should be noted that in solid-state physics correlation is mostly
understood as any effect that originates from an explicit considera-
tion of the electron-electron repulsions. This departs from the custonm
in quantumchemistry or molecular physics, where the correlation energy
is defined as the difference between the experimental energy (corrected
for rotational, vibrational and relativistic terms) and the independent-
particle (usually Hartree-Fock) energy. We shall employ the definition

common to quantumchemists.
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few atoms only, which are directly involved in the chemisorption bond.
(1iii) Many-body approaches, based on a Heitler-London (valence-bond)
kind of scheme (section 2.7). Here, also correlation effects are taken
into account. In section 2.8 we shall compare the various expansion
techniques and discuss their respective merits. Finally, in the last
two sections attention is paid to some phenomena which play an im-
portant r8le in chemisorption studies, namely the occurrence of
virtual and split-off states and the indirect interaction between ad-

sorbed atoms.

2.1 The image force model

An approach to chemisorption, which is especially suited to
investigate the (mainly ionic) alkali atom adsorption, stems from
Gurney [40]. He pointed out that the valence level of an atom ex-
periences a natural broadening as a result of the uncertainty principle
and the finite lifetime of the atomic state, when the atom 1s allowed
to interact with a metal surface. The degree of ionization and hence
the strength of the dipole moment per adatom, is determined by the
fractional occupation of this broadened level, which in turn depends
upon the position of the state relative to the Fermi energy of the
solid.

This effect of the interaction of an alkali atom with a metal
on the originally sharp atomic ns-level, resulting in a so-called
virtuel level (see section 2.9), has been calculated by Gadzuk [41].
The interaction of the alkali atom with the metal was represented by
the classical image potential. So, the effective one-electron Hamil-
tonian contained an attractive interaction between the electron and its
image charge and a repulsive interaction with the image of the positive
ion core, besides the direct electron-ion attraction. First-order
Rayleigh-Schrédinger perturbation theory was applied to obtain the
shift of the discrete ns-level, while the natural broadening of the
level was calculated by time-dependent perturbation theory. Later,
Gadzuk et al. [42] examined the alkali level broadening and shift by

12



Anderson's model [43] which has also been used to study covalent ad-
sorption (see section 2.6). They checked for the occurrence of magnetic
effects by investigating the occupancy of and the splitting between the
virtual spin-up and spin-down levels. Although they found a nonmagnetic
solution, spin correlations did have a definite effect on the position
of the energy levels and thus on the charge of the adsorbed atom.
Gadzuk et al. assumed that the chemisorption energy consisted of two
separate parts: a covalent and an ionic component. The adatom charge
and the covalent portion of the binding energy were obtained from
Anderson's model, while the major (ionic) contribution to the adsorp-
tion bond was calculated by the image force method. Recently, Cini [44]
has shown that both the covalent and ionic energies may be found by

the solution of a single Hamiltonian of the Anderson form. The electro-
static terms are included by redefining the adatom level position and
the electron repulsion term.

Muscat and Newns [45] studied the changes in work function
with surface coverage of adsorbed alkali atoms on a (transition-)metal
substrate. They considered a single atom, taking into account the other
adatoms through their electrostatic field only. Coupling between the
ns and np, alkali valence orbitals and the eigenstates of the semi-infi-
nite metal introduced lifetime broadening and hybridization of the ad-
sorbate valence levels. The electrostatic interaction between the dif-
ferent atoms and their images pushed down the adatom orbitals as the

coverage increased, and polarized the adatom valence shell.

2.2 The jellium model

In solid-state physics the jellium model is commonly used to
study the (surface) properties of simple metals. Many of the semi-in-
finite crystal methods which are reviewed below, are chiefly concerned
with the interactions between the electrons and the ionic lattice,
rather than those among the electrons. However, the present method is
based on an electron gas type of analysis and disregards details of

the interaction between the (conduction) electrons and the lattice,

13



focusing instead on the electron-electron interaction. In this so-
called "jellium" model, introduced by Bardeen [46], the solid is re-
presented by a system of free electrons in a semi-infinite uniformly
smeared-out background of positive charge, which replaces the three-
dimensional lattice of ions and terminates abruptly at the surface.
The electronic charge distribution and the potential may then be
obtained self-consistently by epplying the theory of an inhomogeneous
electron gas, which has been introduced by Hohenberg, Kohn and Sham
[47,48] and is called the demnsity-functional formalism. The central
quantity in this theory is the electron density, whose basic réle is
established by the theorem that the properties of the system, in
particular the ground state energy, are functionals of this density
only. The theory includes exchange and correlation effects. Recently,
a review of the formalism has been given by Lang [49].

Using the jellium model and the demsity-functional formalism,
Bennett and Duke [50] and Smith [51] have performed approximately
self-consistent calculations in order to obtain electronic charge
distributions, work functions and surface potentials for several
metals. These kind of studies yield for the work function good quali-
tative agreement with experiment over a wide range of densities. The
calculated surface energy, however, is completely wrong for higher-
density metals [52]. Lang and Kohn [52,53] reintroduced in the uni-
form-background model the actual ionic structure by using perturbation
theory. They calculated the first-order contributions of the lattice
pseudopotential to the surface energy and the work function. The
results were found to be in rather good agreement with experiments
over the entire range of metallic densities.

Lang [54] used the density-functional formalism to investi-
gate changes in the work function due to the adsorption of alkali
atoms. Representing the substrate ilonic lattice by a semi-infinite
uniform positive background, he replaced the array of adsorbate ions
by an adjoining uniform positive slab. Changes in coverage were
treated as changes in the density or thickness of the adsorbate slab.

So, his model was not appropriate to treat low coverages. Recently,

14



a few calculations have been performed which deal with single atom
adsorption. The adatom was represented by an external point charge,
which disturbed the metallic surface. Ying et al. {55& investigated

H chemisorption, while Huntington et al. [56] studied the adsorption
of a Na atom. In both cases some approximations were introduced in the
density-functional formalism. A self-consistent, exact calculation for
single atom chemisorption of H, Li and O on a uniform-background sub-
strate has been carried out by Lang and Williams [57]. Gunnarsson et
al, [58] were able to compare various adsorption sites for the chemi-
sorption of H on an A1(100) surface by reintroducing the effects of
the lattice through a weak pseudopotential.

The previously discussed model for the investigation of
surface and chemisorption phenomena is a reasonable approximation for
the simple metals, i,e., those metals which are known to be free-elec-
tron like in the bulk, However, the model is not very realistic for the

properties of semiconductors or transition metals.

2.3 The surface-Green’s-function method

As we have mentioned in the introduction, ome of the
methods of calculating surface states is based on matching the wave
functions at the surface boundary. Garcia-Moliner and Rubio [59,60]
developed a new approach to the matching problem, in which the correct
boundary conditions are automatically incorporated into the formalism
and the need to perform a previous calculation of the band structure
for complex wave vectors ; is eliminated: it is sufficient to know
the band structure of the infinite crystal for real ; only. Moreover,
it is not necessary to assume an abrupt termination of a perfectly
periodic potential at a geometrical plane.

One starts with a Green's function which contains the
spectrum of the system without a surface and replaces the change in
boundary conditions, which occurs in creating a surface, by an equiv-
alent perturbation. So, the method 1is conceptually similar to the re-
solvent procedure in the LCAO techniques, where a matrix representa-

tion of the resolvent is used (e.g. section 2.5). It is easy to ob-

15



tain the surface Green's function (S5.G.F.), the restriction of the semi-
infinite erystal resolvent to the surface region, from the Green's func-
tion for the infinite medium., Knowledge of the S.G.F. makes it possible
to calculate the local density of states and the charge density at the
surface. The procedure can be applied to all systems consisting of two
media which are in contact through an interface. Moreover, it may
easily be extended to systems with two interfaces in order to study
gsurface reconstruction, thin films or layers adsorbed on a semi-infinite
crystal. The method is rather cumbersome, however, and up to now only a
few (simplified) model systems have been calculated [61-65]. Using a
simple one-dimensional model, Flores et al. [63] showed that the results
of surface state calculations are strongly sensitive to the width of the
interface which connects the disturbed periodic crystal potential to the
vacuum level. Elices et al. [64,65] applied the surface-Green's-func-
tion method to a pseudopotential calculation of the surface band structures
of (111) diamond and zinc-blende faces.

2.4 A self-consistent pseudopotential method

As we have seen, the jellium model for metal substrates does
not take into account the solid crystallinity. Hence, it is doubtful
whether it can properly describe the localized covalent chemisorption
bonding which depends on the atomic structure of the surface.
Boudreaux [66] has emphasized the importance of considering both the
influence of electron-electron exchange and correlation as well as the
effect of solid crystallinity in discussing the interaction of a
foreign atom with a plane. He gave an expression for the potential
felt by an electron near a crystal surface, but did not present a
prescription for calé¢ulating wave functions which satisfy the relgvant
boundary conditions. Appelbaum and Hamann [67] developed a procedure
for carrying out self-consistent calculations in which the three-
dimensional lattice 1s included nonperturbationally. In this method,

a plane is chosen inside the solid at some distance from the surface

such that on the inner side of this plane the solid is indistinguish-
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able from the bulk. Such a choice can always be made consistent with

the degree of over-all accuracy one desires. In the bulk solid, the
solutions are appropriate linear combinations of degenerate Bloch
funcfions. These must smoothly join solutions of the wave equation

in the region outside the plane, comnsisting of the last few atomic
layers and the vacuum. In this surface region, where the wave functions
retain periodic symmetry in the parallel direction, the Schrddinger
equation is solved by a numerical integration technique. The core elec-
trons are supposed to undergo essentially no modification. The potential
felt by a valence electron consists of a term from the positive-ion
cores and a self-consistent potential due to the other valence electronms.
The contribution of the ionic cores is approximated by a superposition
of identical local model potentials, while the valence~electron con-
tribution is calculated self-consistently using a local approximation
for the exchange potential. In order to obtain the (valence-electron)
charge density in this procedure, wave functions must be calculated
corresponding to a mesh of points in the Brillouin zonme.

By this method Appelbaum and Hamann were able to perform
self-consistent calculations, for the first time, on the surface
properties of semiconductors. They obtained the surface potential,
charge density and energy spectrum of the ideal and relaxed or recon-
structed Si(111) and (100) surfaces [68-7ﬂ . Moreover, they studied
the chemisorption of a monolayer of H on the (111) surface of Si and
calculated the bulk and local density of states [72]. To determine the
charge density they used a two- or four-point surface Brillouin zone
(SBZ) scheme.

The method is appropriate for simple metals and semiconduc-
tors, but is not directly applicable to transition metals and their
compounds [67].

2.5 Tight-binding methods

Many of the solid-state techniques which we have reviewed
in the preceding sections, are not very suitable to study the specific

properties of transition metals. Since transition metals contain, in
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addition to the conduction electrons, a set of rather localized d-elec-
trons, one usually has to resort to different techniques. Some simple
models based on the renormalized-atom approach [73] have been used to
obtain the bulk and surface densities of states. In this way Levin et
al, [74 and Fulde et al. [75,7ﬂ have investigated the magnetic prop-
erties of nickel surfaces. We shall discuss in this and the next
sections some methods which are particularly useful to study surface
and chemisorption phenomena in case of transition-metal substrates.

In the tight-binding approximation as applied in this sec-
tion, ome employs usually an orthogonal, localized atomic orbital (AO)
or Wannier function basis set. The effective one-electron Hamiltonian
H is given by means of a matrix H, defined with respect to this basis.
The matrix elements are the self-energies of the localized orbitals
and the hopping or resonance integrals B for nearest-neighbour (some-
times next-nearest-neighbour) interactions. Often, one considers only
one orbital per atom and chooses the energy of the free substrate-atom
as the energy zero. We may define a one-particle Green's function G

corresponding to the effective one-electron Hamiltonian H as follows:

G(e) = lim [(e+1s)1-ﬂ]'1 , 1)
s+0
with ¢ being the energy varisble and I the unit operator.

As we have mentioned in the introduction, the Green's-func-
tion or resolvent method may be used to obtain the existence condi-
tions and energies of localized surface and chemisorption states. It
i8 also possible to calculate by this technique the surface and chemi-
sorption energies and charge distribution without explicitly solving
for the one-electron energies and wave functions. This is due to a
direct relationship between the (local) densities of states and the
diagonal matrix elements of the Green's function. Considering only

one orbital per atom, the average density of states per atom reads:
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p(€) ) m e G

-1 > > > >
-(mN) " L Im<¢(r—Ri)[G|¢(r-Ri)> (2)
i

- Tz mmamE lelataE >

/4
n kﬁ’

where N is the total number of atoms. We have given the above expres-
sion in terms of an atomic orbital basgis {¢(¥-§1)} and of a layer

orbital basis {a(n,i )} when we have a crystal (with a surface) which

/4
is periodic in two directions (see below). The local density of states

at a particular lattice site R, is defined by:

i

-1 > > -+ >
py(e) = -1 Im<¢(r-R))|G|o(r-R))> , (3)

and the local density of states per atom for the N atoms lying in

/
plane n by:

1

> >
py(€) = =(nN T Im<a(n,kA/)|G]a(n,k » . 4)

v, ”
k

7

It is straightforward to generalize these expressions in case of more

orbitals per atom.

In the following we shall start with a discussion of the
Green's-function technique developed by Kalkstein and Soven. Many of
the calculations carried out by this method, which requires direct cal-
culation of the Green's function, have employed simplified models like
cubium. Next, we shall discuss two related approaches, appropriate for
calculations on real transition-metal systems. Both techniques, developed
respectively by Cyrot-Lackmann and coworkers (the method of moments),
and by Haydock, Heine and Kelly (the recursion method), use a continued-
fraction expansion of the Green's function, which is truncated at some

level of approximation.
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a) The Green's-function technique

We create a semi-infinite crystal by 'cleaving" a perfect
(infinite) crystal along an imaginary plane in some crystallographic
direction. In order to obtain the density of states, the Green's func-
tion for the cleaved crystal has to be calculated. Let Ho and H be the
effective one-electron Hamiltonians for the perfect and cleaved
crystals, respectively, and let Go and G be the corresponding Green's
functions. Then G is given in terms of Goand the perturbation

vV s= H-Ho by Dyson's equation [77] :

G=G°+G°VG . (5)

Two different types of terms enter into V. Since H is the Hamiltonian

of the cleaved crystal, it can have no matrix elements between local-

ized functions centred on different sides of the cleavage plane. This
statement implies that

> > > > > > > >
<o (r-RD|V[o(r-R > = ~<4(x-R) M [o(x-R >, (6)

J

if ﬁi and ﬁj are lattice sites separated by the cleavage plane. The
second contribution to the perturbation V is a consequence of the
change in the self-consistent field near the surface. If the difference
between the potentials in the cleaved and uncleaved crystals is denoted

by U, then V will have the additional matrix elements
> > > > > > -»-ﬁ
<¢(r-Ri)|V|¢(r-RJ)> = <¢(r-Ri)|U|¢(r- I N

where ﬁi and ﬁj refer to positions on the same side of the cleavage
plane.

The calculations are facilitated by the observation that the
cleaved crystal preserves lattice translational symmetry parallel to
the surface. Assuming a single (s-like) orbital on each centre, we ex-
ploit this fact by transforming the set of localized orbitals ¢(;—ﬁi)

>
into a set of layer orbitals a(n,k, ), which are two~dimensional Bloch

4

th >
functions localized near the n crystallographic plane; k is a

V4
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wave vector parallel to the cleavage plane. The conservation of the

two-dimensional translation symmetry is reflected in the relation

<a(mk,)|Glam,k),)> = & G(m,n,k ) (8)
y 7 T T 4
/A4
for the matrix elements of the Green's function in the layer orbital
representation. The simplified Dyson equation, which now corresponds
to a one-dimensional chain problem, can be solved directly for model
crystals which are not too complicated. The (local) density of states
can then be calculated according to formula (4) or, instead, one can

directly obtain the change in the density of states due to the
(surface) perturbation V by the formula [78,7@ :

1 3
= = —_—1 -G . 9
Ap (E) . Im e n det(I o V) (')
This procedure may easily be extended to investigate the change in the
density of states caused by chemisorption [ao,sﬂ .

Kalkstein and Soven [82] calculated for simple cubium
(= simple cubic lattice with one s-like orbital per atom, including
only nearest-neighbour interactions) the local density of states (LDS)
for the surface and the first two interior planes in the (100) and (111)
crystallographic direction. It appears that the surface LDS bears
little resemblance to the infinite crystal density of states, being a
somewhat more sharply peaked function as would be expected from the
moment rules (see below). As one proceeds into the crystal the LDS
begins to resemble the density of states function for the infinite
crystal., Also studying simple cubium, Allan and Lenglart [Bﬂ deter-
mined directly the change in the density of states at a (100) surface
in order to obtain the effect of the surface on the electronic specific
heat and the surface entropy. Moreover, they examined the surface pro-
erties of various cubic lattices considering single-band crystals [Bﬂ .
The perturbation potential due to the surface was calculated self-con-
sistently in order to satisfy Friedel's sum rule [Bﬂ . Einstein and

Schrieffer [7@ investigated the chemisorption of a single-level atom
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on the (100) surface of cubium for A(atop), B(bridge) and C(centred)
adsorption. (One, two and four substrate atoms are directly involved
in the chemisorption binding, respectively.) They evaluated numerically
the chemisorption energies as a function of the filling of the sub-
strate band. A significant dependence on the character of the adsorp-
tion site was found. Furthermore, they studied the appearance of virtual
and split-off levels (see section 2.9) for different values of the
hopping integral betweem the adatom and the substrate atoms. In order
to interpret photoemission spectra Einstein [80,81] examined the change
in the electronic (local) density of states due to A-adsorption on the
(100) face of cubium. He found that, moving into the bulk, Apm initial-
ly decreases fairly rapidly, but remains non-negligible for deeper
layers. In many of the above tight-binding calculations the single non-
degenerate pand was intended to represent the d-band of transition
metals.

Recently, Ho et al. [86,87] investigated the electronic
properties of the (100) face of a model two-band crystal with the
CsCl structure. They calculated directly the change in the demnsity
of states due to the creation of the surface and obtained the effect
of the surface on the specific heat and the surface entropy. Further,
they examined the effect of surface relaxation and reconstruction on
the electronic free energy. These studies on two-band crystals can be
used to understand the properties of both semiconductor and insulator
surfaces, while the one-band calculations are appropriate for metals.
Ho et al. [88] also investigated single atom chemisorption on the (100)
surface of a one-band bcc "metal". They studied the A- and C-adsorption
cases and calculated the changes in the densities of states.

Using a method similar to that proposed by Kalkstein and
Soven, Falicov and Yndurain [39,90] have performed two model calcula-
tions on the electronic properties of the (111) surface in a diamond-
structure solid, with Si as a typical example. Their first model [89]
consisted of tetrahedrally coordinated atoms with only one s-orbital
per atom. Later [96], they considered four spa-hybridized orbitals per
atom. They accounted for surface layer relaxation and examined the

electronic structure near the surface by calculating the local demnsity
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of states at different crystal layers, as well as the bulk density of
states. Both models have also been applied to a study of the (111) sur-
face of a binary compound in the zinc-blende structure, with GaAs as

a prototype [91].

Pandey and Phillips [92,93] have performed tight-binding cal-
culations of surface energy bands for the unrecomstructed, relaxed
(111) and (100) surfaces of Si and Ge, and the reconstructed (111) sur-
face of Si. As commonly, they used semi-infinite crystal models, but

they did not report their calculation procedure.

b) The method of moments

Although the direct calculation of the Green's function from
the Dyson equation (5) provides an elegant procedure to obtain the
(local) demsity of states, it is hardly possible to deal with d-band
metals in this way. Therefore, Cyrot-Lackmann et al. [94-98] developed
an approximate method to calculate the demsity of states by using a
finite expansion in its moments. For the sake of clearness we shall
restrict our description of their approach to crystals with only a
single nondegenerate s-band. This treatment may easily be extended

to d-band systems.

Let H be the Hamiltonian of an electron that interacts with
a lattice of N atoms represented by a superposition of atomic poten-
tials V(r-R,):
1 N
> >
H=T+ I V(r-R,) . (10)
i=1 1

If the eigenvalues of H are written as ¢ the density of states per

Al
atom reads:

1

=1 - =1 -
p(e) = N §(e EA) =N Tr §(e-H) . (11)

L
A
The moment of order p of p(c) is defined by:

- P -1 P
up J € p(e) de N Tr H . (12)
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The knowledge of the entire set of moments determines uniquely the den-

sity of states through the characteristic function f(x):

i
p(e) = — J e ™€ £(x) dx (13)
27
with
o
P
-1
f(x) = p &m0 (14)
p=0 P P
We assume now that each atom i has only a single s-orbital
¢i = ¢(;—Ei) with energy Eo' which satisfies
{T T-R.)) ¢(r-R,) = *R,) 15
+ V(r-R))} ¢(r-R)) = € ¢(r-R)) , (15)

and that the atomic orbitals are mutually orthogonal. The moment up

given by (12), can then be written as:

1
=< I <¢, |H|¢, > ... <4, |H]p, > . (16)
p N 1,004, 1, 4, Ly

In expression (16) only two types of integrals are retained, the

crystal field integrals o and the resonance or transfer integrals B:

H v T <4, |VEED[e>=¢ + I a@ -R) Qan
=g - = a - »
1% S 1%y ot oy T
H, = <¢,|V(*-R)|¢.> = B(R,-R 18
gy = < IVGRp o> = s A (18)

For simple cubium it is very easy to obtain exact expressions for the
various moments by a walk-counting techmnique [94]. In case of d-band
metals, however, this technique becomes rapidly more complicated for
the higher moments, so that one can calculate only a restricted number
of moments,

The shape of the density of states curve is determined by the
respective moments as follows. The first moment fixes the average shift
of the band with respect to the zero level eo, while the second moment

18 related to the width of the band. The higher order moments give in-~
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formation about the asymmetry, extension of the wings and fine struc-
ture. If all the moments are known, existence and uniqueness theorems
guarantee the existence of a positive density of states under certain
conditions [9@ . Equations (13) and (14) provide a way to actually
construct the density of states. However, the formulae are useless when
only a finite number of moments are known, With its p first moments, a
density of states curve can be approached by assuming for p(e) a func-

tion of a given form £(A Ap;e) with p parameters. These parameters

17"
are determined by equating the p moments of p(e) and those of

f(A Ap;e). To calculate physical properties such as cohesion energy,

yoo
sur:ace tension, etc., which are given by an integral over the density
of states, p(e) may adequately be approximated by a truncated Edgeworth
series, i.e., a gaussian multiplied by a polynomial [94,95,99]. Using
only the first two or four moments, Cyrot-Lackmann and Ducastelle cal-
culated in this way the electronic charge distribution of d-orbitals
[96] and the binding energies of 5d transition-metal atoms adsorbed

on the (100) and (111) planes of 5d trensition metals [100]. Allan and
Lannoo [101] investigated the relaxation of transition-metal surfaces.
In these studies only the effect of the d-band was taken into account;

the contribution of the s-band and of s-d mixing was neglected.

In order to calculate the density of states more accurately,
one needs more than four moments. Moreover, the truncated Edgeworth
gserles is not adequate to uncover details of the density of states
function, such as singularities or band gaps. For this reason, Gaspard
and Cyrot-Lackmann [98] have developed the following procedure to re-
construct the density of states from its moments, which uses a continued-
fraction expansion of the Hilbert transform of p(e'), which is equal to

the Green's function G(g):

25



a,+a, +e - . (19)

The coefficient o, is a function of the moments uo,ul,. The frac-

T .

k k-1

tion is truncated at level p and written out as a sum of single fractions:
P w
i

G(e) = I

i=

(20)
15°%

The parameters v, and ei are obtained by using the fact that approxi-
mating the Hilbert transform by a fraction with p levels is equivalent
to approximating the integrated density of states N(c) by a step func-
tion Np(e) with p steps [98]. It can be shown that the exact N(e)

crosses all the steps of the function Np(e). So, we may write

z vy < N = z wj ’ (21)
J J
< <
ej €y EJ—Fi
where the €, are the positions of the steps in Np(e) and the v, their
values, The 2p unknown quantities ei and w1 are determined by assuming

that the 2p known moments of the true p(e), uo""”Zp-l’ are equal to
those of the derivative of Np(e), leading to the following set of equa-

tions:

P Kk

I w, €, =1y , k=0,...2p-1 . (22)
1=1 171 k

Smoothing and subsequently differentiating of the step function Np(e)
fixed by the ¢
defined by

i and wi, yields p(e). The coefficients a and bn

8y = %gp-1 * gy

(23)

bn = aZn a2n+1

26



may be used to study precise detalls of the density of states, such as
singularities or gaps. If split-off states occur, there are some

isolated poles £, outside the band structure, with w, giving the weight

i
of the corresponding state.

i

Cyrot-Lackmann et al. [102] studied, by this procedure, the
local densities of states at the outer three planes of a (100) and a
(111) surface of narrow-band cubium, using 30 moments. Further, they
examined 3 adsorption sites (A-, B- and C-adsorption) on a (100) sur-
face, calculated the variation of the local densities of states on the
adatom as a function of the binding position and the hopping integral
between the adatom and its nearest surface atom(s), and gave a detailed
discussion on the occurrence of virtual bound states and split-off
states (see section 2.9). Very recently, Desjonquéres and Cyrot-Lack-
mann [103] used the method of moments and continued-fraction analysis
to make a detailed study of the local densities of states on clean low
index surfaces of fcc N1, hcp Co and bec Fe. The d-band degeneracy was
fully taken into account and up to 26 moments were calculated. The
influence of a surface perturbation potential, determined self-con-
sistently by using Friedel's sum rule [85] and the conservation of the
total electronic charge, was investigated. Desjonquéres and Cyrot-
Lackmann [104] also calculated the aspherical charge densities of
d-electrons around the atoms at low index surfaces of fcc Ni, hcp Co and
bce Fe in order to achieve a better understanding of adsorption and

catalysis phenomena.

c¢) The recursion method

In the tight-binding model, the effective one-electron
Hamiltonian is defined by its matrix elements over a set of localized,
orthogonal orbitals ¢i = ¢(;-§1). The recursion method, developed by
Haydock et al. [105-107], sets up a new (orthogonal) basis in which
the Hamiltonian has a tridiagonal representation ETD’ by generating &
unitary transformation U such that
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vE-8 . (24)

The matrix elements of H are given by:

—1D
a n=m
m
bm n = m+l
[!TD] = . . (25)
mn b n = m-1
m-1
[s] otherwise

Thus, the recursion procedure (discussed below) transforms the three-
dimensional lattice to a fictitious chain of "atoms" with nearest-
neighbour interactions.

From such a tridiagonal matrix ETD it is particularly simple
to derive various matrix elements of the Green's function. For example,
if ¢o is a member of the localized orbital basis, we can evaluate the

local matrix element

(&) = <¢ | (-0 |4 _>

G
oo
(26)

-1
I:(E-I--E’I'D) :|oo ’

i1f we ensure that ¢° remains as the first member of the new basis (see
below). Let D be the determinant of the matrix EIJ-ETD and Dn
(n=0,1,2,.,.) be the determinants of the matrices derived from e};—ﬂTD

after rows and columns O to n have been eliminated. Then we can write:

Gyole) =D /D . 27)

Since the following recursion relation holds among the determinants Dn:

2
Dy = (emappy |

) D |b (28)

n+l n+1 Dn+2 ’

we can expand Goo(e) in a continued fraction by the repeated applica-

tion of relation (28):
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Do 1
Goo(e) = — = . (29)

2 2
(E-ao) DonlboI D1 E-ao_lbol DI/Do

The recursion method calculates the (ai,bi) from 1 = 0 to N (where N
is of the order of 10 to 50). The resolvent is then computed by

fixing D /DN and inserting this ratio at the Nth level of the con-

N+1
tinued fraction.

!Ee coefficients ai and bi

Starting from any normalized state $° (i.e., any normalized
linear combination of the localized orbitals ¢m) we may construct an

ordered orthonormal basis {$m} with

6 =L ¢ U , (30)

which has $° as its first member and which tridiagonalizes H. We put
$° = ¢°, the orbital considered in eq. (26). The next state $1 is
given by:

* v » -
bolé> =Hlo,> - e [6,> (31)

where the coefficients a and bo are chosen so that they orthogonalize
51 to $° and normalize $1, respectively. The higher $n's are defined
similarly by repeated operations with H, orthogonalizing to all

previous $r (r < n) and normalizing:
b*|6 > =H|§>-a|b>-b ¢ > (32)
n' "n+l n n''n n-1'"n-1 -

The fact that H|$n> is automatically orthogonal to all the states

l$m> with m< n-1, which implies that H is tridiagonal with respect to
the basis {$m}, can be proved easily. Since the matrix elements of H
(the representation of H in a basis of the localized orbitals) are
known, we can obtain the coefficients a, and b, by a repeated applica-

i i
tion of the recursion formula (32).
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The recursion relation (28) gives a continued-fraction ex-
pansion of the resolvent that is exact to all orders. In practice, omne
computes only the first (N+1l) pairs (ai'bi) of coefficients and approx-
imates the remainder of the continued fraction beyond the Nth level,
The (ai,bi) tend towards asymptotic values denoted by (ao,bm). By
setting (an,bn) = (au,bm) for n > N, which fixes DN+1/DN’ we can evaluate
the remainder t(e) of the continued fraction analytically:

1

D, /D, =
N+1/ON 2
E"‘N+1'|"N+1| Dy+2/Pe1
(33)
1

e-a_ - lbwl2 t(e)

t(e) =

In this manner we terminate the continued fraction at level N. Since

a simple relation exists between the coefficients a, of Cyrot-Lackmann

and the coefficients (ai'bi) of Haydock et al., thi: corresponds to
calculating the first 2(N+1l) moments of the demnsity of states.

In reference [107] a discussion of the physical and
mathematical background of this method, its applications and extensions,

and the relation to other similar approaches is presented.

Haydock et al. [108] used this procedure to compare the widths
of the d-band at different surfaces of transition metals with that of
the bulk density of stetes in order to explain experimentally (by INS
and UPS) determined bandwidths. Haydock and Eelly [106] were the first
to obtain local densities of states at atoms on the low index surfaces
of real fcc, hcp and bcc d-band metals. They effectively took 8 moments
into account. The density of states at atoms in subsurface layers was
also calculated and the effect of surface dilation was investigated.
Moreover, they examined the density of states of an adatom of the
same type placed at a lattice site above the (100) surface of a bcc
crystal. The recursion method was used by Bortolani et al. [109] to
study the electronic structure of the (111) surface of silicon. They
calculated the local density of states of an atom in the surface layer,

in the first and second sublayer and in the bulk. Yndurain et al. [110]
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calculated the local densities of states of tetrahedrally coordinated
solids by a very similar method, which uses a finite cluster of atoms

connected to an infinite Bethe lattice [111].

From all these results it may be concluded that the local
density of states at a specific lattice site depends mainly on the
interaction with a small environment of neighbouring atoms. It should
be remarked, however, that taking into account a finite number of
and b, constant, is not

i i
entirely equivalent to considering a finite cluster. Apart from the

moments or setting the higher coefficients a

effect of the cluster boundaries (in self-consistent charge calcula-
tions), many of the long paths in the walk-counting technique in fact
wind around the origin, rather than wander far away. Such paths are
contained entirely in a small cluster, but contribute also to the

(neglected) higher moments.

2.6 Hartree-Fock type of methods

The tight-binding methods considered in the previous sec-
tion do not explicitly take into account the electron-electron repul-
sion. We shall now discuss a model for the chemisorption of a foreign
atom on a semi-infinite metal substrate, which allows for the electron-
electron repulsion on the adatom in a self-consistent manner by the
Hartree-Fock approximation. It has been developed by Grimley [112] and
Newns [113] and 1s based on a method introduced by Anderson [43] for
the investigation of localized magnetic impurities,

Anderson's Hamiltonian

We consider a basis set consisting of a single adsorbate
orbital ¢a and the eigenstates ¢k of the unperturbed semi-infinite sub-
strate. The states ¢k are supposed to be orthogonal to ¢a' (One can
make two objections at this point., Firstly, the strong chemisorption
binding is due to the overlap between the adatom and substrate orbitals,

which may therefore not be neglected. Secondly, the eigenstates of the
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gemi-infinite crystal form a complete set. So, ¢a should be a linear
combination of these states and cannot be orthogonal to all of them.
We shall return to both points afterwards.) Moreover, we assume that
¢a contains one electron in the free atom. It is straightforward to
extend the formulae to cases, where the adatom possesses more
(degenerate) orbitals and electrons [114]. The Anderson Hamiltonian
for the adsorbate-substrate system may now be written in second-

quantized form as follows (see Appendix):

(34)
t 1

+ I vak a0 ko * "ka ko cao] + U Bag na,-o '

k,o

in which o denotes spin. Here c:c and cad are the fermion creation and
destruction operators referring to an electron in orbital ¢a with spin

o and na = c+ c is the corresponding number operator; et nd

g ac ag ko' ko ®
nko have an analogous meaning for the crystal orbitals ¢k. The first

two terms correspond with that part of the ome-electron emergy which
is due to the (partial) occupation of the unperturbed eigenstates ¢a

and ¢k with eigenvalues Ea and € The third term of H introduces the

one-electron hopping integrals cgupling these eigenstates, while the
last term describes the Coulomb repulsion between electrons of
opposite spin in the adatom orbital.

We shall employ the unrestricted Hartree-Fock approximation

to expression (34). The two-particle interaction Unao L is re-
’

placed by Un <n >, where the occupation number <n > has to
ag a,-0 a,-0

be calculeted self-consistently. Then the Fock Hamiltonian H° has the

form
HU = e n + I n + I c+ c + H.c (35a)
o ag €x"ko ak ao ko e ’
k k
where
€ =¢_+ U<n >, (35b)
a a a,~d
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The adatom local density of states

We introduce the one-electron Green's operator corresponding

to the Hamiltonian HG:

O(e) = [(e+1ed1-8°]71 (36)

where 8 is a positive infinitesimal quantity and I the unit operator.

The matrix equation for Gc is

(1-86%e) =1 . (3n

This equation may easily be solved in the representation of the un-

perturbed eigenstates ¢a and ¢k to yleld the element G:a = <¢a|GU|¢a>:

g _ - _ -1
G e) = [e-e_-a(e)]
(38)
= [e- €, —al(e) + ir¢ed] 1,
where the "chemisorption function" q(ec) is given by:
2
v,|
q(e) = L —— = a(e) ~ iT(e) . (39)
ce+is-¢
k k
If we define a weighted density of states function w(tc) by:
= 2 -
wie) = £ |V [? 8- (40)
k
we obtain for the imaginary and real parts of q(e):
I'(e) = mw(e) , (41)
[--]
= w(e') . .,
ale) P J c-c" de , (42)

o

where P denotes the Cauchy principal value. T'(c) and a(e) are called
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the "level-width" function and "level-shift" function, respectively.
The result (38) can be interpreted by saying that the effect of the
chemisorptive interaction is to replace Ea by eo-+u-il', i.e., to
shift the level in the free atom by U<na'_o>-+u and to broaden it by
the imaginary part T. Note that the situation is in fact rather com-
plicated, since ¢ and T depend on ¢!

If the equation

e-eu-u=0 (43)

has a solution €96 lying within the substrate band (i.e., the range

of energies ek), then because I' does not vanish there, the result of
the atom-metal interaction is to change the discrete atomic level into

a virtual level’ at Ela' the width of which is determined by I'. On the

other hand, if the solution ¢ lies outside the band, it is a

Lo

discrete level, since I'=0. The state which belongs to eEU is local-

ized in the region of the adatom and is called a gplit-off state. (The

virtual and split-off states are more extemsively discussed in section
2.9.)

The local density of states or spectral weight function for
the adatom orbital ¢a is given by (see formula (3) ):

c -1 o
p_ (€) -T Im Gaa(e)

aa
(44)
T'(e)

[e-¢, -a(@]? +1%¢e)

|
Rl

Self-consistency and chemisoggtion energy

The occupation numbers <nac> can be calculated by integrating

the local density of states:

-
Note that the "virtual level" concept, very common in chemisorption
theory, has no relationship with the "virtual orbital"” concept, known

from quantumchemistry.
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€y

<nao> = [ pga(e) de . (45)

Substitution of eqs. (44) and (35b) gives <na0> as a function of
<n >. Similarly, we get <n > as a function of <n__>, These
a,-0 a,-0 ag
coupled equations represent the self-consistency conditions which
determine the solutions of the HF eigenvalue equation. For magnetic
solutions <nao> # <na _0> and for nonmagnetic solutions
1
<nao> = <na U>. In the latter case, only one self-consistency con-
-
dition has to be obeyed.

The chemisorption energy, the difference between the total

energies of the perturbed and unperturbed systemsg, is given by:

AE = I € =U<n_ ><n > - |2 £ e, +€ , (46)
mo ao a,-o k a
m,o k
cc occ

employing the Hartree-Fock expression for the total energy. Usually,
one does not solve for the one-electron emergies, but one calculates
the (local) densities of states from the Green's functions. There-
fore, we rewrite eq. (46) as follows:

EF
AE = g [ Apc(e) € de - U<nao><na'_o>--ea R (47)

-0

where

Bo(e) = p) (e) + Bogte) (48)

with Ap; being the disturbance which the adsorbed atom causes in the
density of states for spin o electrons in the metal. Obtaining eq. (47)
from eq. (46) leads to the following difficulty. In general, the Fermi
level EF changes with chemisorption in order to conserve electrons.
However, since self-consistency is only achieved in the adsorbate and
not in the adsorbent, it is convenient to keep EF fixed during the

self-consistent procedure. Consequently, a slight change An occurs in
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the number of electrons in the system when the chemisorption bond is
formed. So, Friedel's sum rule [85] is not obeyed and an extra term,
-EFAIL should be added to the binding energy in order to correct for
this deficiency.

Approximations to w(c); the surface molecule concept

In order to calculate the chemisorption energy and other
physical properties one needs an expression for the weighted density
of states w(c). In general, this function cannot be obtained in
analytical form. Therefore, Newns [113] used a semi-elliptical, ap-
proximate form for w(e), which is the analytical solution for a chain
of atoms with a single atomic orbital each. Via this approximation
he calculated the adatom charge and adsorption energy of hydrogen on
Ti, Cr, Ni and Cu [113] and also the adsorption energy of '5d atoms"
on tungsten [115]. For the latter problem, Thorpe [114] used an ex-
pression for w(c) with maxima above and below the Fermi level. Davison
and Huang [116] calculated the chemisorption energy of oxygen on Si,
Ge and III-V semiconductors, employing the w(e) for an AB chain,

The chemisorption model discussed here may considerably be
simplified by using the concept of a surface molecule. This concept
implies that the adatom interacts strongly with a limited number of
atoms in the surface of the metal, thus forming a surface molecule
which only weakly interacts with the rest of the metal, The adatom
orbital may couple, for example, with a group orbital ¢g' which is a
linear combination of atomic orbitals on the substrate having the
appropriate symmetry for interaction with the adatom on a given site.
Since the group orbital is coupled to the rest of the metal, it becomes
a virtual resonance in the substrate band with a partial demnsity of
states pg(e), in the same way as the adatom orbital becomes a virtual
state in case of a weak chemisorption binding (see section 2.9).

Neglecting the interaction between ¢a and the orbitals dif-
ferent from ¢g' the weighted density of states function w(ec) can be

written as:

36



2
w(e) = |<¢a|"|¢g>| RO (49)

(Note that the pg(e) in this equation represents the partial density
of states of ¢g before the chemisorption interaction is switched on.
We shall return to this point.) If the coupling of ¢g to the rest of
the metal is weak, pg(e) has a sharp resonance and the closer it re-
sembles a §-function the better the surface molecule approximation
becomes. Strong coupling results in a broad, featureless group orbital
density. The form of the group orbital resonance is therefore the
criterion which decides whether the surface molecule concept can be
used [114,117].

To illustrate this point, let us replace w(e) by a §-func-
tion at eg and write <¢a|V[¢g> = vy. Then:

2
w(e) = |v| 8(e-ey) (50)
and, using eq. (42):
2
ace) = |v| /(e=e)) (51)
Equation (43) for the levels of the system becomes
(e-e )(e=-€ ) = |y|2 (52)
o g ‘

This is simply the secular equation for the energiles el and 52 of the
bonding and antibonding molecular orbitals formed from two atomic
orbitals, one with energy eo, the other with eg, and interacting through
Y [117,118]. The chemisorption problem now resembles that of a diatomic
molecule. This diatomic molecule might be called the surface molecule;
the metal 1s represented by the level Eg, and the atom-metal coupling
by the energy y. Because of its interaction with the metal, however,

the Hartree-Fock theory of the surface molecule is different from that
of an ordinary molecule. The surface molecule need not contain an inte-

gral number of electrons; it i3 an open system with the chemical
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potential of the electrons (the Fermi level) fixed, not their number.
The metal acts as a source or a sink for electrons [114,118].

Using the surface molecule limit, Grimley studied the ad-
sorption of Na and S on nickel [118] and of H on tungsten [117]. Grimley
and Thorpe [114,119] calculated the binding energy of 5d transition
atoms adsorbed on tungsten. Including overlap between the orbitals of
the admolecule and those of the metal Doyen and Ertl [120] investigated
the adsorption of CO on some transition metals, represented by a single
crystal orbital. Gadzuk [121] calculated the group orbital virtual
resonances in the surface molecule picture for some model systems and

obtained the resulting adatom density of states.

In a few studies, the applicability of the surface molecule
concept has been examined. Penn [122] calculated the metal density of
states at the adsorbate site. His opinion is that this level density
should resemble that of an atom, i.e., exhibit a small number of well-
defined peaks as a function of energy. The width of these peaks must
be small compared to the metal band width in order to obtain a surface
molecule. Kelly [123], on the other hand, regarded it necessary that
the group orbital on the substrate displays atomic-like properties. He
calculated [123,124] the group orbital spectrum (density of states)
pg for different adsorption geometries, using the recursion method of
Haydock et al. [105-107]. If ¢a is chosen as 50, the orbital 51 is
precisely ¢g (section 2.5). Kelly concluded that the surface molecule
plcture 1s of restricted validity and formulated a criterion to decide
whether it is applicable to specific cases. According to him, a semi-
elliptical group orbital spectrum, instead of the §-function required
for the surface molecule limit, would offer a better assumption for
adsorption on a close-packed substrate.

The above criteria for the validity of the surface molecule
concept, which are based on the electronic properties of the metal sub-
strate before adsorption, are not completely adequate. Instead of
demanding that the group orbital resonances in the substrate band are
narrow before chemisorption, it would be better to check whether sharp

bonding and antibonding levels, originating from a small adsorbate-
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adsorbent complex, occur after chemisorption. This situation, where

one could also speak of a surface molecule, may certainly arise when the
adatom-group orbital coupling is stronger than the interactions inside
the substrate. Actually, this has been confirmed by Grimley and Pisani
[125], who studied the chemisorption of hydrogen on cubium, using the
complete (local) substrate density of states in w(e). They found that
the widths of the virtual bonding and antibonding molecular orbitals

of an embedded diatomic molecule H-M were small, although no previous

sharp peaks in the (local) substrate demsity of states were present,

Overlap effects_and overcompleteness

Grimley [126—128] investigated the effect of overlap between
the adsorbate atomic orbital ¢a and the crystal orbitals ¢k. It
appears that the various formulee obtained by treating Anderson's
Hamiltonian in the Hartree-Fock approximation are easily changed to in-
clude overlap. The chemisorption function has to be redefined. Further-
more, one has to distinguish between net and gross occupations and
level densities, analogously to the definitions of such quantities in
quantumchemistry.

As remarked previously, another problem connected with the
inclusion of overlap effects should now be considered, namely the over-
completeness of the basis set {¢a,¢k}. The eigenstates of either the
adsorbate or the semi-infinite metal alone are complete sets. We may
avold the problem on the admolecule by limiting the set {¢a} to those
orbitals only which are important in bonding, according to our chemical
experience, but we cannot easily limit the set {¢k} because they form
a quasi-continuous spectrum going up through the vacuum level. Let us
assume that the one-electron functions |y for the adsorbate-adsorbent

system can be expanded as follows:

z ¢ (53)
K & k

Now, one can take into account the overcompleteness of the basis set
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by imposing the auxiliary conditionmns
z < lo>e =0, Va (54)

which assure uniqueness of the expansion coefficlients. These conditioms
amount to adding a non-Hermitian pseudopotential to the Fock operator
[127-129]. Grimley and Newton [130] have performed in this manner some
calculations on the chemisorption of hydrogen on free-electron Al.

The problem of overcompleteness may be avoided by introducing
a set {¢m} of atomic orbitals localized on the metal atoms instead of
the set {¢k}. The basis set {¢a,¢m} will usually be limited to those
orbitals which are important in the chemical bonding, and it will
therefore be incomplete as well as nonorthogonal. The overlap effects

may be taken into account in a stralghtforward way [125].

The embedding problem

Vhile the Anderson Hamiltonian restricts the electron-elec-
tron interactions to the adatom, some attempts have been undertaken to
include the electron repulsions to a larger extent. Grimley and Thorpe
[114,131] calculated the binding energy of 5d transition atoms adsorbed
on tungsten using Hubbard's Hamiltonian [132] in the Hartree-Fock ap-
proximation (see Appendix) to describe the surface molecule, The
results were much better than for the Anderson surface molecule and the
experimentally observed binding energy trend could be reproduced.

In these calculations [114,131] the diatomic surface molecule
was only affected by the underlying metal via an adjustment of the
number of electrons so that the proper Fermi level was obtained. How-
ever, one can also treat the embedding problem more explicitly in one

of the following ways [125,128]:

(i) Start with the noninteracting semi~infinite solid and the adsorbate,
so that the adsorbent cluster is already embedded correctly in the
surface of the solid, and then switch on the coupling between the ad-

sorbate and the adsorbent cluster, so that the formation of bonds be-
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tween the adsorbate and the embedded cluster i1s studied.

(i1) Start with the adsorbate/adsorbent cluster, and the indented
solid (indented because the adsorbent cluster has beem "removed"), and
then switch on the coupling between them so that the cluster becomes
correctly embedded in the solid surface.

Results obtained by the first scheme may easily be re-interpreted
in terms of the second one, and conversely.

The first procedure has been used by Grimley and Pisani
[125] to investigate the adsorption of a hydrogen atom on the (100)
face of simple and face-centred cubium. The adsorbate/adsorbent cluster
consisted of two atoms, A and B, to which the self-consistency problem
was confined, while the s0lid was handled in the tight-binding approx-
imation. Overlap effects were included and it was assumed that the
perturbation matrix describing the chemisorption interaction, has non-
zero elements over the diatomic molecule AB omnly. Grimley and Pisani
concluded that, for on-site adsorption of hydrogen, it is hardly satis-
factory to confine the self-consistency problem to the diatomic molec-
ule AB. Further, they compared their results with those of Paulson
and Schrieffer [133], who used a Heitler-London type of scheme (see
next section). The Hartree-Fock calculations gave a significantly
polar bond, so that a stronger chemisorption binding was found than by
the Heltler-London method, which only describes a purely covalent bond.

The second approach to the embedding problem has recently
been discussed by Hyman [134] and Grimley [129]. In his model, Hyman
includes screening effects by metal electrons caused by the induction
of image charges in the metal in response to the excess charge in the

surface complex.

Madhukar [135] has developed a formalism for chemisorption
on transition-metal surfaces, which includes the electronic interac-
tions on both the substrate atoms and the adatom by using a Hubbard
[132] -type of Hamiltonian in the HF approximation. He represented
the narrow d-band of the substrate by a single s-band and accounted

for the nonorthogonality between the adatom and metal wave functions.
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The inclusion of the intra-atomic Coulomb repulsion on the substrate
atoms leads to an additional self-consistency relation for the sub-
strate levels, which 1s absent in the Anderson-type approach. The
model provides a criterion for the existence of a localized magnetic
moment on the chemisorbed atom. Although formal solutions for the
(local) densities of states and occupancies have been obtained, prac-
tical calculations were difficult to perform without the introduction
of simplifying approximations, such as the replacement of the self-con-
sistent substrate levels by a single energy at the centre of the

narrow ""d-band".

Apart from the calculation of chemisorption energies and
local charge and spin distributions, the Hartree-Fock type of model
has also been used to study the effect of chemisorption on the field
[136] - and photo [137,138] -emission from metal surfaces.

2.7 Many-body approaches

The SCF molecular orbital schemes give a reasonable picture
of the chemisorption bond when the bond is very strong, but over-
estimate the Coulomb interactions between electrons when the bond is
weak. There 1s a competition between the one-electron terms in the
Hamiltonian which tend to delocalize the electrons, and the Coulomb
repulsion between electrons which leads to localization by keeping them
far apart. The importance of correlation effects in bonding is measured
by the ratio of the effective Coulomb interaction U (the difference be-
tween the intra-atomic and the nearest-neighbour interatomic electron
repulsions) and the splitting energy Ac between the bonding and anti-
bonding molecular orbitals. For U/Ac > 1 correlation effects are im-
portant [139]. In the chemisorption problem the width of the virtual
level (weak chemisorption bond) or the separation between the bonding
and antibonding virtual or split-off levels (intermediate and strong
chemisorption bond) plays the rf6le of the molecular splitting energy.
Since U= 5-10 eV, correlation effects are likely to be rather im-

portant in some chemisorption systems. We shall discuss in this section
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a few techniques which have been developed for including correlation
effects, with special attention paid to the induced covalent bond
method of Schrieffer et al. [140,141,133].

Pollard [142], using & Heitler-London treatment, showed that
a single-configuration wave function for the homopolar state M-A,
which is composed of the singly occupied orbital of an adatom A and
the doubly occupied band states of the metal M, leads to a repulsive
exchange interaction. He took account of the nonorthogonality of the
adatom and metal states and used a simple free-electron model for the
metal. In order to deal with the attractive forces in chemisorption,
Toya [143] extended this model by including configurations of the
ionic states M -A" and M+-A-, as well as excited neutral configura-
tions. Wojciechowski [144,145], studying the adsorption of alkali, Ba
and Sr atoms on low index planes of tungsten and copper, improved
Toya's model by taking into account the atomic structure of the metal
surface. He considered only the ground state configuration for M-A
and ionic configurations of the type M_-A+. Since both Toya and
Wojciechowski did not allow for spin polarization in the substrate,
they obtained no covalent bonding. Hence, their scheme is similar to
Mulliken's theory of donor-acceptor complexes with no electron pair

bond being formed.

The induced covalent bond method

We shall now discuss an approach to the theory of non-ionic
chemisorption, proposed by Schrieffer and Gomer [140] to treat systems
in which the intra-atomic Coulomb interaction U on the adsorbate is
large compared to the strength of the interaction between the adsorbate
and a metallic substrate. The method proceeds by imitating the Heitler-
London (HL) theory for a diatomic molecule, i.e., one atom of the
molecule is the adatom, while the other "atom" is the full (N-l)~-atom
solid, including the free surface. For simplicity, it 1s assumed that
the solid in the absence of the adatom is well described by the tight-

binding one-electron scheme.
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In the conventional HL scheme one must couple the spin of the
adatom electron to an unpaired spin in the solid to form the singlet
state which is characteristic for a covalent bond. In zero order no
unpaired spins are present in the solid, however, except when local-
ized spin waves occur near the free surface. So, the framework of the
HL theory must be enlarged in order to allow for the induction of
spin density in the surface region of the solid; the induced spin is
then coupled to the adatom spin forming a bond. Schrieffer and Gomer
[14d]called this an induced covalent bond (ICB). The induced spin
density has to be sufficiently large to generate an exchange attraction
which overcomes the exchange repulsion. The formal theory of the method,
which is appropriate for free radical adsorption, has been worked out
by Paulson and Schrieffer [133,141].

The ICB method for H chemisorption is developed by construct-
ing Slater determinants from the orbitals localized on the subsystems,
which are used as many-electron basis states. Because of the large
value of the adatom intra-atomic Coulomb interaction U charge fluctua-
tions on the adsorbate are small so that only neutral adsorbate states
are included; if necessary, ad-ion states may be added by means of
perturbation theory. Thus each Slater determinant contains one elec-
tron in the adatom orbital ¢a with spin ¢ and N-1 electrons distributed

over the substrate states ¢k with spin o . Except for the doubly oc-

k
cupied singlet ground state, excited configurations on the substrate,
corresponding to various higher spin states (due to spin flips), must
be included to account for the induced spin density. The many-electron

basis states are labeled by the index ¢ = (o; ) where are the
nkck nkck

occupation numbers (= 0,1) of the substrate spin orbitals. Now, the
ground state wave function is formed as & linear combination of the

basis states |a>:

|W°> = 2 c, le> . (55)

As for Hz, it is very important to include the overlap between ¢aandthe

¢k' the latter being mutually orthogonal. The dominant term in the



adatom-surface binding is the anti-ferromagnetic exchange interaction

¥ t c (56)

L L Jkk',a °k'0 ®ko' ®ag' Cac

BH =
exch K,k' 0,0

between the adatom spin and the spin density in the metal, which con-
tains an exchange integral Jkk' a analogous to the exchange inter-

action Jab for Hz.

Two limiting cases can be discerned [133]. If the adatom-
solid interaction is weak, one can treat this coupling as a perturba-
tion. This, in second-order perturbation theory, leads to the follow-
ing expression for the interaction energy, the so-called weak inter-

action limit:

AE = E +E . (57)

Here, Erep is the exchange repulsion between the adatom and the sub-
strate, which in zero order contains only doubly occupied orbitals. So,
in first order of energy the adsorbate is repelled by the metal, just
as would occur for H interacting with He. The exchange attraction
comes from the second-order emergy Egz, originating from the admixture
of excited 'spin flip" configurations. Paulson and Schrieffer show
that E&i is proportional to Xloc’ the local spin susceptibility at the
surface.

The second 1limit, which is analogous to the surface molecule
concept in the Hartree-Fock treatments of the previous section, occurs
when the adatom-substrate interaction is stronger than the coupling
between substrate atoms near the surface. It is called the gtrong in-

teraction limit. In this case, one starts with the formation of a sur-

face molecule. An electron is localized in a surface cluster orbital
wl which has a strong overlap with the adatom orbital ¢a. Then a
Heitler-London bond is formed between wl and ¢a' This surface molecule
subsequently rebinds to the remaining "indented solid" via the hopping
of electrons from the indented solid to wl and vice versa, which is
agaln treated in second-order perturbation theory. The chemisorption

energy in the strong coupling limit reads:
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(2}

AESL = Aez+ eloc+ESL , (58)
where Aez is the HL binding energy of the surface molecule; eloc is
the energy required to localize an electron in the surface orbital

(2)
SL
second-order perturbation theory.

¢1 on the clean surface and E is the "rebinding emergy” up to

Paulson and Schrieffer [133] have employed the ICB formalism
to study the adsorption of a H atom on the (100) surface of simple
cubium, which was treated in the tight-binding epproximation. Atomic
orbitals of a simple gaussian form were used and the effect of the
"gize" of the metal atoms was examined by varying the exponents of the
substrate atomic orbitals. The binding energy for chemisorption above
two symmetric sites of the surface layer, viz. over a single substrate
atom and on a bridge site between two surface atoms, was calculated as
a function of the adatom-surface separation for both the weak and
strong interaction limits. From the results, it was concluded that the
surface molecule point of view is a good starting point in the vicinity
of the binding curve minimum.

Finally, one remark about the importance of ionic states;
When the intra-atomic Coulomb interactions on the adsorbate are screen-
ed by the metal, the admixture of ionic states into the HL scheme may
become necessary. Therefore, in case of sufficiently strong coupling,

the molecular orbital method might be more appropriate.

Some other 522£oaches

= = o ey o o o e -

Newns [146] has studied electron correlation effects in the
chemisorption of 5d atoms on a tungstem substrate, using a two-centre
Hubbard model. One atom was chosen to represent the tungsten surface
and the binding energy was calculated as a function of the number of
d-electrons on the other atom for a range of values of the intra-atomic
Coulomb interaction. It appeared that the electron correlations tended

to make the adsorption energy vary as the triangular peaked curve
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which is observed experimentally.

Bagchi and Cohen [147] have set up a formalism to deal with
the problem of hydrogen chemisorption on the surface of a metal, which
takes overcompleteness and nonorthogonality of the wave functions as
well as electron correlation into account. The atom-metal system was
described in terms of an overcomplete basis set consisting of the
eigenstates (both occupied and unoccupied) of the metal and the
occupied electronic state on the adatom. The theory was applied to the
situation where the intra~atomic Coulomb repulsion is small so that
hydrogen chemisorbs in a nonmagnetic configuration and the ground
state 1s nondegenerate in the spin. Newns' model for hydrogen chemi-
sorption [113] could be derived as a limiting case of the present
formalism when the Hartree-Fock approximation is used, the overlap of
the adsorbate orbital with the metallic wave functions vanishes and
certain simplifying assumptions are made about the various matrix
elements.

Madhukar and Bell [148] have investigated the screening and
polarization effects which occur in case of chemisorption on transition-
metal surfaces, using the Anderson model without introducing the Hartree-
Fock approximation. They have demonstrated that the Green's function
matrix element GZa(s) in this case possesses two different poles, as-
sociated with the adatom ionization and electron-affinity levels
respectively, 1in contrast to the single-pole HF approximation (see
eq. (38) ). However, when the intra-adsorbate Coulomb interaction U

becomes small with respect to the adsorbate-substrate coupling V the

’
two peaks merge into a single peak at some intermediate energy —a;ust
the situation described by Hartree-Fock. Further, Madhukar and Bell
have shown that the free-adatom ionization leveleamust be shifted up-
wards due to screening and polarization effects in order to explain
the experimentally (by photoemission and ion-neutralization spectros-
copy) determined bonding levels.

Van Santen [149] has discussed the changes in the heat of
chemisorption of a hydrogen atom upon alloying a group VIII metal with

a group IB metal, using the Anderson model and considering one orbital
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per atom. The ensemble effect which ascribes changes in the heat of
chemisorption exclusively to changes in the geometry of the adsorption
complex (e.g. the number of neighbours), as well as the ligand effect
which takes into account variations in bond strength due to a different
intrinsic activity of the binding metal atoms, have been investigated.
Simple models have been used to calculate the effect of alloying, which
is represented by changes in the d-band width and in the electron con-
centration in the orbital on the atom(s) involved in the chemisorption

bonding.

2.8 Comparison of the methods

Up to now, calculations for the adsorption on real d-band
systems have only been performed by means of tight-binding methods.
The more advanced Hartree-Fock and Heitler-London like approaches have
only progressed to the study of cubium-like systems or had to make
drastic assumptions, for example about the structure of the d-band.
Moreover, the embedding of a self-consistent cluster into a tight-
binding substrate causes a number of problems, while in the ICB scheme
the intermediate case between the weak and strong limits waits for a
direct approach.

In order to compare the different methods a few calculations
have been performed on simple linear model systems. Blyholder and
Coulson [150] have examined a six-atom linear chain, where one of the
end atoms represented a chemisorbed atom. Each atom contributed one
valence electron in a s-type orbital. A simple tight-binding (Hiickel)
model of the chain showed both the localized Tamm state and the main
bonding features of a semi-infinite chain. A more elaborate
SCF-LCAO-MO calculation for a linear chain of six hydrogen atoms
ylelded results so similar to those obtained by the simple tight-bind-
ing technique that Blyholder and Coulson concluded that the latter
method 18 semi-quantitatively adequate for the prediction of localized

states and the changes in such properties as charge and bond order.
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Einstein [151] has applied the Anderson model to a chain of
four atoms, one representing the adatom, the other three the substrate,
to compare the methods of Grimley/Newns and Schrieffer with the exact
solution. Each site possessed a spherical orbital and the band was
taken to be half-filled. The total spin state was assumed to be a

singlet. The following Anderson-type Hamiltonian was considered:

1-

H= €. g Do + Unacna,-c_ \) : (clccac + H.c.)
2 . (59)
-T 121 E(ciac1+1,o + H.c.) ;

Ea 19 the energy level of the singly occupied adatom, U the intra-
atomic Coulomb repulsion on the adatom, T the tight-binding hopping
parameter for the three-atom substrate chain and V the hopping integral
between the adatom and the first atom of the chain. The diagonal
energies of the chain atoms were taken as zero, thus fixing the zero
level at the centre of the "bulk" states. The calculations were restrict-
ed to the so-called Anderson symmetric model, in which €g = -3U. For
the half-filled band case considered here, this ensures the occupation
numbers of all atoms to be equal to one and the adsorption bond to be
purely covalent.

In this model, the eigenstates of the Hamiltonlian (59) can
be found analytically, so that Einstein could calculate the exact
chemisorption energy as a function of adatom Coulomb repulsion, adatom-
substrate hopping and substrate band width. He has also performed cal-
culations by four approximate methods, which are here summarized.

When the chemisorption interaction is weak, the binding
energy 1s approximated by the second-order perturbation contribution
of

1-

==V I (clo

(o)

Hv cao-+H.c.) (60)

to the eigenstate of the V=0 Hamiltonian. For strong V, the rebonded-
surface-complex (RSC) picture is more appropriate. In this case, the

end atom separates from the substrate chain to form essentielly a
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diatomic molecule with the adatom. The dimer then rebinds to the in-
dented chain. The diatomic surface complex and the indented chain are
treated exactly. The subsequent rebonding of the surface complex to

the chain is described by:

AR =-TTL (c+ c

T Loy, 2 tHCD (61)

which is again handled by second-order perturbation theory.
In the Hartree-Fock approximation the Hamiltonian given by
formula (59) 1s transformed into a one-~electron operator, which is to

be determined self-consistently:

2
g _ + +
HHF = €20 Pag V(clo Cag * Hoe)-T 151 (cio c1+1.c-+H.c.) (62)
with
€ =¢ 4+U<n > . (35b)
aoc a a,-0

In the Anderson symmetric model, the adatom stays mneutral and the

self-consistency condition becomes

<n > + <n >=1 . (63)
ag

Calculations have been performed for the restricted (RHF),

<mp > = <n >
ag a,-0

Exact and approximate results have been obtained for three

= i, as well as for the unrestricted (UHF) case.

values of the adatom Coulomb repulsion U. In all these cases it has
been found that there is a smooth transition from the regime where the
weak limit holds to that where the rebonded surface complex (RSC) is
valid. The interpolated curve for the interaction energy versus hopping
parameter V is nearly equal to the exact curve and more accurate than
the UHF one. The UHF solution underestimates the binding energy.
Nonetheless, it gives a reasonable account of the interaction energy,

as RHF does for strong hopping parameter V. For small V RHF fails com-
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pletely, however, as can be expected.

So, from the model calculations of Einstein it may be con-
cluded that for purely covalent bonding the valence-bond type of
approach of Schrieffer yields better results than the (un)restricted
Hartree-Fock approximation. Furthermore, HF requires an iterative
solution, whereas the weak 1limit and RSC results can be obtained

directly.

2.9 Virtual and split-off states

In this section we shall delve in detail into the possible
effects of the chemisorption interaction on the originally discrete
level ea of the adatom and on the total density of states. As we
have seen in section 2.6, the 1local density of states for the
single adatom orbital ¢a can be expressed (using an Anderson type

of model) as:

o _1 T(¢)
Paal®) == ' (4

[e i G(E)]z +T2(e)

with Ea being defined by eq. (35b), while I'(c) and a(ec) are given
by eqs. (40), (41) and (42). One can qualitatively understand the
local density of states by looking at two limiting cases [139] .
Suppose the so0lid has a single energy band of width W and centred
at €e- If vak is weak , then I'(e) and a(e) are small compared
with W and pga(e) has a narrow peak near Eo which is well approxi-
mated by evaluating I' and ¢ at € = €yt If €y lies within the band,
pga(e) is a Lorentzian function of half-width I‘(eo) centred at
Ec + a(ec), i.e., a virtual state or resonance level occurs. If e
is outside the band, we see from eq. (41) that I‘(eo) = 0. So, p:a(e)
is a §d-function, a sharp bound state which differs little from the
adatom orbital itself and occurs at an energy slightly shifted
from Eo

If vak is sufficiently strong, so that I'(e) over most of the

band is large compared with both W and the difference between Eo and
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€or the level shift function a(tc) is large near the band. For € above
the top of the band the level shift is positive, while for € below the
bottom of the band a(c) 1is negative [113,139]. This feature leads to
two sharp peaks of pza(e), one below the bottom of the band and one
above the top. The eigenvalues are just the bonding and antibonding
levels arising from the adatom orbital ¢a mixing with a linear com-
bination of localized orbitals on the solid. Thus, one has a surface
complex formed from the adatom and a cluster of surface atoms with
the bonding state of the complex below the band and the antibonding
state above the band [113,139]. These localized levels are called
split-off levels.

As we shall see below, these limit cases are not the only
possibilities. For intermediate Vak slightly broadened bonding and

antibonding levels can appear inside the band.

Some quantitative calculations have been performed. Cyrot-
Lackmann et al. [102] have examined the adatom local density of states
for a single-level atom adsorbed on the (100) surface of narrow-band
cubium, using the method of moments. They first investigated the case
for which the adatom and the substrate possess the same atomic energy
level. For atop adsorption the local density of states is symmetric
since the odd moments are zero, It is not symmetric for adsorption at
a bridge or centred site. The asymmetry is stronger for the centred
site than for the bridge site because the number of paths (see section
2.5) with an odd number of steps is greater, For a weak adatom-sub-
strate atom hopping integral B' the local density of states has the
shape of a broadened S-peak. When B' is increased with respect to the
substrate hopping parameter B (or the band width) two virtual states
with increasingly sharp maxima appear. These maxima approach the
band edges and for some critical value of R'/R, strongly depending on
the adsorption position, split-off states with a finite weight, which
are strictly localized near the adatom, appear: the adatom and its
nearest neighbours form a surface molecule. The weights of the split-

off states asymptotically converge to 0.5 for all three adsorption
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sites. Cyrot-Lackmann et al. [102] have also considered an atom adsorbed
in the on-site position with an atomic energy level ea different from
the substrate level. The local density of states is no longer symmetrical.
When B'/B increases and Ea is in the lower half of the band, then first
one split-off state appears below the band and finally a second state
emerges above the band, If Ea lies below the band, there is always a
split-off state below the band, the second one appearing above the
band for a sufficiently large value of B'/B. If €a is positive with
respect to ec, the behaviour is reversed.

Einstein [80,81] has examined the changes in the total den-
sity of states

Ap = Apu + paa (64)
caused by chemisorption of an atom in the atop position above a (100)
cubium surface, using the model of Einstein and Schrieffer [79]. The
behaviour of Ap for different strengths of the adatom-substrate
coupling appeared to be very similar to that found by Cyrot-Lackmann
et al, for paa' The split-off states which correspond to bonding and
antibonding states have now unit weight. In order to satisfy the elec-
tron-conservation sum rule

JAp(e) de =1 , (65)

there must be a reglon of negative Ap. Indeed, it is found that in
forming an indented solid, density of states is removed from (the

centre of) the band region.

A concept which i1s directly related to all these findings,
namely the model of a "virtual surface molecule'", was introduced by
Gadzuk [121] in order to explain the structure observed in electron
spectroscopy of chemisorbed atoms. The basic idea is that the adsorbate
interacts strongly with the localized group orbital in the tight-binding
d-band of a transition metal. If the interaction 1s sufficiently strong,
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localized states are formed outside the narrow d-band. These states
correspond to a bonding and antibonding molecular orbital on the ad-
sorbate and the nearest-meighbour substrate atoms. The discrete sur-
face molecule states interact with the remaining indented solid. Since
these states lie outside the d-band, the most likely interaction is
a weak decay into the broad s-band. This converts the discrete surface
molecule states into narrow virtual molecular states. While the
binding energy is supplied in the surface molecule formation, the
level width is thus acquired in the weak residual interaction with the
s-band. By this model, Gadzuk explained how it is possible to have
simultaneously narrow virtual levels, which implies weak chemisorp-
tion, and also high binding energies as observed experimentally.

With regard to the assumption of Gadzuk and many others
concerning a weak coupling with the s-band for chemisorption on a
transition-metal substrate, it should be noted that the interaction

with the s-band appears to be strong (see Chapter 1IV).

2.10 Indirect interactions between adsorbed particles

The interactions between chemisorbed atoms or molecules may
be classified as either direct (through-space) or indirect (through-
bond) interactions. The former includes the short range interaction
which appears when the adsorbates are close enough together for their
electron clouds to overlap and the long range Coulomb interaction be-
tween the surface dipoles formed as a consequence of charge transfer
in chemisorption. As Koutecky [8] has shown, an important indirect
interaction occurs due to the sharing of the same electrons between
the chemisorbed particles and the substrate: one adsorbate distorts
the electron distribution in the metal, another one interacts with
this distorted substrate. The direct interactions are of particular
interest for ionic adsorption. For instance, Bennett [152] has cal-
culated the effect of direct adatom-adatom interactions on the net
charge of an alkali atom on a metal substrate, using the semiclassical

image force model. Since we are especially interested in the covalent
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adsorption of small particles (e.g. hydrogen atoms), we shall further

discuss the phenomena of indirect interaction.

Grimley [112] has studied the long range indirect interac-
tion between two adsorbed atoms A and B in the restricted HF approxima-
tion, using a generalization of the Anderson Hamiltonian, which
accounts for the intra-atomic Coulomb repulsions on the two adatoms.
With ¢a and ¢b being the atomic orbitals on A and B, respectively, and
¢k the one-electron wave functions of the semi-infinite substrate, the
matrix element Gaa(s) of the Green's function reads:

-1
qab qba

G (e)=de - e -q ~ ——— ' (66)
aa a a €E-€, "4

where
2
@ =q =1I Vo (67)
= = _—_
a b K e+ is Ek
ab ba K € + is —ek
€y =€y = €p * U<n> , (69)

with €p being the orbital energy of an electron in the free atom. The
other quantities have their usual meaning. The last term in eq. (66)
is due to the presence of a second atom on the metal surface. If atom
B were absent, or if A and B were infinitely far apart, Gaa would be
given by eq. (38). To examine the influence of atom B on the level
density paa associated with atom A, we separate qab into real and

imaginary parts:
Uy = B-1A (70)
with

u(e) = I Vak ka S(S-Ek) (71)

=
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A(e)

mu(e) (72)

P I B 4o, 13
e €™ A

B(e)

P indicates the Cauchy principal value. Equation (66) can now be written

1 1 1
G“(e) =;{ e-ea-a-B*-i(I"'A) + e-ea—a+B+i(I‘-A) } ' S

Since Gaa = be, this equation can be interpreted as the splitting into

two virtual levels

Ea+u-i I+ (B-14) (75)

of two chemisorbed atoms with degenerate atomic levels at ef. Two

atoms chemisorbed without mutual interaction would produce a twofold
degenerate virtual level at eai-u- 1T (see section 2.6). The level den-

sity associated with eq. (74) is given by:

Paale) =2_11r{ 1~+Az 2 * I‘-Az 2}(76)
(e—ea-a-B) +(T'+A) (e-ea-a+B) +(T'-4)

and it is quite clear that two virtual levels have now been produced.
The interaction energy of the adatoms is approximately given
by:
€
aw = 2 Jr (pte) -p_(e)) ede , (€4p)
-o
with p(e) being the density of states for the total system (substrate
plus mutually interacting adatoms) and p_(€) being the total demsity of
states when the two chemisorbed atoms are far apart. In expression (77)
it is assumed that the Fermi level EF and the occupation number <n> do
not change when the indirect interaction is switched on. In this way
Grimley [112] has investigated the long range behaviour of the indirect

interaction, which he found to oscillate with the distance R between the
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adatoms, the amplitude being proportional to R'Z. This value has been
corrected afterwards (see next paragraph).

In order to study the effect of the interactions between
adatoms on the heat of adsorption at low surface coverage, Grimley and
Walker [153] have extended the model to a system of N adatoms, still
retaining only the two-body contribution to AW, however, which deter-
mines the initial slope of the Q (differential heat of adsorption)
versus 0 (surface coverage) curve. Calculations have been performed
for chemisorption on tungstem, using a free-electron model for the sub-
strate. For the case where the adsorption of a single atom results in
the formation of a virtual level close to the Fermli energy, an oscil-
latory interaction (attractive or repulsive, depending on distance) was
obtained, which at long range falls off as R,

Einstein and Schrieffer [79] have studied the indirect pair
interaction at nearby binding sites, using their tight-binding model
for the (100) surface of cubium discussed earlier. The calculations
have been performed for the cases that both adatoms select the same
binding sgite, directly above a surface atom, at a bridge site or at a
centred position. So, the present model includes crystal structure
effects, as distinct from the one of Grimley and Walker. Since the
calculations were carried out numerically, the interaction energy AW
could be obtained as a function of adsorbate separation, even for close-
ly spaced adatoms. In thelr calculations Einstein and Schrieffer ob-
served that split-off states occur for weaker interaction potentials
than in the single atom case: a downward-shifted state and an upward-
shifted one are found (cf. Grimley [112]). Further, the strength of the
pair interaction at nearest-neighbour separation appeared to be about
an order of magnitude smaller than the adsorption energy of a single
adatom. The interaction energy showed an oscillatory behaviour and fell
off exponentially for the first few lattice spacings while its
asymptotic form appeared to decrease as R-s rather than as R-a.
According to Einstein and Schrieffer, this may be explained by the fact
that the virtual level approximation of Grimley and Walker is probably

not valid for the parameter values which correspond to the observed
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binding energies, since split-off states occur in this range of
coupling.

Using the method of moments, Cyrot-Lackmann et al. [102] have
investigated the adatom local demsity of states, when two adatoms are
adsorbed at nearest-neighbour distance in the on-site position on the
(100) surface of cubium. For a small adsorbate-substrate interaction
B' (relative to the substrate-substrate interaction B) a splitted
virtual state appeared which for increasing 8'/f passed into two pairs
of split-off states. The first pair occurred for a smaller value of
B'/B and the second for a larger ratio than in the single atom case.
This result agrees very well with the findings of Grimley and Walker
and of Einstein and Schrieffer.

3. Cluster models

In recent years, cluster calculations have become of increas-
ing interest in dealing with the surface and chemisorption problem.
This has been promoted by the rapid development of quantummechanical
methods for molecular calculations,which are made practicable by the
fast and large electronic computers becoming available. One may now
perform similar calculations on rather large clusters intended to re-
present the (metal) substrate with or without an adsorbate. Herewith
it is assumed that local effects, which thus may be computed more
accurately than by the solid-state methods, play a more important rbéle
in chemisorption phenomena than the collective properties of the bulk
crystal. A justification for this assumption may be found in
theoretical (the surface molecule concept) as well as experimental
(e.g. lon-neutralization spectroscopy [154,155]) results,

A difficulty arising in cluster calculations is the appear-
ance of undesirable boundary effects caused by the limited size of the
cluster, Usually these have been ignored; in some cases one has tried
to meet this problem by saturating the border atoms with hydrogen
[156,157], by introducing periodically connected boundary conditions

[158], or by congidering the cluster as an open system whose electron
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content is determined by a fixed Fermi level or chemical potential
[159]. Actually, the latter type of calculations have also been made
[114,118] based on a semi-infinite crystal model and, in general, one
may remark that many of the "solid-state'" techniques can in fact be
conceived as cluster methods with some kind of boundary conditions.
The method of moments (section 2.5), for instance, takes into account
only interactions within a distinct cluster, the range being determined
by the highest moment. In the embedding procedure (section 2.6) a
small cluster is calculated self-consistently and subsequently embedded
into a semi-infinite crystal by e Green's-function technique.
Altogether, we have given less space to the cluster methods,
since the computational techniques are standard for molecules and have
extensively been described in (text)books and review articles. Some of
the results and also the problem of boundary conditions are discussed

in more detail in the articles reprinted in Chapter IV.

The calculation methods

As remarked previously, the methods which are used to in-
vestigate surface and chemisorption phenomena by cluster calculations,
are similar to those employed to study the properties of organic molec-
ules and transition-metal complexes. However, the application of the
more advanced methods 1s somewhat retarded by the large number of elec-
trons present in (transition-metal) clusters, which demands the use
of large basis sets.

In order to study the adsorption of hydrogen atoms and un-
saturated hydrocarbons on transition-metal surfaces, Bond [160,161] has
outlined a qualitative molecular orbital picture, based on the model of
Goodenough [162] for the behaviour of the metal atom d-orbitals under
influence of the crystal field. In the octahedral environment of a fcc
crystal the d-orbitals split into two separate groups, the eg and tzg
orbitals. The direction of emergence of these orbitals at the (100),
(110) and (111) planes is established and the chemisorption bond is

described in terms of the overlap with these directional surface or-
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bitals. A similar model has been used by Knor and Miiller [163] to
describe the field-ionization process. Semi-empirical calculations have
been performed based on Bonds model [164]. Other studies have examined
its correctness [165]. Weinberg and Merrill [166] developed an empirical
model to study the dissociative chemisorption of small molecules, based
on the crystal field surface orbital (CFSO) description of Bond and the
bond-energy bond-order (BEBO) relationships of gas phase kinetics and
spectroscopy.

Vhile the older molecular orbital calculations on clusters
[167-171] used the simple Hiickel scheme, the larger part of the more
recent studies have been performed by the Extended Hiickel [172] or the
CNDO [173] method, the so-called semi-empirical LCAO-MO methods. Both
consider all the valence electrons. The Extended Hiickel Theory (EHT)
does not explicitly take into account the electronic repulsions, but
replaces the exact Hamiltonian by a sum of effective omne-electron
Hamiltonians, the matrix elements of which are obtained from experiment-
al ionization potentials and calculated overlap integrals. The CNDO
method is an approximation of the SCF-LCAO-MO or Hartree-Fock-Roothaan
method. Many of the two-electron integrals are neglected or calculated
approximately, while the one-electron integrals are parametrized with
the help of experimental data.

Up to now, only a few SCF-LCAO-MO or ab initio calculations
[174] have been performed on clusters. Sometimes electron correlation
is taken into account in such computations.

During the last few years an increasing number of calcula-
tions are being done by the Hartree-Fock-Slater (HFS) method. The one-
electron Schrddinger equation, which contains a kinetic energy, electro-~
static potential and exchange/correlation term, is solved numerically.
Slaters Xa statistical approximation to the exchange/correlation
[175] is used. In the self-consistent-field Xa scattered wave (SCF-Xa-
SW) formalism the potentials in the cluster are determined by the
"muffin-tin" approximation [176]. Very recently, a few calculations
have been reported which employ the discrete variational method (DVM)
[177] and single site orbital (SSO) scheme [178]. In this procedure
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the multiple scattering formalism is replaced by a numerical LCAO
method. This allows one a greater flexibility in the choice of the
potential function, which is important at the surface.

Since correlation effects are assumed to play an important
r6le in the process of dissociative chemisorption, valence-bond like

and multi-configurational methods have been used to study that problem.

The methods shortly described above, have been employed
for cluster calculations in order to examine the electronic properties
of pure solids and the chemisorption on semiconductors, simple metals
and transition metals. In the following, we shall give a concise, but
rather complete review of the various problems which have been in-

vestigated.

Bgse (substrate) clustezg

With various goals in mind, the electronic properties of
pure clusters have been examined. On the one hand, one has attempted
to simulate the bulk metal properties by considering a finite cluster
as an approximate model for the infinmite crystal. The electronic
structure and binding energy per atom for lithium with varying cluster
size has been investigated by EHT [179], Xa-SW [180] and ab initio
[181] calculations to determine whether the cohesion energy approaches
that of bulk lithium. Beryllium clusters were also examined [181].
Further, by a Hiickel-like method the relative stability of different
crystalline lattices (fcc, bcc and pentagonal) has been studied on
very large lithium clusters [182]. (I)EHT and INDO calculations on
finite and periodic two-dimensional hexagonal boron nitride clusters
have been performed to examine whether the electronic properties of
cluster sizes, such as band gap, valence band width and bond energy,
converge to those of the infinite crystal and to check the effect of
the boundary conditions [156,183]. The electronic properties of
transition-metal clusters have been calculated by multiple scattering

techniques in order to compare them with the crystal properties
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[184,185]. Computations on cubo-octahedral Cu Pd and Pt

13* Mg Pdyy 13
cluasters gave electronic structures which are remarkably similar to
the band structures and densities of states for the bulk solids [185].
CNDO studies on mnickel clusters have been used to fit parameters for
further calculations [186].

On the other hand, computations have been carried out on
the specific electronic properties (ionization energy, electron affinity,
d-orbital occupancy, charge and level densities, etc.) of metal
clusters, which may differ from the corresponding bulk properties be-
cause of the large surface to volume ratio. In this manner, there have
been attempts to find active sites and to explain the catsalytic
behaviour of metal aggregates, which for example play a réle in sup-
ported catalysts. (It should be remarked, however, that these parti-
cles actually contain 100 - 100,000 metal atoms and, therefore, are not
small in the sense used here.) Thus, calculations by the Xa-SW [180]
and EHT or CNDO [186-189] schemes have been used to determine:
(1) what cluster geometry is the most stable, (i1) what is the pos-
sible significance of this geometry and the cluster size to the surface
and catalytic properties of small (transition-~)metal particles.
Painter et al. [190] have investigated by the Xa-SW method to what
extent trends in the bulk densities of states in a series can be used
in a discussion of surface effects. They found a correlation between
the observed catalytic activities of surfaces of the iron series
transition metals (Fe, Ni and Cu) and the calculated electronic dis-
tributions and densities of states near the Fermi energy. It was also
checked how the charge density at a surface is modified by the presence
of steps.

Finally, some semi-empirical cluster calculations have been
performed on the properties of alloys [188,139], supported catalysts
[191] and the metal-semiconductor interface [192].

While the preceding references have tried to clear up
catalytic behaviour by studying the electronic properties of pure sub-

strate clusters, the following investigations have looked at chemi-



sorption phenomena directly, by comparing clusters without and with an

adsorbed species.

égsorbggg-substrate clusters

In the older calculations the Hlickel method has been used to
study the adsorption of unsaturated hydrocarbons and other n-system
molecules on a small cluster of metal atoms [167-171]. More recently,
one has obtained (semi)quantitaetive results for the adsorption of a
single atom or a small molecule by the EHT, CNDO, Xa and ab initio
methods. In a few cases the substrate has been represented only by a
single atom [193—205]. For instance, studies by EHT have been done on
the interaction of CO and H2 on transition metals [195], the adsorption
of CO on NiO [196], the difference between the catalytic activities
of palladium metal and 1ts salts [197], and the transition-metal
catalysis of olefin isomerizations [198]. The transition metal-hydrogen
bond was investigated in detail by LCAO-SCF (+CI) calculations [199-
205]. In most models, however, the local environment and symmetry of
the adsorption site was taken into account, more or less completely.
Moreover, in several calculations it was examined how strongly the ad-
sorption energy varies for different pogitions in order to explain
the surface (im)mobility of adsorbates or to predict the most favour~
able adsorption sites. In this manner, one has investigated the ad-
sorption of H, C, N, O and F on graphite by EHT and CNDO [206,158], (4]
and HZO on graphite by CNDO [157], H and O on boron nitride by CNDO
[207], H on 1lithium by EHT [208] and ab initio [208], O on lithium by
Xa-SW [159], H on beryllium ab initio [210], substituted methanes on
lead by EHT [211], H on nickel by EHT [164,165,212], CNDO [213] and
Xa-DVM [214], H on copper by EHT [165], O on nickel by Xa-SW [215,216],
CO on nickel by EHT [217], Xa-DVM [218] and CNDO [219], H and N on
tungsten by EHT [220,221], O on various transition metals by EHT [222],
and ethylene on nickel by Xa-SW [223].

In nearly all the calculations enumerated up to now, the ad-

sorption of a single particle was studied. However, in a few cases the
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surface coverage was varied [211,217] or models for chemisorption
under high coverage conditions were used [159,215]. Further, Grimley
and Torrini [224] have examined the indirect interaction between two

bridge-bonded nearest-neighbour H atoms adsorbed on (100) tungsten.

Dissociative chemisorption

One of the most important functions of several solid
catalysts is the dissociative adsorption of some molecule as the first
step of a reaction on the surface of the catalyst. This process is
much harder to study than the chemisorption of a single atom or molec-
ule and only few semiquantitative calculations are available at the
moment. Weinberg et al. [166,225-227] have used the CFSO-BEBO method

to examine the dissociative adsorption of H co, O co N20 and

2’
ethylene on platinum and of 02 on nickel surfaces.

In many dissoclative chemisorption studies the Extended

2° 2’

Hiickel method has been employed. Moffat [228] has examined the dis-
sociative chemisorption of Hz on several boron clusters. For some con-
figurations the total energy was less than the combined energies of a
hydrogen molecule and the boron cluster. Further, an activation energy
barrier was found. Anderson and Hoffmann [229] have performed calcula-
2’ BZ' CZ'
CO, NO) and ethylene on the (100) surface of tungsten and

tions on the adsorption of first row diatomic molecules (Li
N2, 02, F2,
nickel. The distance to the surface plane and the internuclear separa-
tion were kept constant and in most cases the diatomic molecules were
placed perpendicularly to the surface. The dissociation was analyzed
in terms of charge transfer between adsorbate and substrate, adsorbate
bond-weakening and bond-formation with the metal atoms. These authors
have also looked for active sites. Recently, Baetzold [230] has
studied the dissociative adsorption of Hz on various transition-metal
substrates (Co, Ni, Cu, Pd and Ag), pure metals as well as alloys.

The metal-H distance was kept constant, but the H-H bond was stretched
from its equilibrium position. It appeared that the adsorption energy

depends more strongly on cluster shape and on the orientation of the
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H2 molecule, than on cluster size. Baetzold analyzed the dissociation

in terms of binding energies and found a lower-energy path for Hz dis-
sociation on group VIII than on group IB metals. He has also investi-
gated the dissociative adsorption of BH3—N33. It should be noted that
the Extended Hiickel method, as most MO methods, cannot be used to cal-
culate interaction energies over a wide range of interatomic

distances and gives a wrong dissociation limit, since it does not ex-
plicitly take into account electron repulsion and correlation effects.
So, this technique is not very suited to study the dissociative
chemisorption of molecules.

Deuss and Van der Avoird [231] have examined the diasocia-
tive chemisorption of Hz by a simple effective 4-electron Nizﬂ2
model, in which the interaction energy was calculated by a perturba-
tion method which took exchange forces into account and is comparable
with the valence-bond method. They investigated the activity of the
3d and 4s electrons separately and suggested a possible r8le of the
3d component in the chemisorption binding in lowering the activation
barrier for H2 dissociation. This would explain, for instance, the
different behaviour of nickel and copper. A similar approximate
valence-bond model has been used by McCreery and Wolken [232] to study
the chemisorption of H2 on W(100). Very recently, Melius et al. [233]
have investigated the chemisorption of H2 on nickel, also using a

Ni model. The electronic structure was calculated by ab initio

2“2
methods which included electron correlation, the core electroms of Ni
being replaced by an effective potential. As to the r8le of the 3d
electrons in the dissociative chemisorption process, they suggested
that the partly filled d-orbitals in the transition metal provide
those symmetry states which according to the Woodward-Hoffmann rules
could lead to dissociation without too high an activation barrier. The
low activation energy reaction path would not be accessible for copper
because of its completely filled d-band, which prevents the formation
of such symmetry states. We refer to Chapter IV for a further discus-

sion of these results.
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4. Thin films

In concluding this review of the various theoretical
approaches to the surface and chemisorption problem we shall briefly
discuss the relatively few attempts to tackle these problems by con-
pidering thin films or finite slabs. These films consist of a finite
number of, generally infinite, atomic layers in which the two-dimen-
sional translation symmetry parallel to the surfaces is preserved.
They are used to study the electronic band structure, as compared to
that of bulk solids, and the physical properties of thin films per se.
Further, they provide a procedure to investigate specific surface
properties (e.g. surface states) and chemisorption phenomena.

Many of the calculations have employed the tight-binding or
LCAO method, by which particularly the surface bands of several semi-
conductors have been studied. Using an orthogonal next-nearest-
neighbour as well as a nonorthogonal third-nearest-neighbour LCAO
scheme, Alstrup [234,235] has extensively examined the occurrence of
surface states on ideal, non-reconstructed Si (111) and (110) surfaces.
Pandey and Phillips [236] have reported computations for Si (111) sur-
faces where relaxation of the surface layer was incorporated. In other
tight-binding calculations the surface states on the (111) surface of
diamond [237], the (111) and (100) surfaces of diamond-type semicon-
ductors (C, Si, Ge and a-Sn) [238], and the (110) and (111) surfaces
of Ge, GaAs and ZnSe [239,240] have been investigated. Cooper and
Bennett [241] have examined the changes in the nature of d-band states
in crystals of fcc transition end noble metals as the crystals become
very thin, They studied the size and surface effects for (100) and
(111) films by performing calculations for the r12 bands (i1.e., the
bands corresponding to the d atomic states of eg-symmetry).

Messmer et al. [242] have used the EHT to calculate the
band structure of a two-dimensional graphite sheet. To investigate the
chemisorption of hydrogen, they introduced the concept of a molecular
unit cell, consisting of a set of primitive unit cells of graphite

and an adsorbate atom above the surface. They examined the changes in
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the density of states caused by the adsorbate-surface interactions, by
performing band structure calculations for an infinite, periodic array
of molecular unit cells. We have studied by the EHT the hydrogen mono-
layer adsorption on layer crystals of nickel and copper (see Chapter

V).

Alldredge and Kleinman [243,244] have developed a pseudo~-
potential method to calculate both surface and bulk states in thin
films, which may be used for nearly-free-electron (NFE) metals. The
crystal potentirl is described in terms of a nonlocal pseudopotential,
which contains a superposition of nonlocal atomic pseudopotentials and
an exchange/correlation term treated by the local approximation used
in jellium studies [52,53]. By this method Alldredge and Kleinman [244]
have carried out a self-consistent emergy band calculation for a
13-layer (100) lithium film to study the charge density and surface
electronic states. Caruthers et al. [245-248] have performed (non self-
consistent) energy band calculations on 13-layer films of (100), (110)
and (111) aluminum. The results were compared with a projection of the
three-dimensional energy bands along the appropriate direction in
order to examine the effects of both the surface and the finite thick-
ness of the film. Caruthers and Kleinman [249] have extended the
method to transition metals by supplementing the basis set of plane
waves orthogonalized to the core wave functions, with a set of d-like
functions defined within a "muffin-tin" radius of each atomic site.
From their calculations on a 13-layer (100) iron film it appeared that
the existence and symmetry of transition-metal surface states depend
strongly on details of the potential, so that self-consistent calcula-
tions are necessary for this study.

A similar self-consistent pseudopotential method has been
developed by Cohen et al. [250]. It has been used to perform self-con-
sistent calculations on Si (111) unrelaxed, relaxed and reconstructed
surfaces [251]. Density of states curves for a 12-layer slab were ob-
tained. Also the electronic structure of a metal-semiconductor inter-
face has been investigated, considering a slab of Si with the (111)
surfaces being exposed to a jellium of Al density on both sides [252].
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A third formalism [253-256] to study crystal films follows

a Green's-function procedure and can be considered as a generalization

of the Korringa-Kohn-Rostoker (KKR) method [257,258] for band cal-

culations of infinite systems or of the scattered wave formalism [176]

for molecular calculations. An application to a monolayer film of

copper has been presented by Kar and Soven [256].
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Chapter 111

RESOLVENT METHOD FOR QUANTITATIVE CALCULATIONS
ON SURFACE STATES AND ADSORPTION



Resolvent method for quantitative calculations on surface states and adsorption: General
method

A van der Avoird, S P Liebmann,*and D J M Fassaert
Insatute of Theorencal Chemistry Umversity of Nymegen, Nymegen, The Netherlands
(Recaived 1 Apnl 1974)

A new method 1s pr d for the cal

lation of surface and adsorption cffects on one-electron states

in crystals Conceptually, this method 15 similar to the Koster-Slater resolvent method for impunty
states, which has often been applied to surface states in semi-infinite crystals The elaboration 1s very
different, however The proposed scheme works for finite crystals, the resolvent matnx s calculated
numencally instead of analytically, and the applicability of the method depends on a suitable algonthm
for the numencal solution of the Koster-Slater equations Such an algonthm 1s descnbed In companson
with the resolvent method for semi-infinite crystals, this method permits a more quantitative treatment
of real crystals, such as transition metals or semiconductors On the other hand, compared with
standard molecular-orbital methods on finite clusters, 1t can handle much larger crystals

I INTRODUCTION

Although many 1mportant processes occur on the
surfaces of solids, as for instance chemisorption
and heterogeneous catalysis on transition metals
or semiconductors, the understanding of these
processes 1s far from being complete. Experi-
mentally, more and more data are becoming avail-
able for adsorption on well-defined surfaces, !"!!
but the interpretation of these data 1s very diffi-
cult. From this situation arises a considerable
need [or theoretical calculations on surfaces and
adsorption and, 1n particular, for improvement of
the methods to yield more quantitative information
on real crystals.

The majority of the quantum-theoretical methods
for the study of surface and adsorption states on
crystals are based on the linear combination of
atomic orbitals (LCAQ) or tight-binding'? formal-
1sm, They can be divided 1nto iwo types: the “sol-
1d-state” approach and the “molecular” approach,
The first group starts from sohd-state band calcu-
lations on 1nfinite periodic crystals (satisfying
Born-Von Kiarman cyclic boundary conditions with
an infimite number of unit cells), These infimte
crystals are then reduced to semi-infimie crystals
with a surface, and the influence of the perturba-
tion which effects this surface formation 1s mostly
taken 1nto account by a resolvent or Green’s-func-
tion technique. A description of these methods can
be found 1n several review articles, ¥ The re-
solvent method applied to this problem 1s based on
Koster-Slater treatment of 1mpurity states in crys-
tals.'® This type of approach requires the use of
an analytical resolvent, to be constructed from the
infinite-crystal solutions For this reason one has
to introduce various approximations such as ne-
glect of nonorthogonality of the basis orbitals and
of many 1interactions between them. In practice,
one often falls back on the use of a model Hamilto-

man depending only on a few parameters, !*2 or

one calculates model crystals with one orbital per
atom, #*~%® or even one-dimensional chamns. %7
The same type of model crystals have also been
studied by different methods, without using the re-
solvent techmque. 2~ It 1s doubtful whether such
models will yield a valuable description of real
crystals such as transition metals, which have
rather localized d electrons on the one hand, and
diffuse conduction electrons on the other. More-
over, these methods only calculate “pure” surface
or adsorption states with wave functions locahized
at the surface and energies lying outside the crys-
tal bands. Most states, however, remain within
the crystal bands and are not completely locahzed,
but are still affected by surface formation or by
adsorption, As Koutecky'® points out, these states
must be included when calculating total surface en-
ergles or adsorption energies: although they shift
only by infinitely small amounts, we have an infi-
mte number of them (in the semi-1nfinite crystal
model).

The second class of methods 1s of the molecular
type Assuming that the effects of the surface or
adsorption are localized, which 1s probably true in
many cases and has been confirmed both by theo-
ry**=3 and experiment, % ™!° one applies molecu-
lar-orbital methods to a cluster of crystal atoms,
possibly interacting with one or more adsorbed
atoms. ™ Although this approach takes into ac-
count all 1nteractions within a (semiempirical) mo-
lecular-orbital (MO) formalism, 1t suffers from
the drawback that the clusters must remain rather
small (up to about 15 transition-metal atoms or 30
first- or second-row atoms). This gives rise to
undesirable boundary effects. One can try to com-
pensate for such effects, for instance, by saturat-
ing the “‘dangling” bonds with hydrogen atoms or by
connecting them to other dangling bonds, * but 1t
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would be better to increase also the size of the
clusters.

As we are especially interested in chemisorption
and catalysis on transition-metal surfaces, i1n
which both the d electrons and the conduction elec-
trons play a role, ‘**** we have developed a method
which does not requre the simplhfying parametri-
zation of the “solhid-state” methods and still calcu-
lates larger crystals than the “molecular” meth-
ods. It avoids unwanted boundary effects and,
moreover, 1t calculates all one-electron states in
crystals having a surface, possibly with adsorp-
tion, also those states which are not strictly local-
1zed at the surface. By apphication of the presented
method one can obtain quantitative information
about properties of solid surfaces and about ad-
sorption phenomena. This might also be helpful
for the interpretation and correlabion of exper:1-
mental data for adsorbed atoms and molecules. !~

11 DESCRIPTION OF THE METHOD

The proposed method works for fimte crystals
(in practice up to about 1000 atoms) with two sur-
faces parallel to a chosen crystal plane. This
plane 18 defined by two elementary lattice transla-
tions, 3, and d,, which can be the primitive trans-
lations of the bulk crystal or linear combinations
of them.'? The third elementary translation 3,,
which 1s nonparallel to the surface, carries from
one crystal layer to another. The number of lay-
ers 15 fuimte; the dimensions of the crystal paral-
lel to the surface could be infinite, but we find 1t
advantageous to keep these dimensions finite as
well, while still avoiding undesirable boundary ef-
fects by 1mposing Born-Von Kirman eyche bound-
ary conditions on the finite number of umt cells
(8, 3z). This imphes that we assume the crystal
wave functions to satisfy the relations

PP = U(F - ME,) = 9(F ~ Nodp) , (1)

N, and N; being the number of umt cells 1n the di-
rections 3; and 3,, respectively, Working 1n an
LCAO model, we denote the basis atomic orbitals
as

| x.(’"h ma, my)) = )(;;(.l= = myd,; = nydp - myd;) ) (2

where the index p=1,..., v labels the different
atomic orbitals in one urut cell with the origin
(m,3, + m,3, + mg3;). Now, because of the periodic
boundary conditions the crystal wave functions can
be expressed as

[ty = 5 3 mmanelisy
™3

with 3)
¥y N
'd;l'.z(m;,)) = Z:l Z; | X p{my, 1z, m,))e'(llnqohzmz).
ﬂll Mr
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The summation over »; runs over all layers of the
crystal. The two-dimensional Bloch orbitals

| @41°*2(m1,)) are called “layer orbitals”; the com-
ponents of the wave vector, k,and k,, must satisfy

by =21ny/N,, kp=21m,/N,
with
m=1,2,...,MN,

Expression (3) 18 equivalent to the statement that
layer orbitals with different (k,, %;) are noninter-
acting, which 1s so because they belong to differ-
ent irreducible representations of the fimte cyclic
group that 1s the translation group of this crys-
tal. So we see that the periodic boundary condi-
tions, besides eliminating end effects, resultin a
considerable simplification of the wave equations,
also for fimite crystals. Actually, this assumption
of fimte, but cyclic, crystals 1s nonphysical, which
18 probably not very serious, however, as 1t cor-
responds exactly to collecting a finite selection
from the infinite crystal solutions—namely, those
Bloch waves of which the wavelength is a divisor
of the total crystal dimensions.

The method for calculating the one-electron
states of this crystal now proceeds as follows. We
start with a ¢rystal of N; layers, which 1s also
periodic 1n the third (3,) direction. This complete-
ly periodic erystal 1s called the “‘unperturbed”
system. The extra periodicity facilhitates the solu-
tion of the secular equations for this system 1if we
use three-dimensional Bloch orbitals as a basis:

n,=1,2,...,N;.

N3
| hirkerts) = D - | atirRe(mg)yethsms |
mgal
with 4)
ky=2mny /Ny, n3=1,2,..., N,

We then define a perturbation V=V*+ vT which
has the following effects*

(1) V* removes 30 many layers from the period-
1¢ crystal that the two surface layers on both sides
of the crystal interact only with 1nside layers.
Thus we have created two “Shockley” surfaces, **
just as the removal of a segment from a circle
creates two “ends.”

() V7T adds the effect of a surface potential to
the atoms near the surface. I this effect 18 non-
zero, we shall speak of “Tamm” surfaces. *®

This perturbation effects complete layers so that
the periodicity parallel to the surface 1s conserved.
The 1nfluence of the perturbation 1s taken into ac-
count 1n an exact way by the resolvent or Green’s-
function method, the resolvent being constructed
from the “unperturbed” periodic crystal solutions.
The combination of this method with the LCAO
model was first used by Lifshitz'? and by Baldock™



and formulated more generally by Koster and Sla-
ter.'® In our case, we obtain a set of simultaneous
equations containing the resolvent matrix and the
perturbation matrix over layer orbitals, which we
shall call the “Koster-Slater equations.” These
equations can be regarded as the matrix represen-
tation of a homogeneous imntegral equation.® The
Koster-Slater treatment of the LCAO problem,
which 1n fact 1s a way to deal with the effect of “lo-
cal” changes 1n the secular matrix, also shows
some resemblance to a matrix-partitioning tech-
mque by Léwdin, *°

In case of adsorption, we define an extra unper-
turbed problem which consists of a set of secular
equations for nomnteracting adsorbate layers.
Adding the 1nteractions between the crystal and the
adsorbate layers and the interactions among differ-
ent adsorbate layers to the perturbation, 1 e., V
=V5+ VT + V4 we can also take adsorption effects
into account by the resolvent method. As long as
the adsorbed layers have the same two-dimension-
al periodicity as the crystal layers, all equations
can be solved for each (&, k;) separately.

Conceptually, this method 1s similar to the
semi-1nfimite crystal treatments, !** The practi-
cal elaboration 1s very different, however, for the
following reasons:

(1) All matrix elements between atomic orbitals
are calculated exphicitly, within a given (possibly
semiempirical) LCAO model. An arbitrary range
can be specified, outside which the interactions
are neglected. (We have used for this range, for
instance, the fourth-nearest-neighbor distance for
the fcc crystals nickel and copper.) We work with
nonorthogonal basis functions because orthogonal
orbitals, even of the localized type such as Liw-
din®® or Wanmer® orbitals, always involve some
amount of delocahization This effect 1s usually
neglected, but 1t can be quite large—for instance,
1n case of conduction electrons.

(11) We do not require the unperturbed problem
to be solved analytically. Instead, we use a nu-
merical method (matrix diagonalization) to obtain
these solutions from a set of secular equations.

(111) The Koster-Slater equations which are con-
structed from a numerical resolvent matrix (and
perturbation matrix) must be solved numerically
as well. The dimension of these equations 1s de-
termined by the number of layers which are direct-
ly affected by the surface or by adsorption; so 1t
1s smaller than the dimension of the secular prob-
lem over all layer orbitals. Since the Koster-Sla-
ter equations are nonhinear 1n the energy, how-
ever, the apphicabihty of the method depends on a
suitable algorithm for their numerical solution,

We have found one 1n the procedure developed by
Williams® for solving the Korringa-Kohn-Rostoker
(KKR) equations®™® 1n solid-state band calcula-

tions. Although the physical background of these
equations is quite different from the surface or ad-
sorption problem, they have almost the same
mathematical structure as the Koster-Slater equa-
tions occurring in our problem. In the next sec-
tions the latter equations will be derived for sur-
faces and for adsorption, in a manner which 1s
generalized to nonorthogonal basis functions. We
bring them into a standard form adapted to the al-
gorithm just mentioned and we show the function

of this algorithm. Because of the special charac-
ter of our problem, where the perturbation has to
anmhilate interactions between different nonorthog-
onal orbitals, the perturbation matrix in the re-
solvent method depends on the (unknown) energy of
the perturbed problem, and therefore Williams's
algorithm had to be generalized.

Il SURFACES

Since the periodicity of the crystal permts the
solution of all equations for each two-dimensional
wave vector (k;, k,) separately, we shall omit these
indices in the notation for the layer orbitals

| ay(m))=|ajrr*e(m)) ,
and for the Bloch orbitals (5)
| b:)= I b:plz.l Y.

Except for the caleulation of the matrix elements,
the three-dimensional-crystal problem becomes
1dentical to the calculation of a linear chain.

The “unperturbed” crystal 1s described 1n terms
of layer orbitals by the following secular equations:

Ny v
2 2 ayom)| & ay (m)
= E{*ay(m)|ap(m') ]efi(m") =0,

p=1,...,v. (6)

The solutions E{® and ¢{{"(m) are numbered by :
=1,...,Nyv. The explicit form of the one-electron
Hamiltoman H depends on the type of LCAO method
used. Taking advantage of the periodicity of the
unperturbed crystal, one can solve, instead of this
(N,v)-dimensional secular problem, a set of N,
secular problems of dimension v over Bloch orbit-
als:

m=1,...,N,,

’Zl (82| H | By - E'(k)(8Y) ) ]e(R) =0,

p=1,...,v. (DO

The solutions are now labelled by 7=1,...,v and
k=2tny/N,y, with ny=1,..., Ny. The solutions of
Eq. (6) can then be expressed as

E® = E(k),

9 (m) = ™™ (k), (8
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where 2, 7, and k run as indicated above. The el-
genvectors are orthogonal and are assumed to be
normalized:

IPIECLCIL LRI
@)
Ny v

Ny v

22 2 2 i) ay (m" e (m') <y
mol pul m’al pfel

From now on, we shall work only 1n terms of layer
orbitals and introduce a compact matrix notation
(matrices are denoted by capitals, column vectors
by small letters). The indices run both over lay-
ers (m=1,..., N;) and over atomic orbitals (p
=1,...,v). The unperturbed equations (6) read

@to) - E:D)E(O))Eso) =g , (10)

with E{* and c{® given by (8).

For the real system of interest, 1.e., a crystal
with two surfaces, the energy E and the wave func-
tion ¢ (in terms of layer orbitals) are to be deter-
mined from the equation

(H - ES)c=0. (11)

The matrices H and S are changed with respect to
H' and §' only 1n a few parts. In order to ex-
press these changes 1n mathematical form, it 1s
convenient to distinguish some subsystems 1n the
original crystal of N, layers (see Fig. 1).

The subsystem R contains the layers which are
removed from the periodic crystal by the Shockley
perturbation ¥ ° in order to create a crystal with
two surfaces. The remaining crystal 1s denoted
by €. In this crystal a set of outer layers 0 1s
directly affected by this removal (because they
were Interacting with &) and/or by the Tamm per-
turbation V7. Projection matrices for these sys-
tems (P®, P, P° P°) are defined as follows**:
Let P"' be a (N,v)X(Nav) dimensional matrix with
a vXv umt matrix on the diagonal for layer » and
zero otherwise. Then, for a given subsystem X

=3 P (12)

mex

These projection matrices are :dempotent, mutu-
ally exclusive, and form the following resolution
of the (N;1) X (Nyv) 1dentity matrix:

I1=PF,pC-pr,po,pco, (13)
The changes in H and § can now be written as
by VS _Aﬂs - _Engtu)go -BOE(O)BR ,

£S = _Bng(o)go _£O§(0)BR;
by VT AHT =POTP°, (14)
asT=0
The matrix T describes the effects of the surface
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potential VT which are localized in the outer lay-
ers 0. If the structure of these outer layers
would be changed with respect to the bulk struc-
ture, the overlap matrix A_ST would be nonzero as
well. The fact that H and S are only locally modi-
fied (see Fig. 2) 1s now expressed by means of
projection matrices. Because of this fact, 1t 1s
advantageous, 1nstead of solving the new secular
problem (11), to use the resolvent techmque. !>
Define the perturbation matrix

V(E)=VS(E)+ VT,

=AH - EAS,
= - PRH'? - g5©)po
_BO(E(O) - ES—(O))ER +£OI£O R (15)
and the resolvent mairix
NSV
G(E)=z OB - B0t (16)
- ia1 -

with E{®’ and ¢{% being the solutions of the unper-
turbed problem (10). Both V(E) and G(E) depend
on the energy E of the perturbed system, which
must still be determined. Writing the perturbed
equations (11) as

!(E)£=‘(H_(°)‘E§m))£, (17)
multiplying this by G(E), and using the relation
‘E(E)(E(m _ E§(0)) :l' (13)

which 1s proved by substituting (16), (10), and the
normalization condition (9), we obtain the Koster-
Slater equations

G(E)V(E)=¢ (19)

Although this Koster-Slater problem still has the
same dimension as the secular problem (11), this

2/}0 Va /////// o aa
Ll 444-;/,{4; 4/ 4.,_.,/,4«./4/

/

///// / 7//
////// /& 7
Vz , // //

-ﬂw-frk rfu//‘/ﬂ /

; f /// 7 24
Y
IA
FIG. 1. Schematic drawing of the crystal with ad-

sorbed layers. Layers ® are not shown because they
are nonphysical, they were only added to make the un-
pertugbed crystal periodic.



can be easily reduced if we introduce the following
properties:

(1) After removal of the layers ®, some solu-
tions of the perturbed equations are localized on
®, others on ¢. We are interested 1n the latter,
which satisfy the relations

P 0, Pc=c (20)

(11) The matrix V(E) contains many blocks which
are zero, as expressed by (15) and shown 1n Fig.
2.

Usually, '»!* Egs. (19) are projected by P° and
then solved 1n the subspace €. In view of our algo-
rithm for numerical solution of these equations,
which applies to Hermitian matrices, we multiply
the equations (19) by BOX(E), substitute (15) and
(20), and use the properties of the projection ma-
trices (13), to obtain

POW(r)P% {PO[VS(E)R®+ VTROIG(E)
x[POV" + P*VS(E)|P® -P°V P = 0.
(21)
The matrix P°W(E)P° contains zeroes except for
the submatrix corresponding to the outer crystal

layers ©. Therefore we can reduce Eqs. (21) to a
smaller set, only over the space O.

WO(E)°=0, (22)

where W°(F) 1s the (Hermitian) nonzero submatrix
of P°W(E)P° over the layers 0. The equations for
the perturbed problem have now been simplified as
much as possible and prepared 1nto such a form
that a slhightly generalized version of Wilhams’s
algorithm can be applied to solve for the energies
L. These can be substituted into (21) or (19) and
the coefficients ¢ can be calculated by standard
methods (solving a set of homogeneous hnear equa-
tions).

IV ADSORPTION
On the crystial of the previous section we adsorb
N layers of atoms of a different type. These lay-
ers are assumed to have the same periodicity 1n
the 3, and 3, directions as the crystal, so that we
can construct layer orbitals

a n)) |afvte(n)
Vi V2
_ z Z | xo(ty, 1z, n)yet B1mIR2m2Y (23)

m)al mpsl
which obey the same periodic boundary conditions
(1). Atomic orbitals are labelled by ¢=1,..., u;
adsorbed layers by n=1,..., N. The space spanned
by the adsorbed-layer orbitals 1s denoted by @, the
corresponding projection matrix by

P4 D P, (24)

n-1

Ny Nu

t— ———
R 0 c-0 A
¥ g s 7
7 V= /// G
‘ R ///o g0 %u// Z0
7 7
I 5. . 7 Al
° (u)v (0) ! //0 '
| HHES T H-€S
| // ”,
G
| 7
u,v'c-o//// 0 /0/
// Z //// // Z
* ///’ 7 77
A A
NH A ///0/ = %/ 4 U / / ¥'a
v b 77 WS 7% H-ES
FIG 2, Block structure of the perturbation matrix V

Using a matrix notation, we now 1mply the indices
to run over MN; crystal layers with v layer orbitals
each and over N adsorbed layers with p layer or-
bitals. Consequently, the resolution of the identity
matrix becomes

1=P*+PC+P*,

N
=PR+PO4+PC0,Y ] P", (25)
nal
Adsorption effects can also be treated by the re-
solvent method. Unless N is very large, 1t 1s
most convenlent to define an unperturbed problem
of 1solated adsorbate layers, % 1n addition to the
unperturbed crystal problem described by (6) and
(7). For an adsorbate layer » we write

L (@ n)| | gt

= E¥(nXay(n)| ag (n)))cifi(n) =0, (26)

where the solutions are numbered by I=1,..., u.
For the total unperturbed system, the secular
problem reads

(PR . PC)[H“” _ E:O)S(D)](PR + Pc)cf‘”

+Z PYH® - EO(n)5 P (®(n) =0 . 27
pr
The perturbation V4 which adds the interactions
between the crystal and the adsorbate layers and
between adsorbate layers among each other, cor-
responds to the following matrix:
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VA(E) =ﬂA - EQEA ’
= PA(H - ES)PO + P(H - ES)PA + A(H - ESP*

N
-2 PY(H® - ES™)P". (28)
nl

J

Ngv

We have assumed that the direct interactions with
the adsorbed atoms are restricted to the outer
crystal layers ©. If necessary, the set 6 18 ex-
tended with respect to the previous section. The
resolvent matrix derived from the unperturbed
problem (27) reads

N [

6(5)-@*+ 2 L (e - EPIE) @520+ 2 (2 ez - EPmI e e,
- = T M T - - m - -

=§(E)R‘C+Q(E)A .

Jol

(29)

This resolvent must be substituted into the Koster-Slater equations (19), together with the perturbation

matrix

V(E)=V3(E)+VT+VA(E)

(30)

given by (15) and (28). Again taking into account the zeroes 1n this perturbation matrix (see Fig. 2) and the
fact that the solutions ¢ are now locallzed on €+@, we obtain, after multiplication by (P +P°)V(E):

(20 +2A)!(E )(BA +£0)£ - {[BOXS(E )ER + 20!1'20 +£A_V_A(E )BO]Q(E )ROO[EO!A (E )EA 4 BOXTBO +ERXS(E )EO]
+ [BOXA(E )BA + BA!A(E )EAJQ(E )A [BA!A(E )BA + BA!A(E )EO]
- [POV7R° + PAVAE)R®+ POVA(Z )P4 + PAVAE )P Tl =0. (31)

Defining W(E)°*4 as the nonzero submatrix of
(P°+ PYYW(E)(P* + P°) over the layers 048, we
can solve a smaller problem—namely the one over
those layers only:

E(E )OoAEOoA =2 . (32)

Since the matrix W(E)°*4 1s Hermitian, these
equations are of the type that can be solved by the
algorithm described 1n the next section.

V NUMERICAL SOLUTION OF THE KOSTER-SLATER
EQUATIONS

The Koster-Slater equations for a crystal with
two surfaces and adsorption have been brought 1nto
a standard form which can be generalized as

W(E)e=[V(EXG(E)W(E)-V(E)e=0.  (39)

In the earlier applications of the resolvent method
, to this problem, =% one solved Eq. (19) for the
energy by searching for the roots of the equation

det(G(E)V(E) - 1]=0. (34)

Instead, we will search for the zeroes 1n the (real)
eigenvalues of the Hermitian matrix W(E), which,
of course, are also the zeroes of det{W(E)] and the
solutions of Eq. (34) if V(E) 1s nonsingular 1n the
subspace considered. These zeroes can be calcu-
lated by an elegant algorithm because the matrix
W(E) and 1ts eigenvalues ) (E) have some special
properties (the same kind of properties were
proved for the expectation value of a general re-
solvent by L&wdin?®);

(1) When an eigenvalue ),(E) passes through
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zero as a function of E, 1t always goes from posi-
tive to negative value with increasing E. In other
words, 1fA,(E,) =0, 1t follows that

(ﬂ"i”'—))‘g _<o. (35)
had 1]

dE

This 1s proved 1n the Appendix.

(1) The eigenvalues of W(E) have poles, as do
the matrix elements of W(E) and those of G(E), at
E=E{®, the eigenvalues of the unperturbed prob-
lem. One can prove (see the Appendix) that the
number of eigenvalues \,(E) which have a pole at
a certain E* equals the degeneracy 4, of this un-
perturbed energy. Moreover, 1t can be shown that
at the poles the eigenvalues A ,(E) always pass from
—w to +% with increasing E.

These properties easily lead to the following
theorem: The number of zeroes E; of all eigen-
values A(E) of W(E) 1n a given energy wnterval E;
< E; 15 equal to

(B, By) =n(Ey) - n(Ep) + Z‘Id.“”.

5(si%%g, (36)
when n,(E,) and #,(E,) are the number of positive
eigenvalues of W(E,) and W(E,), respectively.

Using this theorem, the values of the energy
roots E, can be determined by repeated bisection
of the interval, until the required accuracy 1s
reached. As the positions of the poles E{”’, and
their degeneracies d{” are known from the unper-
turbed equations, the only problem that remains 1s
to calculate the number of positive eigenvalues
n(E) of the matrix W(E) at given points E. Sever-



al procedures are possible: (1) complete diagonal-
1zation of the matrix W and counting the number of
positive eigenvalues; (1) tri-diagonalization of W
and using the Sturm sequence property’®’ for the
parameter u -0; and (11) bringing W 1nto upper-
triangular form by the Gauss elimination process®®
and counting the number of positive diagonal ele-
ments. This number can be proved to equal the
number of positive eigenvalues of W (see the Ap-
pendix).

Applying standard techniques to perform these
manipulations on the complex Hermitian matrix W,
it appears that the thaird procedure 1s about three
times faster than the second and about twenty times
as rapid as the first. (They all increase 1n time
with the third power of the dimension of W.)

An advantage of the algorithm based on formula
(36) for calculating the energy solutions of (33) 1s
that 1t also calculates those energies of the per-
turbed system which coincide with an unperturbed
energy and, thus, with a pole 1n the resolvent. In
this case, one or more eigenvalues Ay(E) of W(E)
go to zero, which corresponds to a solution of Eq.
(33), whereas some other eigenvalues go to infin-
1ity. Such solutions cannot be found by the usual
methods, which look for the zeroes of the determi-
nant 1n (34). As pointed out 1n the Introduction,
this advantage 1s of practical importance, since we
wish to calculate also those one-electron energies
lying within the crystal-bulk bands.

V1 DISCUSSION

In the previous sections we worked out a method
for the quantitative calculation of one-electron
states in finite crystals, with or without adsorp-
tion. We can now compare this method 1n more
detail with the more traditional methods men-
tioned 1n the Introduction.

In comparison with the resolvent method for
semi-1nfinite crystals, this method 1s more suit-
able for quantitative calculations on real crystals,
such as semiconductors or transition metals. It
does not neglect overlap effects between atomic or-
bitals and calculates all interaction matrix ele-
ments exphcitly, up to a given distance. More-
over, 1t calculates, not merely the strictly local-
1zed surface or adsorption states lying outside the
crystal-energy bands, but al! one-electron states.

One can object to the finite-crystal model on the
grounds that 1t does not take 1nto account really
long-range effects. We do not think that this omis-
slon 1S very serious, however, because: (1) one
can treat crystals up to about 10x10x10 atoms;
(11) one can test the model by comparing crystals
of different sizes; and (1) the effects of the sur-
face and, particularly, of chemisorption seem to
be rather localized. Moreover, 1t could well be
argued that crystals of this size are already of

physical interest themselves.

Compared with quantitative MO calculations on
finite clusters, we have a great reduction 1n com-
putation time, which enables us to treat much
larger clusters and to take into account interac-
tions over a more extended range. This 1s 1llus-
trated by the following arguments for crystals with-
out adsorption: If we have a cluster of Ny XN, X Ny
=N atoms and perform a traditional MO calcula-
tion, the number of matrix elements over atomic
orbitals that must be evaluated 1s proportional to
N%=N%NiNZ; the time for solving the secular prob-
lem is proportional to N?=NINJNJ. I we impose
periodic boundary conditions 1n two directions and
use two-dimensional Bloch orbitals, as we do 1n
our method, we have to calculate a number of ma-
trix elements over atomic orbitals which 1s propor-
tional to N;N,N3. Transformation to Bloch orbitals
takes only a negligible time. The time for solution
of the secular problem then becomes proportional
to N;N,N}. By using the resolvent method, as de-
scribed 1n this paper, the latter time can be even
further reduced. The time for solution of the un-
perturbed periodic-crystal problem 1s proportional
to N\N;N;. The dimension of the Koster-Slater
equations 1s smaller than the dimension of the sec-
ular problem by a factor N,/N;, where N, 13 the
number of outer crystal layers directly interacting
with the surface. The time for solving the Koster-
Slater equations 1s hard to estimate, as the algo-
rithm contains some steps which are proportional
to N3 and other steps proportional to N}, with x
approxamately equal to 1.5, At any rate, 1t follows
that the Koster-Slater problem increases less rap-
1dly with the crystal size than the secular problem,
but since the Koster-Slater equations are more
complex, the proportionahty constant 1s larger.
Therefore we conclude that the application of the
resolvent method becomes advantageous when the
ratio Ny/N, surpasses a certain hmit. I this 1s
not the case, we rather solve the secular problem
over layer orbitals, which 1s still much better than
the traditional cluster calculations both 1n time
saved and in the avoidance of undesirable boundary
effects.

Besides the general resolvent method for surface
states and adsorption, we have developed efficient
special methods for the case where the effects of
the surface potential (the Tamm perturbation) on
the one-electron states become negligible. The
perturbed wave functions themselves may give rise
to a surface potential, however. These methods
will be described 1n a future paper.

The complete procedure for calculating the one-
electron states of a crystal with two surfaces and,
possibly, some adsorbed layers, as derived 1n this
paper, has been programmed 1n FORTRAN for an
IBM 370 computer. The structure of the program
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1s shown schematically in Fig. 3. Calculations
for hydrogen adsorption on nickel and copper sur-
faces are underway.
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APPENDIX

The applicability of the algorithm for numerical
solution of the Koster-Slater equations rests on a
number of properties of which the proof shall be
outhined in this Appendix.

We wish to find the energies E, and the coeffi-
cients ¢, for which the equation

G(E)V(E)c=¢ (a1)
becomes an identity:
G(E,)V(Ep)co=cCo - (A2)

These solutions are obtained by looking at the e1-
genvalue problem

W(E)c(E) =[V(E)G(E)V(E) = V(E)e(E) = ME )e(E)
(A3)

and searching for those energies E, for which

AMEy) =0, The first property that we invoke reads

(&), .

Williams® has proved this as follows for orthonor-
mal bases and V not depending on E:

dax
75 dEc(E)'W(E)c(E),
dg w L de dW
=I5 We+c'W 35 +c 7B —=c (A5)

For E=E;, we can substitute the 1dentity (A2) to
obtain

(&), -5, o-su(3),

dE . 2E Co= c(.V 35 Ve, (A86)
On the same orthonormal basis the resolvent ma-
trix G(E) reads

G(E) =2 ¢{™(E - E)ef®" (A7)
i
and 1ts derivative becomes
aG
EE_= - _G_Q . (A8)

Substituting this result into (A8) and using the 1den-
tity (A2) again, we find that
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(%) = -V G(E)G(E)V €o= - gieg=~1.
Eyg

(A9)
In our problem, with a nonorthonormal basis and
V(E) dependent on E, we obtain some extra terms
1n the derivative of Eq. (A6):

dar (dW)
(E)z dE Iy '

(dV , dg)
=oo\gE 9!) e (XEE o 20

dG faV
+c° V—V 20'20 EEEO
0 0

Two of these terms cancel after using (A2), so that

(), (52, ors(2F)
dE)ED—E" dE /52" S\dE

Using the fact that !(E) 15 linear 1n E, and that
[according to Egs. (15) and (28)] d V/dE equals a
submatrix of the overlap matrix, and substituting
the expression (16) or (29) for G(E), we have
proved, similarly to the proof just given, that

i
dE)Bo <0.

The second 1mportant property of the eigenvalues
ME) of W(E) =!(E )Q(E )!(E) —!(E) 18 their be-
havior at the poles E{*’ of G(E). In the neighbor-
hood of a pole E{°’, we write E=E{® +¢, with ¢
very small, For € -0 all matrix elements of Q(E),
and also those of W(E), go to infimty. In each ma-
trix element of G(E), given by Eq. (A7), only d{”
terms 1n the sum behave as ¢!, whereas the rest
remams finite, (Remember that d{*’ 1s the degen-
eracy of E{®’.) In the limit of €~ 0 we can write
G(E) effectively as

(A10)

(A11)

()
44

G(E)=€! Z (et
Inl

(A12)

This matrix projects the total space onto a sub-
space of dimension d}°’; so 1t has the rank dj®.
Also the matrix W(E) must have this rank, because
the term linear in V(E) 1s small with respect to €!
and the transformation V(E)G(E)V(E) with non-
singular V(E) does not change the rank Conse-
quently, only d|*’ eigenvalues A\(E) behave as €,
while the other remain small Since the matrix
G(E) given by Eq. (A12) is positive definte for

€ + 0 and negative defimte for € t 0, we conclude
that at each pole E{® just ¢! eigenvalues A(E)
pass from —= to +«=,

These two properties are sufficient to calculate
the number of zeroes 1in the eigenvalues A(E) of
W(E) 1n a given interval (), E,), when the number
of positive A\(E£) 1s known 1n the end pownts E;, E,



/ input

atomic orbital data
crystal data
adsorbed layer data

calculate H{®) ang 510!
for the periodic crystal over
Bloch orbitals
tor 1solated adsorbed layers
over layer orthtals

solve sacular equations by
matrix diagonalization
SAVE eI lues and for
construction of resolvent matrix G(E)

calcutate aHS, aSS, aHT, aHA, a5A
over layer orbitals for construction
of V(E) = aH-EaS

i this process 1s performed for all

energy roots at once, so that no
intermediate information s lost

N

choose intervz|
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calculate G(E) and
W(E) = V(E)G{E)V(E)-V(E)
forE=E4, Ep

calculate n, (€) for € = Eq, Ep after
Gauss elimination on W(E)
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— Ey. E3

{E2 Eq)< threshold

solution E, = (Eq + Ep)/2
degeneracy ng(Ey, E5)

FIG. 3. Flow chart of
the FORTRAN program for
computing the one-electron
energes in finite crystals,
with or without adsorption.
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[Eq. (36)].

The fastest method to calculate the number of
positive elgenvalues of a given complex Hermitian
matrix W (dxmensxon n) 13 by the Gauss elimination
process ® which brings W 1into an upper-triangular
form. The number of posmve diagonal elements
of the triangular matrix equals the number of posi-
tive eigenvalues of W. This 18 shown most easily
for tri-diagonal Hermitian matrices W'. For such
a matrix one can calculate the Sturm sequence for
any parameter u, which 1s the sequence of deter-
minants D;(p) of the principal minors of W' - uI1
with increasing size, i=0,1,...,7n; Dy(u)=1., It
has been proved®” that the number of agreements
in sign between the consecutive elements D;(u)
equals the number of eigenvalues of W' which are
strictly greater than p. So the number of positive
eigenvalues of W' 1s directly calculated by putting
w =0, Actually, this property can be used if we
bring W into tri-diagonal form—for instance, by
the Householder method.® This method 1s slower,
however, than the Gauss elimination process.

Instead of using the Sturm sequence for p=0
(i.e., the elements D;), and counting the agree-
ments in sign, one can count the number of positive

quotients D,/D;_;.%° Now, these quotients are ex-
actly the elements which we obtain on the diagonal
after Gauss elimination on a general matrix. %8
Thus we have only to prove that the Sturm-sequence
property also holds for the determinants D; of the
principal minors of a general Hermitian matrix W.
The proof for tri-diagonal matrices®’ is based on
the separation theorem® for the eigenvalues of a
Hermitian matrix and those of its principal minors,
which for such matrices 1s vahd 1n the strict
sense, For general Hermitian matrices it holds
only 1n the non-strict sense,® i.e., with < signs
instead of < signs, If none of the determinants D;
of the principal minors would be equal to zero,
however, none of the principal minors can have a
zero eigenvalues either, and we effectively have
strict separation around zero. On that condition,
the Gauss elimination method can be used to cal-
culate the number of positive eigenvalues of W.

If any of the elements D; does equal zero, the
elimination process would fa1l anyway, In this sit-
uation, we can invoke the technique of pivoting, 5
which for our purpose 1s only permitted if we 1n-
terchange rows and columns simultaneously, i.e.,
keep the same elements on the diagonal.
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versity of Warwick, England.
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Resolvent method for quantitative calculations on surface states and adsorption. II.
Adsorption on Shockley surfaces

S. P. Liebmann,* A. van der Avoird, and D. J. M. Fassaert
Institute of Theoretical Chemustry, University of Nymegen, Nymegen, The Netherlands
(Received 4 September 1974)

Recently, a method has been developed for the quantitative calculation of surface and adsorption
effects on one-electron states n finite crystals This method, which 1s based on the lhinear-combination-
of-atomic-orbitals or tight-binding model, uses the Koster-Slater resolvent method for computing the
energies and orbital coefficients Since the resolvent matnx is constructed numencally, an algonthm was
described to solve the Koster-Slater equations numencally as well. The present paper shows a
particularly efficient manner to prepare the Koster-Slater equations for this algonithm. which is
applicable to crystals with Shockley surfaces and adsorption

I. INTRODUCTION

The electronic properties of solid surfaces and
the phenomena occurring on adsorption have been
the subject of much research, both experimental
and theoretical. Experimentally, more and more
data are becoming available for adsorption on well-
defined surfaces, !~ but the interpretation and
correlation of these data, which should lead to a
better understanding of adsorption interactions,
leave many open questions. Theoretically, two
types of methods have been applied to this prob-
lem, both using mainly the linear-combination-of-
atomic-orbitals (LCAQ) or tight-binding scheme.
The first group of methods calculates the surface
and adsorption states in a semi-infinite crystal
model, 2~!* Although these methods are very use-
ful for the interpretation of general phenomena,
such as the occurrence of strictly localized surface
states, they must introduce various simplifying ap-
proximations and, therefore, they remain rather
qualitative and cannot do justice to the complexity
of interesting crystals such as transition metals.
Particularly, the interpretation of spectroscopic
data for adsorbed atoms or molecules calls for a
more quantitative treatment. Also, the calculation
of total surface and adsorption energies is practi-
cally impossible by these methods.

A more quantitative approach is followed by the
methods of the second kind, applying molecular-
orbital (MO) techniques to finite clusters of
atoms. 1*=?! Results from such calculations are
distorted by undesirable boundary effects, how-
ever, because the clusters have to stay rather
limited in size.

In a previous paper®® we proposed a LCAO meth-
od which works on finite crystals, just as the
cluster methods, and calculates all interaction
matrix elements between atomic orbitals explicitly
within the (semiempirical) MO scheme that is used.
By invoking different features from the semi-infinite
crystal methods, such as periodic boundary condi-
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tions parallel to the surface and the application of
the Koster-Slater resolvent technique, we have
considerably reduced the time required for actual
computations. Therefore, we can treat larger
crystals than the usual cluster calculations and

take into account interactions over a more extended
range. Typical aspects of our procedure, de-
scribed in Ref. 22, are the numerical calculation
of the resolvent matrix and the algorithm for the
numerical solution of the Koster -Slater equations.
These are still the most time-consuming steps,
though, and we must make them as efficient as pos-
sible. In the present paper, we describe simplified
procedures for finite crystals having two surfaces
without extra surface potentials and, also, for ad-
sorption on these “Shockley ” surfaces. First, we
shall give a brief account of the general method and
show in which parts improvements will be made.

II GENERAL METHOD

The crystal and the adsorbed layers are assumed
to be periodic in two directions, 31 and 32, with
finite numbers of unit cells, N, and N,, respective-
ly. Besides eliminating boundary effects in these
directions, this periodicity implies that, working
in a LCAO model, we have a set of basis layer
orbitals

N1 Na
Ia’(m» - Z Z Ixﬂ(mlv my, '7'))3'(.1"'1“2"'2) , (1)

"'l'l mpal
which are noninteracting for different (k,, k,). The
atomic orbitals Ix,(m,, My, m)) are centered in the
unit cell with the origin ”’1a1 + 1,3, nnaﬂ, the index
p=1,..., v labels different atomic orbitals in the
unit cell. On the basis of these layer orbitals we
introduce a matrix representation, the matrix in-
dex running over all crystal layer orbitals (layers:
m=1,..., Ny; atomic orbitals: p=1,..., v} and, 1n
case of adsorption, also over the adsorbed layer
orbitals (layers: n=1, ..., N; atomic orbitals:



g=1,..., u). (Capitals denote matrices, small
letters column vectors, )

Using the resolvent method 1n order to find the
golutions, E and c, of the secular equations for
this system N

(H-ES)c=0 @

we need an “unperturbed ” system, which 1s most
conveniently defined as the crystal periodic 1n three
directions together with some tsolated adsorbate
layers The reason for this choice 1s that the un-
perturbed equations

(E(O) - EEU)§(O))E=0) =9 (3)

are particularly simple for this special system,
even 1f they must be solved numerically.? From
the numerical solutions of the unperturbed problem
we can construct the resolvent matrix by a finite
summation over z=1, ..., Nyvor, 1n case of ad-
sorption, over z=1,..., N;jv+Nypu

G(E)= z‘:ggo)w —E@)ic®r (@)

The perturbation which carries the unperturbed
system 1nlo the real system of interest has the
following effects.

(a) It removes so many layers R from the peri-
odic crystal, that the remaining crystal C has two
surfaces, which are only interacting with 1nside
layers (just as the removal of a segment from a
circle creates two ends) These surfaces are
called “Shockley” surfaces. The perturbation V*
which annihilates the interactions between R and C
actually has only matrix elements between layers R
and some outer crystal layers O, the wnner layers
C -0 are not directly affected This 1s so because
we assume the interaction matrix elements between
(localized) atomic orbitals to become negligible be-
yond a given distance,

(b) It adds a surface potential V7 which modifies
the H-matrix elements of the outer layers O In
the present paper we shall discuss the case that
this “Tamm” perturbation V7 effectively equals
zero.

(c) In case of adsorption, 1t adds the interactions
between the adsorbed layers A and the crystal lay-
ers and between adsorbed layers among each other.
This 1nteraction V4 1s localized within the adsorbed
layers A and the outer crystal layers O.

The total perturbation VS + V7 4+ V4 modifies the
unperturbed secular matrices H” and §‘” only 1n
certain regions, by amounts AH and AS This 1s
most easily expressed by prOJectlon matrices PR
P% P°°, and P*=1Y,P", which have umt matrices
1n the diagonal ‘blocks corresponding to the regions
indicated and zero otherwise. Multiplication by a
projection matrix gx means restriction of the n-
dices to the layer orbitals contained 1n the region

X. Now, we can write the effects of the perturba-
tion as
AH® = - PFH©P® _ pOHO'p®,
ASS = - PRS(B)PO —pOogtOpR
POTP°, (5
N
P'HP°+P°HP*+P'HP*-) PHOP,

nel

N
-2 PSP

AHT =

aH*-

454=p*SP°+PS P4+ PS5 P*

The matrix T describes the effect of the surface
potential on the outer layers O. If we define the
matrix

V(E)=AH - EaS, 6

which depends on the energy of the perturbed sys-
tem, the perturbed secular equations (2) can be
written .

!(E)S= - ( l__l(o) _Es_’(l)))g' (7)

Multiplying these equations by the resolvent matrix
(4) and using the properties of the latter, 2* we ob-
tain the Koster-Slater equations

GE)V(E)e=c. 8

The dimension of these equations 1s considerably
reduced with respect to the original secular prob-
lem (2) if we substitute the matrix !(E) as given by
(5) and (6) and reahize that the solutions ¢ which we
are seeking are located 1n the crystal region C (1n
case of adsorption, 1n the region C +A)., This is
worked out 1n the following sections.

At this point we only recall that Eq. (8) can be
solved numerically for E and ¢ by the following

procedure Equation (8) 1s miltlphed by V(E) to
obtain
W(E)e =[ V(EYG(EY(E) - V(E)]e =0, 9

Then we search for the zeroes 1n the (real) eigen-
values of the complex Hermitian matrix W(E),
which are the energy solutions of (8). Substituting
these into (8) or (9) we calculate the coefficients c
by standard techniques (solving a set of homoge -
neous linear equations). The algorithm to calculate
the energies E, which 1s based on the properties of
the eigenvalues of W(E), 1s described 1n paper 1.2
This algorithm uses a bisection procedure select
an interval (E,, E;); calculate the number of roots
in this interval ny(E,, E,); if ny(E,, E,) >0 bisect the
interval, etc., until the required accuracy 18
reached. In each cycle we have to construct the
matrices G(E) and V(E) for a given energy E and to
perform the operations required for the calculation
of W(E)=V(EYG(E)V(E) -~ V(E). These operations
are rather time consuming, the more since they
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have to be performed in complex arithmetic, which
is a serious limit on the practical applicability of
this method. In the following sections we show for
Shockley surfaces and adsorption how to avoid a
considerable part of these operations and, thereby,
to make the procedure much more efficient.

III. SHOCKLEY SURFACES

According to our procedure for general surfaces
we would (more precisely) multiply Eq. (8) by
P°V(E) with V(E)=V5(E)+ V", substitute (5) and (6)
and solve Eq. (8) in the subspace 0.% If V7 equals
zero, the matrix 2°!(E) becomes equal to
P°VS(E)P® and its rank is determined by dim(R),
the dimension of the space R, which is smaller than
dim(0). Generally, dim(0O)=2xdim(R) because the
layers R in the unperturbed (periodic) crystal are
connected with outer layers O at fwo surfaces.

For this reason the matrix

WO°(E)=P°V*(E)P*G(E)P*VS(E)P° (10)

becomes singular in the subspace O and we cannot
apply the algorithm to find the solutions E by look-
ing for the zeroes in the eigenvalues of W(E), since
half of the eigenvalues are identically zero. This
difficulty could easily be removed by choosing the
Tamm perturbation nonzero but very small, so that
it practically does not influence the solutions of Eq.
(9). It is more efficient, though, to use a special
equation for Shockley surfaces which is much faster
to solve than the general one,

We start with Eq. (8), substitute V(E)= VS(E)
given by (5) and (6) and use the fact that g c=c,
because the solutions ¢ are located on the crystal
C. Use of the relations between the projection
matrices, P*P°=0; g°gc=g°, yields

G(E)PFVS(E)P°c =P . (11)

Multiplying this equation by P?, denoting the matrix
P*G(E)P® by G*"(E) and incorporating the Shockley
perturbation into a new set of coefficients

&*(E)=P*V*(E)Rc, (12)
we are left with the equation
G*"*(E)d*(E)=0. (13)

This equation can be solved in the subspace R. The
matrix G**(E) is Hermitian and has the correct
properties, so that the algorithm of Paper I can be
applied to G**(E) instead of W°%E) for the calcula-
tion of the energy solutions E. This procedure is
much faster for two reasons. In the first place,

the dimension of G*®(E) is twice as small as the di-
mension of WOO(E) and, therefore, the Gauss elim-
ination proc?ss which is part of the algorithm re-
quires less time. Secondly, the matrix G**(E) is
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just the restriction of G(E) to the layers R, so we
can omit the matrix operations needed in each bi-
section cycle for the construction of W(E)
= V(EYG(E)V(E) - V(E) from G(E) and V(I:)
"According to a proof by Freeman, 2° | Eq. (13)
ylelds all energy roots E; for the crystal ‘with
Shockley surfaces. The coefficients ¢ can be cal-
culated by substituting these roots back into (13),
solving the set of homogeneous linear equations for
the coefficients d_"(ED) and substituting these coeffi-
cients into (11), multiplied by P%

=P % =P GE)P A" (E,). (14)
IV. ADSORPTION

We want to follow a similar procedure for ad-
sorption on Shockley surfaces. In this case, the
unperturbed system consists of the periodic crystal
R +C and some isolated adsorbate layers, n=1,
«+., N, and the resolvent matrix can be written

N
G(E)=(P® +POIG(EN R +P™) + 2 P'G(EVE".  (15)

When the Tamm perturbation is zero, i.e., H=H®
for the crystal layers O as well as for 1nd1v1dual
adsorbed layers n< A, the perturbation matrix
reads

V(E)=P"V*(E)P® + P°VS(E)PR + POVA(E)P#

Ay A o i: nyrA r

+RAVAEIRY s D00 PVAEIRY, ' #n 6)
According to the general method, we would have to
solve Eq. (9) in the subspace O +A4, with the matrix
W(E) = V(EYG(E)V(E) - V(E) constructed from (15)
and (16). In most practical cases, where we do
not have too many adsorbed layers, the dimension
of this subspace is larger than dim(R) +2xdim(A4),
which appears to be the rank of the matrix W(E) in
these systems. So we have tried to replace the
matrix W(E) by a smaller matrix of the size dim(R)
+2xdim(A4) and to avoid, at the same time, many
of the matrix operations required for the construc-
tion of W(E) from the expressions (15) and (16).

We start by substituting (15) and (16) into the
Koster-Slater equations (8), using the property that
¢ is now located in C +A: (P®+P*)c=c, and the
relations between the projection | matrices. If we
multiply the resulting equations by P?, P4, and P°,
respectively, we find the equations -

PRG(E)P" V(E)P°c + P*G(E)POVA(E)P e = 0,

(17a)
N
2 PGEPVAER e
N N
ZZ P"G(E)P"VAE)P"'c=P4c, n'*n (17b)
aln



POG(EYP*VS(E)P°c + P°G(E)P°VA(E)P c = P,

-0 -0 07 (17¢)
Before proceeding with the preparation of these
equations to suit the algorithm for the calculation
of E, we introduce some additional definitions. The
matrices describing the interactions between the
crystal and the adsorbed layers are denoted as

VAAE)=PAVAEIR®; VOME)=VAYAE). (18)

The interaction matrix between different adsorbed
layers, which has zero diagonal blocks, is divided
into two triangular matrices:

N n-l
!AA'(E)=Z Z 2”‘_,‘(5)2"',' !A'A(E)=!M'(E)'-
n’al

ne=l
(19)
These matrices obey the relations

N
VA (E)+ VA4E) = PAVAE)PA - 2 P'VAEIP",
- - nal -

. P'VAE)P", i n'<n (20)
PVAY(E)P" =
T h 0 ifn'>n.

]

Different parts of the resolvent matrix are denoted
as

GFR(E)=P*G(E)P®; G"%(E)=P"G(E)P°, etc.,

and the diagonal block matrix over adsorbed layers
as

N
GHE)=) P'G(E)P". (21)

nel

Using these definitions, (17) reads

GFH(EYPRVS(E)P e + GRO(EYW°4(E)e = 0, (22a)
GHEW*(E)e + GHE)VA¥ (E)e

+GHE)WV*4(E)e =Pc, (22b)
GF(EWPVI(EIPe +GOEW HE)c=P%.  (22¢)

Equatfon (22c) is replaced by the sum of multiplying
{22¢) by VA%(E) and (22b) by VA4’(E). Then we sub-
stitute the new variables:

& (E)= PV (E)P°%,

dY(E) = [VAUE) + VA(B)e, (23)

¢*=pe,
which are linearly independent if dim(0O) +dim(A4)
2 dim(R) +2xdim(A), obtaining:

G*R(E)E*(E) + GRO(EWWOXE)A = 0,

GAEMAE) +[GHEWVMAE) -PAleA=0, (24)

VAAEYGHEW®(E) + [VA*(EYGA(E) - PA[dA(E)

+ [ VAYEYGOE)VOME)
+ VA (EYGAEVA 4B cA=0.

If these equations are written in matrix form (Fig.
1) it is easily verified that the matrix multiplying
the new coefficients is Hermitian. The algorithm
applied to W(E) in the general method in order to
find the roots of Eq. (9) can now be applied to this
matrix. Again, this is more efficient since the
matrix of Fig. 1 usually has a smaller dimension

and its construction requires much less operations.
A large part is just the restriction of G(E) to the
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FIG. 1. Structure of
= the equations for adsorp-
tion on Shockley surfaces.
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subspaces R and A, most of the remaining parts
are simpler than W(E), which is readily seen by
comparison with Eq (31) of Paper I Especially
when we have Just a single adsorbed layer, this
simplification becomes obvious because the matrix
VA4°(E) does not exist.

V CONCLUSION

Summarizing the preceding sections, we conclude
that for Shockley surfaces and adsorption the
Koster-Slater equations (8) may be prepared in
such a form that the numerical algorithm for the
calculation of the perturbed energies can be ap-
plhied The E-dependent matrix multiplying the
coefficlents of the perturbed wave function, or lin-
ear combinations of these [Eq (23)], 1s Hermitian
This 1s not attained by multiplication with the per-
turbation matrix y1elding the matrix W(E) of Eq
(9), which 1s singular 1n this case, but by some
specific mampulations and substitutions yi1elding
Egs. (13) and (24) The advantages of the latter
procedure are that the matrices in (13) and (24)
have smaller dimensions and are much easier to
construct than the matrix W(E) of Eq. (8) Thisis

of crucial importance since the construction of
these matrices and their triangularization must be
carried out 1n each cycle of the bisection algorithm
for determining the energy roots The procedures
described 1n this paper were incorporated into the
computer program of Paper I

When the Tamm perturbation, accounting for the
effect of the surface potential on the one -electron
states does not equal zero, the matrix W(E) 1s non-
singular in the subspace O, or O +A for adsorption,
in which Eq (9) should be solved Still, by the
same kind of substitutions described in this paper
one can try to sumplify the form of W(E) and, thus,
save much time 1n calculating the energies.
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Chapter IV

LCAO STUDIES FOR HYDROGEN CHEMISORPTION
ON TRANSITION-METAL SURFACES

Remarks on the adsorption bonding with transition metals;
role of the d- and conduction electrons

In this chapter three articles have been reprinted which report
our Extended Hiickel LCAQ studies on the adsorption of (atomic)
hydrogen at various surface sites of nickel and, for a few examples,
also copper crystals. In the first and third paper single atom ad-
sorption on clusters is discussed, and in the second one monolayer
adsorption on finite periodic crystals is considered. In the following,

we shall give some additional comments on the results.

1. We have extensively discussed in section 2.9 of Chapter II the
changes which occur in model systems in the local density of states on
the adatom and at the surface as a consequence of the chemisorptive
interaction. Now, we want to look for these effects in our actual re-
sults, Although the situation is more complicated than for the models
discussed, because of full monolayer adsorption and the existence of
both a d-band and an sp-band, analogous effects may be identified. For
instance, split-off states appear above and below the d-band as well as
the conduction band, as may be observed from figures 6 and 7 of the
second paper. So, strong adsorption takes place and one may conclude,
at least for the adsorbate interaction with the substrate conduction
band, that correlation effects are perhaps not very important (see
Chapter II, section 2.7). Further, more than the maximum of two split-
off states found by Cyrot-Lackmann and Einstein, may occur, as well as

simultaneous virtual states inside the band, because the situation
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is more complicated in our case (e.g., the number of orbitals involved

in the surface molecule is larger).

2. In our paper of 1972 we have noted, for the first time, that the con-
duction (48) electrons play an important r8le in the chemisorption
bond. This result has been confirmed since by several other authors
using quite different techniques such as CNDO [1] and Xo-DVM [2]. Also
some ab initio calculations on NiH [3-6] and other transition-metal
hydrides [7-11] indicate that a strong interaction exists between the
metal 48 orbital and the hydrogen 1ls orbital. Therefore, it is also
necessary to take the conduction band into account in chemisorption

studies on transition metals, which has up to now often been omitted.

3. In the first paper we have (also) found a strong interaction be-
tween a single hydrogen atom and a copper cluster. Although the 3d or-
bitals were not involved in the adsorption bond, their absence was com-
pensated by an increased 4s contribution. These findings have been
confirmed in a few calculations on hydrogen monolayer adsorption on
finite periodic layer crystals, which are similar to the computations
described in the second paper. Using copper parameters, we found only
a very small overlap population between the hydrogen 1s and the 3d
substrate orbitals and a considerable increase (about 50%) of the
overlap population with the conduction band, as compared to nickel.

The adsorption energies were rather similar to those for the nickel

crystals.

4. From the above mentioned results it appears that the strength of

the chemisorption bonding does not depend in a simple way on the
occupation of the d-band. But, if we conclude on the contrary that the
adsorption bonding with nickel and copper mainly takes place via the
48 orbitals and not via the 3d band, it is somewhat harder to explain
the different catalytic behaviour of these metals than one has imagined
for a long time. There is, for instance, the experimental observation

that nickel does dissociate H_ at low temperatures and copper does not,

2
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although for both metals the adsorption energy of hydrogen atoms is
sufficiently high to make the dissociation of H2 energetically pos-
sible [12,13].

Deuss and Van der Avoird [14], realizing that the adsorption
interaction mainly occurs via Ni (4s), proposed a certain r8le of
the 3d orbitals in lowering the activation barrier for dissociative

chemisorption of H, (see Chapter II, section 3). Melius et al. [4,5]

also ascribed a siiilar r8le to the 3d electrons. In contrast to
Deuss and Van der Avoird, however, they assumed that the 3d orbitals
do not take part in the adsorption bonding at all, but simply pro-
vide those symmetry states which according to the Woodward-Hoffmann
rules lower this activation barrier. If the 3d electrons are to in-
fluence the energy along the reaction path, however, they should have
Bome coupling with the electrons directly involved in the bonding
(i.e., metal 48 and hydrogen 1s). In any case, it can be concluded
that the participation of partly filled d-electron shells in the
chemisorptive interaction with molecular hydrogen may provide an un-

activated reaction path, although their actual contribution to the ad-

sorption bond can be relatively small.
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Model calculations for the chemusorption of hydrogen atoms on nickel (111), (100) and
(110) surfaces are carried out by means of the Extended Huckel MO method After
comparison of the results obtained on a cluster of 13 nickel atoms with the properties of
the metal, adsorption at different surfaces was studied by truncating this cluster and
adsorbing a hydrogen atom on it, so that the environment of the adsorption site has the
correct symmetry

It can be concluded that the adsorption of a hydrogen atom over a surface nickel atom 1s
energetically more favourable than adsorption in some surface holes Also the surface
potential 1s more negative 1n the first case The adsorption encrgy decreases with an
increasing number of neighbours to the surface atom

It appeared further that the structurc of the *‘surface molecule’ 1s more important for
determining which d-orbitals play a role in chermisorption than 1s the interaction with
the “bulk’ metal atoms Morcover, we found that the 4s orbitals are very important for
covalent adsorption Although the chemisorption of hydrogen atoms on copper 1s of a
different type (the 3d orbitals not being involved), the greater binding to the 4s orbitals
causes the adsorption energy to be comparable with the nickel case

1. Introduction

The concept of a “‘surface molecule”, which describes the locahzed
bonding between a chemisorbed species and a small number of substrate
atoms?), has been used by theorists2-13) and experimentalists14) to calculate
and nterpret the phenomena occurring on adsorption Several theoretical
treatments have checked the validity of this concept for certain systems or,
more generally, as a function of some typical system parameters15-22)

The purpose of the present mvestigation is to obtain some quantitative
information about atomic hydrogen adsorbed on a transition-metal such
as nickel, a system which 1s interesting and relatively well studied experiment-
ally As we intend to obtain these quantitative results by means of a standard
molecular orbital method, we can only study the interaction of a hydrogen

* Present address Koninkhjke/Shell Laboratorium, Amsterdam, The Netherlands
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atom with a limited number of metal atoms. Nevertheless, we hope that these
model calculations will permit us to make some conclusions about the
degree of localization of the adsorption bond. A further essential object
of this work is to determine which transition-metal orbitals play a réle in
chemisorption and what is the effect of the partly filled d-band and of the
conduction electrons. We think this knowledge to be useful in order to
check assumptions on this matter made in previous theoretical treatments
of the same system 2.12.13)_ It can also help to improve the crude analysis of
the réle of multi-centre forces in the dissociation of H, on nickel13),

The calculations have been carried out for hydrogen on different crys-
tallographic surfaces of face-centered cubic nickel in order to examine the
effect of a different environment of the adsorption site. We hope that the
applied model represents the experimental situation sufficiently well to
allow some theoretical predictions about the surface potential and the
adsorption energy.

2. Description of the model
2.1 CLUSTERS

Since the adsorption models only consist of a limited number of metal
atoms we want to consider first the effect of truncating the crystal. This
investigation is carried out on a cluster of 13 nickel atoms, representing one
atom with its complete nearest neighbour environment in the fcc crystal
(fig. 1a). The symmetry group ol this complex is O,, the nearest neighbour
distance is taken equal to the metallic value (2.49 A =4.70 atomic units).

The next calculations were performed on systems of 10, 9 or 8 nickel
atoms obtained from the original cluster by removing some atoms such that
the central metal atom has the nearest neighbour environment of an atom
at the (111), (100) or (110) surface, respectively (figs. 1b, c and d). The sym-
metry groups of these clusters are C,,, C,, and C,,.

Subsequently, we “adsorb” a hydrogen atom on these surface clusters,
at a variable height above the central nickel atom (figs. 2a, b, c). The resulting
complexes have C,,, C,, and C,, symmetry, just as the original metal clusters.
As this symmetry is exactly the same as the symmetry of an isolated hydrogen
atom adsorbed on a semi-infinite metal crystal, we expect that these models
can serve to investigate the effect of the (direct) environment on the properties
of the adsorption site. Actually, the study of neighbour effects is made by
comparison to an isolated NiH molecule, which is also calculated.

We have also examined what happens when a hydrogen atom is adsorbed
on a cluster which is just like one of those in figs. tb or Ic, but inverted.
The hydrogen atom is now placed in the centre of a “hole” between 3 or 4
“surface” nickel atoms, respectively, at variable height (figs. 2d and 2e). It



Fig. 1. (a) bulk cluster, (b) (111) surface cluster, (c) (100) surface cluster,
(d) (110) surface cluster.

Fig 2. Models for hydrogen adsorption: (a) on the (111) surface, (b) on the (100)
surface, (c) on the (110) surface, (d) 1n a (111) surface hole, (e) in a (100) surface hole.
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must be noted, however, that these surface nickel atoms are not provided
with their complete nearest neighbour environment, as the central surface
atoms are in the clusters of figs. 2a, b and c.

2.2. ATOMIC ORBITALS AND VALENCE ELECTRONS

As we did not wish to make any a priori assumptions about the d-orbitals
involved in adsorption bonding, we have taken all five 3d orbitals on each
nickel atom. The 4s orbitals of nickel were included as well, in order to
represent the conduction electrons. The atomic orbitals are expressed in the
coordinate system shown in fig. 1 for the central metal atom and parallel
coordinates on all other atoms. The radial parts of the orbitals, a single
Slater type function for the 4s and a “‘double zeta” function for the 3d
orbitals, are approximate atomic SCF orbitals23) (table 1). Each nickel

TabLE 1
Atomic orbitals and valence state ionization energies

Exponents Contraction a B ¥
(ao™V) coefficients (eV) V) V)
Ni 3d 5.75 0.5683 ) 8.38 12.97 1.76
2.00 E 0.6292 §
4s 1.50 1.0 6.97 8.16 0.91
Cu 3d 595 0.5933 10.60
2.30 i 0.5744
4s 1.55 1.0 7.75
H 1Is 1.0 1.0 13.60 27.18 13.62

atom has 10 valence electrons and an effective core charge of +10 units.
For reference purposes we have also made some calculations using only
the nickel 3d orbitals and taking into account 9 valence electrons (core
charge +9). A hydrogen atom contains a ls-orbital (exponent 1.0) and
1 electron.

Since much evidence has been put forward to relate the adsorption
behaviour of transition metals to the number of “holes” in the d-band, we
thought that it would be worthwhile to use these models tentatively to
consider this relation. For this reason we have applied some of our original
calculations to the adsorption of hydrogen on copper. [n this qualitative
study only one calculation was made with the copper atomic orbitals23);
in most cases we used the nickel orbitals, taking 11 valence electrons.

2.3. THE MOLECULAR ORBITAL METHOD

For a study of the surface molecule concept it would be most appropriate



to consider the influence of the surrounding crystal as a perturbation.
Hydrogen adsorption on different nickel surfaces could, for instance, be
treated as a NiH molecule in different crystal fields. Since, however, the
influence of the crystal in this system is mainly a covalency or delocalization
effect, the most convenient way to obtain quantitative information is by a
Molecular Orbital method. The most serious drawback of this method is
the difficulty in defining the boundary conditions of relatively small clusters
such that they represent a semi-infinite, or at least large, crystal. Bennett
et al.21) found a solution to this problem for layer structures, such as
graphite, but for a “really three-dimensional” crystal this is still an object
for further study. In the interpretation of the results presented here we
have tried to correct for the smallness of the clusters by considering relative
effects.

The simplest MO-LCAQO method applicable to these models is the
Extended Hiickel method 24). The overlap matrix elements S, of the secular
equations

(H-¢eS)c=0 ¢))

are calculated with the atomic orbitals y, specified above. The diagonal
matrix elements H,, are set equal to the empirical atomic Valence State
Ionization Energies (VSIE)25.26); the non-diagonal elements are approx-
imated by the Wolfsberg-Helmholz formula 27):

H,, = KS,, (pr + qu)/Z. )]

Since metallic nickel has 0.6 holes in the d-band, the atomic Valence State
for nickel was taken as 3d°* 4s°-, for which the Ionization Energies were
obtained by linear interpolation (table 1). The Wolfsberg-Helmholz constant
was usually chosen as K=1.75; the effect of variations in X has been
examined. Transformation of the secular equations with the matrix §~1/2
and application of an algorithm for the calculation of matrix eigenvalues
and eigenvectors, yield the orbital energies ¢; and the molecular orbitals

¢ = Z XpCpi - (3)

Before relating the results of an Extended Hiickel calculation to experi-
mental quantities as binding energies and dipole moments we have to
make some comments. The Extended Hiickel method does not explicitly
calculate the electron-electron or the electron—core interactions. Therefore
it is impossible to compute exactly the LCAO total energy of a molecule.
The same restriction holds for molecular binding or dissociation energies,
which are defined as the energy differences between the molecule and its
separate parts. It has been shown?8), however, that a reasonably good
approximation to the binding energy can be given in terms of the orbital
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energies:

AE= Y nf%®— Y nfet — Y nbe?, C)
mo‘I:;ule part parl

where the summations extend over all orbitals of the indicated species,
multiplied by their occupation numbers, n,, This expression is based on
the assumption that the extra electronic repulsion in the molecule, compared
with the separate parts, equals the extra internuclear repulsion. Using it
we must remember two limitations:

(1) for small distances it underestimates the repulsion because of this
assumption.

(2) for large distances it converges, in case of heteronuclcar molecules, to
the binding energy between ions, just as the exact SCF binding energy
often does.

There is enough practical experience, however, to apply this formula
with some confidence in the region around the chemical bonding distance,
especially for our aim, which is the calculation of the relative stability of
bonding between a hydrogen atom and some clusters of metal atoms.

Another shortcoming of the Extended Hiickel method hinders us if we
want to calculate the work function change or surface dipole moment. A
method of doing this approximately would be to compute the Mulliken
atomic charges2?) on the hydrogen and the metal atoms. It is known, how-
ever, that the atomic charges calculated from Extended Hiickel MO’s are
too large. The usual way to correct this is the introduction of a charge-
dependent H matrix by writing, for instance 25):

pr =—0p — quA - qu.i ) (5)
where a, is the VSIE of the atomic orbital y,, 8, and y, describing its charge
dependence, and g, is the Mulliken charge of the atom to which y, belongs.
The molecular orbitals and the atomic charges are then determined by an
iterative procedure. This process yields more realistic charges indeed, but,
as we have observed, it also introduces into our models an unrealistic
effect in the binding energies given by eq. (4). This can be understood as
follows: if there is a shift of electron charge from nickel to hydrogen, the
orbital energies change according to (5). The single hydrogen orbital is
raised in energy, but all nickel orbitals, including those which are not
bonding to hydrogen, are lowered by approximately the same amount. This
leads to a large drop in the average orbital energy and, therefore, to an
enormous increase in the binding energy calculated by formula (4) with
the lowered MO’s and the original atomic orbital energies. Within the
framework of the Extended Hiickel method this problem can only be
solved by assuming that the nickel orbital energies depend considerably



less on the atomic charge than the hydrogen orbital energy does, an assump-
tion for which we could not find any evidence in the literature, however.

For the interpretation of our results we have chosen the following solution.
By performing some iterative calculations we have confirmed that the
relative charges do not change by iteration. Therefore we have mostly
applied the original non-iterative Extended Hiickel method, using the VSIE’s
of the neutral atoms. The effect of the exaggerated ionicity on the binding
energies is checked. The surface dipole moments can only be interpreted
relative to each other, as their absolute values are too high.

3. Results and discussion
3.1. THE BULK NICKEL CLUSTER

As we wish, at first, to compare the results of our calculations on relatively
small clusters to experimental data on large crystals or to band calculations
on infinite crystals, we would like to use concepts as: band width, occupation
of bands, Fermi level, etc. These concepts must be defined in terms of our
discrete set of orbital energy levels and MO coefficients. We shall use the
following definitions:

The width of the d-band is the energy difference between the highest
and the lowest orbital with a strong d-character. The Fermi level is the
energy of the highest occupied MO. The amount of d-character of the elec-
trons in a definite cluster is:

N= Y N ©
all atoms
where N is the total gross population29) of the d-orbitals on atom k. An
analogous formula defines the amount of s-character. If n? is the average
3d-character per atom, then (10—~%) is the number of holes in the d-band.
The charge of an atom?9), q,, is the core charge minus the gross atomic
population, N,= N + N;.

For comparison of the binding energy calculated for small nickel clusters
by formula (4) with the experimental cohesion energy of the metal, we must
nole that in the bulk cluster only the central nickel atom has its complete
nearest neighbour environment, whereas the 12 surrounding atoms only
have 5 nearest neighbours each. In the surface clusters even part of these
environments are removed. Considering the nearest neighbour interactions
as the most important we can “renormalize” the binding energy calculated
for the cluster by multiplying it by the ratio of the coordination number
in the metal (12) to the average coordination number in the cluster. If this
quantity is divided by the number of cluster atoms it can be related to the
metallic cohesion energy.
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Some results of non-iterative calculations on the four nickel clusters
shown in fig. 1 are listed in table 2. The ‘“‘d-band width” of the bulk cluster
(1.81 eV) is smaller than the values calculated by Fletcher3?) (2.7 eV),
Hanus3!) (x5 eV) and Yamashita et al.32) (x4 eV). To explain this effect
we have also performed some tight-binding calculations on an infinite
nickel crystal (space symmetry group Fm3m=0}) using the Extended

TABLE 2
Results for the nickel clusters (the numbering of the atoms is indicated in fig. 1)

(111) (100) (110)

Bulk f . P
cluster  Surface  surface  surface
cluster cluster cluster
d-band width (eV) 1.81 1.67 1.63 1.59
Fermi level (eV) —-764 772 -7.66 —17.69
Holes in d-band 0.68 0.67 0.59 0.54
Total binding energy (eV) 22.7 17.1 15.0 133
‘‘Renormalized’’ cohesion energy (eV) 38 43 4.5 4.7
Atomic charge ¢(1) 2.54 1.37 0.12 0.02
q(Dsurtace — g (Dbuik = Ag(1) - —1.17 —242 —2.52
Agq(2) - —0.01 —0.05 —0.04
Aq(3) - +0.19 +04 4030
Ag(4) - - - +0.35

Hiickel formalism and the method of Slater and Koster33). Taking the
parameter choice indicated for the clusters we found a d-band width of
2.8 eV; with a Wolfsberg-Helmholz constant K=2.0 this value becomes
3.8 eV (compared to 2.44 eV for the bulk cluster). From this result, together
with evidence in the literature3435) that the Extended Hiickel method
yields reasonable valency band widths, we conclude that the narrow
“d-band” is a consequence of the limited size of the cluster. The 4s “band
width” of 18.4 eV computed for the bulk cluster is close to the width of the
conduction band calculated by Hanus3!) (16.4 ¢V). This agreement must
be fortuitous, however, since, in accordance with previous experience34),
a tight-binding calculation of the infinite crystal yields a conduction band
which is too broad (~90 eV).

The Fermi level is calculated to be lower (—7.64 eV) than the experi-
mental value of ~ —5 eV [Farnsworth and Madden?38) —5.22 eV, Gerlach
and Rhodin37) —4.75 eV). The position of the Fermi level varies little with
a different Wolfsberg-Helmholz constant, but is, of course, strongly depend-
ent on the VSIE’s substituted in the diagonal elements H,,. In the bulk
cluster the “number of holes in the d-band” is 0.68 which agrees well with
the experimental values lying around 0.6.



For the cohesion energy, “renormalized” for the correct number of
nearest neighbours, we found a value of 3.8 eV per atom, the experimental
cohesion energy being 4.40 eV 38),

Calculations with only 3d orbitals on the nickel atoms and 9 valence
electrons yielded a slightly smaller band width (1.75 eV). The Fermi level
was found to be —7.79 eV. If 4 or 5 extra electrons are added, making 9.3
to 9.4 d-electrons per atom, then the Fermi level is the same height as that
from the calculations including the 4s-orbitals (—7.64 eV). Apparently,
in this model there is not much interaction between the 3d and the 4s band.

From these comparisons we can conclude that the atomic orbitals and
the parameters used in the Extended Hiickel method are reasonably good.
The VSIE’s are probably somewhat too large, but the relative position of
the 3d and 4s orbitals is well represented. Conclusions about adsorption
which are made hereafter, should be checked for their sensitivity with
respect to changes in the absolute values of the VSIE’s and in the Wolfsberg-
Helmholz constant K.

As mentioned already in the description of the model, the atomic charges
calculated with the Extended Hiickel method for this relatively small
nickel cluster are rather high, +2.54 units on the central atom, —0.2]1 on
each of its neighbours. Therefore all surface and adsorption effects on the
charge distribution should be considered relative to this bulk cluster.

3.2. SURFACE CLUSTERS

If some atoms are removed from the bulk cluster in order to obtain
models for the environment of a nickel atom at a (111), (100) or (110)
surface (figs. 1b, lc, 1d), the symmetry of the original system is lowered.
The orbitals which form a basis for two or three-dimensional representations
of the group O, split into doubly or non-degenerate orbitals. No specific
difference can be observed between the “bulk” t,, and e, orbitals, which
are bonding and non-bonding, respectively, according to a hypothesis of
Goodenough39) [used in adsorption models of Bond 4%) and Shopov et al.12)].
Both symmetry orbitals are present in the top of the “‘d-band” of the
bulk cluster and they are affected by the same amount at the occurrence
of the *“‘surface’’.

A distinct effect, however, is found on the charge distribution. Negative
charge is shifted to the surface atoms, especially to the central nickel atom,
which is transferred from its bulk surroundings to a surface environment.
This shift of electrons to the surface increasesin the order (111) <(100) <(110),
with a decreasing number of neighbours to the surface atoms (table 2).
Some iterative Extended Hiickel calculations using formula (5), show lower
absolute values of the atomic charges, but the same relative effects.
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The occurrence of the surface also caused an increase in the amount of
d-character of the c¢lectrons and a larger cohesion energy per nearest
neighbour bonding. Both effects increased in the order (111)<(100) <(110Q).

3.3. HYDROGEN ADSORBED ON THE CENTRAL NICKEL ATOM

The binding energy of a hydrogen atom adsorbed on the central nickel
atom of the surface clusters (figs. 2a, 2b, 2¢) is calculated accordingto formula
(4) by subtracting the energy of the hydrogen atom and the metal cluster
separately from the energy of the combined system. The results, together
with the binding energy of a NiH molecule, are shown in fig. 3a as a function
of the distance between the hydrogen atom and the central nickel atom.
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distance between hydrogen and the central mickel atom

Fig. 3. Binding energy for a hydrogen atom adsorbed: on the (111) surface (curve a),

on the (100) surface (curve b), on the (110) surface (curve c), in a (111) surface hole

(curve d), in a (100) surface hole (curve ¢), of nickel (3d and 4s electrons), compared
with NiH (curve f)

The binding energy at the equilibrium distance, 1.4 to 1.5 A (the experimental
distance in nickelhydride is 1.47 A41), the sum of the covalent radii of Ni
and H is 1.6 A), is higher than the experimental adsorption energy of
hydrogen atoms on nickel42) (2.91 eV). It clearly shows a decrease when
the nickel atom bound to hydrogen is surrounded by an increasing number
of neighbours or, in other words, when the surface is more closely packed.



In order to analyze this result it is convenient to transform the orbitals
in all clusters to a set of coordinate systems with the z-axes perpendicular
to the surface (figs. 2a, 2b, 2c; the hydrogen atom lies on the z-axis of the
central nickel atom). The most important gross atomic orbital populations,
atomic charges and overlap populations are given in table 3. From the
overlap populations it becomes evident that the hydrogen atom is most
strongly bonded to the central nickel atom, especially to the 3d,. and 4s
orbital. The effect of the other nickel atoms on this bond is smaller and
apparently decreases the bond strength. The overlap population between
the hydrogen orbital and the central nickel 4s orbital is relatively large and
rises with increasing binding energy, whereas the overlap population with
3d,. is smaller and shows the opposite effect; therefore, it is probable that
the 4s orbital plays an important rdle in the covalent bonding between
nickel and hydrogen.

Examining the orbital populations we find a large charge transfer from
the central nickel 3d,. orbital to the hydrogen. Compared to this electron
transfer the other effects of adsorption on the charge distribution are small.
In describing the model we have noticed already that this accumulation of
charge on the hydrogen atom is probably enhanced by the Extended Hiickel
method. Consequently, also the Extended Hiickel binding energies are too
large, due to an exaggerated shift of electrons from the higher nickel orbitals
to the lower hydrogen orbital. Therefore we have corrected the calculated
binding energies by subtracting the atomic orbital energy differences multi-
plied by the charge shifts occurring on hydrogen adsorption. The result,
which could be called the “covalent binding energy” is plotted in fig. 3b.
This binding energy does not show a minimum as a function of distance and
is lower than the experimental adsorption energy. This could be caused by
the fact that the real situation does not correspond to zero ionicity, but
lies somewhere in between the results of figs. 3a and 3b. It is striking, how-
ever, that the order of adsorption strengths on different surfaces is unchanged.

From the negative charge on the hydrogen atom it may be concluded
that hydrogen adsorption gives rise to a more negative surface potential,
although the effect is probably smaller than calculated by the non-iterative
Extended Hiickel method. The variations in this hydrogen charge for
different clusters are so small that it is not justified to make any conclusions
about relative effects on various surfaces.

Calculations with 3d orbitals only and 9 valence electrons per nickel
atom yield larger binding energies (fig. 4a) and an opposite, although smaller,
dependence on the number of neighbours of the central nickel atom (com-
pared to the calculations including 4s orbitals shown in fig. 3a). This is not
in contradiction to our earlier conclusion that the central nickel 4s orbital



o1l

TABLE 3a

Most important orbital populations and atomic charges for hydrogen on nickel; the Ni(1)-H distance is 1.5 A; the numbering of
the atoms is indicated in fig. 2

(111) surface

(111) surface

(100) surface

(100) surface

(110) surface

(110) surface

cluster cluster + H cluster cluster + H cluster cluster + H

3d.:(1) 1.904 0.972 1.979 0.928 1.962 0.931
3d:.(1) 1.960 1.967 1.759 1.759 1.860 1.860
3dy.(1) 1.960 1.967 1.759 1.759 1.971 1.971
3d;2- 42 (1) 1.167 1.364 1.992 1.992 1.956 1.961
3dzy (1) 1.167 1.364 1.913 1913 1.744 1.861
total 3d(1) 8.158 7.635 9.401 8.351 9.493 8.583
4s(1) 0.468 0.368 0477 0.391 0.485 0415
total 3d(2) 9 465 9457 9.635 9.585 9.635 9.626
4s(2) 0.753 0.724 0.625 0.595 0.618 0.577
total 3d(3) 9.457 9.419 9.186 9.314 9.378 9.420
4s5(3) 0.565 0.663 0.584 0.654 0.535 0.562
total 3d(4) - - - - 9.419 9.397
4s5(4) - - - - 0.446 0.582
gN1(1) +1.37 +2.00 +0.12 +1.26 +0.02 +1.00
gnuez) —0.22 —0.18 —0.26 —0.18 —0.25 —0.20
ani3) —0.02 - 0.08 +0.23 +0.03 +0.09 +0.02
gN1(4) - - - - +0.13 +0.02

- —0.66 - —0.67 - —0.69

gH
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TABLE 3a (continued)

(111) surface (111) surface (100) surface (100) surface NiH
cluster cluster + H cluster cluster + H
in hole in hole
3d.2(1) 1.904 1.570 1.979 1.748 3d.» 0971
3dz(1) 1.960 1.967 1.759 1.759 total 3d 8.971
3dy,.(1) 1.960 1.967 1.759 1.759 4s 0.390
3dze_y2(1) 1.167 1.364 1.992 1.992 gxi +0.64
3dzy(1) 1.167 1.364 1.913 1.913 qH —0.64
total 3d(1) 8.158 8.234 9.401 9.171
4s(1) 0.468 0.357 0.477 0.331
total 3d(2) 9.465 9.522 9.635 9.695
4s(2) 0.753 0.762 0.625 0.603
3d;2(3) 1.959 1.921 1.985 1.960
3d2:(3) 1.807 1.824 1.918 1.916
3d,:(3) 1.947 1.928 1.633 1.710
3dze_y2(3) 1.983 1.910 1.912 1.836
3dzy(3) 1.761 1.762 1.738 1.840
total 3d(3) 9.457 9.344 9.186 9.262
4s(3) 0.565 0.431 0.584 0.468
gNi(1) +1.37 +1.41 +0.12 +0.50
qNi2) —0.22 —0.28 —0.26 —0.30
gN1(3) —0.02 —0.22 +0.23 +0.27
- —0.38 - —0.39

qun
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TABLE 3b

Overlap populations with the hydrogen 1s orbital; the Ni(1)-H distance is 1.5 A; the
numbering of the atoms is indicated in fig. 2

(111) surface (100) surface (110) surface
cluster + H cluster + H cluster + H
3d.a (1) 0.0600 0.0526 0.0452
4s(1) 0.1399 0.1479 0.1589
total (1) 0.1999 0.2005 0.2041
4s(2) —0.0029 0.0004 0.0005
total (2) —0.0021 0.0016 0.0014
45(3) —0.0087 —0.0089 — 0.0087
total (3) - 0.0093 —0.0094 —0.0086
4s(4) - - —0.0080
total (4) - - —0.0091

TABLE 3b (continued)

(111) surface (100) surface NiH
cluster + H in hole cluster + H in hole

3d.z(1) 0.0394 0.0432 3d,2 0.0241
4s(1) 0.0477 0.0527 4s 0.2080
total (1) 0.0871 0.0958 total 0.2321
4s(2) —0.0071 —0.0066

total (2) —0.0058 —0.0052

3d.:(3) 0.0038 0.0045

3dz:(3) 0.0 0.0005

3dy:(3) 0.0079 0.0

3d;1-42(3) 0.0158 0.0162

3dzy(3) 0.0 0.0

4s(3) 0.0705 0.0441

total (3) 0.0980 0.0653

is largely responsible for the covalent bonding of a hydrogen atom; it is the
consequence of a higher ionicity. If the ionic contribution to the binding
energy is subtracted, as described previously, the covalent binding energy is
lower than in the model with 4s orbitals (fig. 4b). That the effect of the
surrounding nickel atoms is reversed and is smaller can be explained by
assuming that the main part of this effect is repulsive (in agreement with
the conclusion from fig. 3) and is caused by the 4s orbitals of these nickel
atoms.

3.4. HYDROGEN ADSORBED IN A NICKEL SURFACE “‘HOLE”

If a hydrogen atom is adsorbed in a “hole” between 3 or 4 surface atoms
of a (111) or (100) nickel face, it is placed perpendicularly over the central



nickel atom lying in the second layer, which is 2.03 A or 1.76 A, respectively,
below the surface. The other nickel atoms can now, however, certainly
not be considered as a perturbation, since some of them are at approximately
the same distance to the hydrogen atom. The models used for hydrogen
adsorption in these positions are shown in figs. 2d and 2e. In fig. 3a the
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Fig. 4. Binding energy for a hydrogen atom adsorbed on nickel (3d electrons only),
compared with NiH. The labeling of the curves is indicated 1n fig. 3.

calculated binding energies are plotted as a function of the distance between
the hydrogen atom and the central nickel atom directly under it. These
binding energies are lower than the values calculated for hydrogen adsorbed
over a surface nickel atom. Besides the overlap populations of the hydrogen
atom with the central nickel atom, also the overlap populations with the
3 or 4 neighbouring surface atoms are important now. These overlap popula-
tions are smaller than the one between hydrogen and the central nickel
atom in the clusters of figs. 2a, b and c, although their sum is larger. Also
the charge transfer effect from nickel to hydrogen is smaller, which might
provoke the question whether the lower binding energies are not caused
by a lower ionicity. Fig. 3b, however, where the ‘““‘covalent binding energies”
are compared, shows that this is not the case.

The lowering of the charge transfer (the charge on hydrogen is now more
equally supplied by the bonding 3d and 4s orbitals) is such a distinct effect
that we can conclude that hydrogen adsorption in a surface hole causes a
less negative surface potential than adsorption on the surface atoms.

Calculations with just the nickel 3d electrons only confirm the previous
conclusions.

Several of the calculations for hydrogen adsorption on nickel were
repeated with different parameters or employing the iterative Extended
Hiickel method. The Wolfsberg-Helmholz constant was taken as K=2.0
or K=2-15,,]43) instead of the usual value K=1.75. The VSIE’s of the
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TABLE 4a

Most important orbital populations and atomic charges for hydrogen on copper; the Cu(1)-H distance 1s 1 5§ A, the numbering of the atoms 1s
indicated in fig 2

(111) surface (111) surface (100) surface (100) surface (110) surface (110) surface
cluster cluster + H cluster cluster + H cluster cluster + H
3d.2(1) 1996 1979 1 996 1 846 1994 1887
3d:.(1) 1991 1991 1989 1989 2 000 2000
3dy.(1) 1991 1991 1989 1989 1995 1995
3dcz-y2(1) 1978 1967 1992 1992 1989 1978
3dzy (1) 1978 1967 1957 2 000 1977 1977
total 3d(1) 9933 9 894 9922 9816 9955 9 837
4s(1) 0519 0347 0 706 0390 0633 0414
total 3d(2) 9975 9978 9980 9982 9976 9980
45(2) 1134 1054 1206 1232 1291 1153
total 3d(3) 9971 9 967 9967 9972 9978 9976
4s(3) 0994 0948 0940 0833 0967 0990
total 3d(4) - - - - 9 964 9963
4s(4) - - - - 1133 0898
gcu(ny + 055 +076 +037 +079 + 041 +075
gcu2) —011 -003 —019 —021 —-027 -013
gcu(3) 4003 +008 +009 +020 +005 +003
gcu(4) - - - —-010 +014

qu - —-082 - —-072 - —076
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TABLE 4a (continued)

(111) surface (111) surface (100) surface (100) surface CuH
cluster cluster + H cluster cluster + H
in hole in hole

3d::z(1) 1.996 1.933 1.996 1.922 3d.= 1.877
3dz.(1) 1.991 1.992 1.989 1.989 total 3d 9.877
3d,.(1) 1.991 1.992 1.989 1.989 4s 0.480
3dzz_y2 (1) 1.978 1.988 1.992 1.992 gcu +0.64
3dzy (1) 1.978 1.988 1.957 2.000 qu - 0.64
total 3d(1) 9933 9.893 9.922 9.891
4s(1) 0.519 0.439 0.706 0.567
total 3d(2) 9.975 9.976 9.980 9977
4s(2) 1.134 1.290 1.206 1.494
3d.:(3) 1.998 1.995 1.998 1.993
3d::(3) 1.994 1.996 1.996 1.990
3dy-(3) 1.992 1.965 1.988 1.994
3dze-y3(3) 1.998 1.961 1.996 1.961
3dzy(3) 1.989 1.990 1.989 1.989
total 3d(3) 9.971 9.907 9.967 9.928
4s(3) 0.994 0.646 0.940 0.621
gcu(1) + 0.55 ~0.67 +0.37 +0.54
qcu2) —0.11 —0.27 —0.19 —047
qcu(3) +0.03 +0.45 +0.09 +0.45
qH - —041 - —046
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TABLE 4b

Overlap populations with the hydrogen 1s orbital; the Cu(1)-H distance is 1.5 A, the
numbering of the atoms is indicated in fig. 2

(111) surface (100) surface (110) surface

cluster + H cluster + H cluster + H
3d:2 (1) —0.0510 —0.0024 —0.0202
4s(1) 0.2215 0.1740 0.1945
total (1) 0.1705 0.1717 0.1743
45(2) —0.0416 0.0031 —0.0277
total (2) —0.0444 0.0006 —0.0302
45(3) 0.0004 —0.0129 —0.0109
total (3) 0.0000 —0.0135 —0.0118
4s(4) - - —0.0041
total (4) - - - 0.0045

TABLE 4b (continued)

(111) surface (100) surface
cluster + H in hole cluster + H in hole CuH

3d.2(1) 0.0104 0.0075 3d, 0.0123
4s(1) 0.0179 —0.0442 4s 0.2185
total (1) 0.0282 —0.0367 total 0.2309
4s(2) —0.0188 —0.0418

total (2) —0.0192 —0.0422

3d.a(3) —0.0001 —0.0010

3dz.(3) 0.0 0.0011

3dy-(3) 0.0066 0.0

3dz2-4:(3) 0.0086 0.0046

3dzy(3) 0.0 0.0

45(3) 0.1194 0.1039

total (3) 0.1345 0.1086

nickel 3d and 4s orbitals were shifted by an equal amount such that the
experimental Fermi level in the bulk cluster was reproduced. Although
these modifications changed the quantitative results somewhat, the effects
discussed above are unaltered.

3.5. HYDROGEN ADSORBED ON COPPER

The greater activity of nickel in many reactions, as compared to copper,
is usually ascribed to the partly filled d-band. There is, for instance, the
effect that dissociative chemisorption of H, on nickel requires a much
smaller activation energy tha- on copper, whereas the adsorption energy
of atomic hydrogen is not much larger [2.91 eV for nickel4?), 2.43 eV for
copper44:45)]. We have tried by our model calculations to obtain some
information which might help to explain the observed effects.



The most important change in going from nickel to copper is the extra
valence electron, filling the d-band. and part of the conduction band. In
addition there is a change in parameters such as the lattice constant, the
energies and exponents of atomic orbitals. In most cases we have compared
the results for hydrogen on nickel to the results obtained when one extra
electron per metal atom is added. In one calculation (hydrogen adsorbed
on the (100) surface) we have introduced all the copper parameters (table 1).
The last calculation showed that for the qualitative comparison of the adsorp-
tion on nickel and copper it is sufficient to go from 10 to 11 valence electrons,
keeping the other parameters constant.

The binding energies for hydrogen on ‘“copper” are drawn in fig. 5a.
The binding energy for hydrogen adsorbed over a surface atom is even
somewhat larger than for nickel. However, the charge on hydrogen is also
slightly higher and the covalent binding energies (fig. 5b) are comparable to
nickel. The binding energy for adsorption in a surface “hole” is considerably
lower than for nickel. Analyzing the results in terms of orbital and overlap
populations (table 4) we observe that the metal 3d orbitals do not participate
in the hydrogen bonding. All the binding that takes place, both covalent
and ionic, is due to the metal 4s orbitals. This 4s bonding is stronger for
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Fig. 5. Binding energy for a hydrogen atom adsorbed on copper (nickel 3d and 4s
orbitals, 1 extra valence electron), compared with CuH. The labeling of the curves is
indicated in fig. 3.
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copper than for nickel, which could be explained by the fact that the metal
4s band is now exactly half filled. The order of the binding energies on
different surfaces also deviates from the nickel case.

Although we find a very different bonding behaviour of the 3d electrons
in copper as compared to nickel, this model gives no direct evidence for
the greater activity of the latter metal. For the study of this subject we
should extend it, for instance, to a model for dissociative chemisorption
of H,, such as described in ref. 13.

4. Conclusions

Bearing in mind the approximate nature of the model we think that
some interesting conclusions can still be drawn. The binding between a
nickel crystal and a hydrogen atom adsorbed on top of a surface atom is
similar to a simple NiH molecular bond. The main interaction takes place
between the nickel 3d,. orbital, pointing towards the H atom, the 4s orbital
and the hydrogen 1s orbital. The adsorption energy decreases slightly with
an increasing number of nickel atoms surrounding the *“‘surface molecule”.
Whether this result means that the effect of the neighbouring nickel atoms
is always repulsive or if it is only true for the specific environments in the
(111), (100) and (110) surfaces is yet to be studied. In any case, the contrary
result would be obtained if the interaction between a hydrogen atom and
the nickel atoms were represented by a pairwise interaction potential of
the Lennard-Jones type48).

The models for adsorption in a surface “hole”” show that this position is
energetically less favourable. The negative charge on the adsorbed atom is
smaller than for hydrogen adsorbed over a surface atom, thus causing a less
negative surface potential.

Our calculations including all 3d orbitals do not support the models dis-
cussed by Bond 49) and calculated by Shopov, Andreev and Petkov12), based
on the idea that the d-orbitals which afford the e, representation (d,._,. and
d,: in the coordinate system of fig. 1) are non-bonding in the metal and
are therefore particularly suitable for adsorption bonding. We have found
no indication for a particulary important role of these e, orbitals, neither
in the models for hydrogen adsorption on the surface, nor in those for
*““hole” adsorption. On the contrary, we conclude that among the 3d orbitals
the transformed d,. orbital pointing perpendicularly out of the surface is
most important [or chemisorption on the surface atoms. This is completely
at variance with Bond’s model because at the (111) surface, for instance,

this orbital is written in the original coordinate system as (d,, +d,, +d,z)/\/3
and thus belongs to the t,, representation of the crystal point group.



Generally, we find that the structure of the surface molecule is more signifi-
cant for determining which d-orbitals are primarily involved in chemisorpt-
ion than is the interaction with the “bulk” metal atoms.

Another interesting effect emerging from our model calculations is the
important réle of the 4s orbitals in covalent adsorption bonding. For
copper, where the 3d orbitals are not involved in the adsorption bond,
the increased 4s contribution even compensates the decrease in adsorption
energy.

Finally we want to point out two possible improvements of this model
which can be made in order to consolidate its conclusions. Firstly, the
effect of truncating the nickel crystal must be taken into account more
elegantly. Secondly, the Extended Hiickel method insufficiently prevents
charge accumulations on certain atoms, whereas the iterative procedure
with charge dependent orbital energies is unsatisfactory as these modified
orbital energies enter directly into the binding energy. It would be preferable
to replace the Extended Hiickel formalism by a MO method which takes
the electron repulsion explicitly into account.
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The model we have used to study hydrogen chemisorption on nickel surfaces 1s a tight-
binding Extended Huckel method apphed to finite (periodic) crystals up to about 250
atoms, the non-orthogonal basis set compnsing five 3d orbitals, one 4s orbital and three
4p orbitals per atom After calculating the band structure of fcc nickel, we have examined,
by this model, the effect of the (100), (110) and (111) surfaces on the local density of
states and the charge distribution The results agree closely with moment calculations of
the density of states in semr-infinite crystals and with experimental (XPS, UPS and INS)
spectra Extensive studies have been made of the influence of adsorption on the (partial)
densities of states in order to dluminate the nature of the chemisorption bond Particularly,
we have concluded that both the 3d electrons and the conduction electrons take part in
this bond Equilibrium positions for adsorption on various sites have been determined
and the adsorption energy has been computed and compared with expenimental data We
find that the stability of adsorption decreases in the order (110) > (100) > (111]) and
Atop > Bnidge > Centred

1. Introduction

The last few years have shown a rapid increase 1n the number of quantum theoreti-
cal calculations on surfaces and adsorption stimulated mainly by the following two
causes From the experimental side an increasing amount of data become available
from many different techniques, mostly spectroscopical. on single surfaces which
are structurally well-defined, for instance, by simultaneous LEED studies On the
other hand, the computational methods for solids and molecules have advanced so
far, that one 1s ready to attack the surface problem Especially the surfaces of semi-
conductors and transition metals, 1n view of their practical interest, are studied quite
intensively

The quantum theoretical approaches to surfaces and adsorption can be divided
nto two categones The first group of methods 1s based on a semi-infimte crystal
model, the second group on mode! clusters of hmited size

The first model has been developed by Grimley [1], Koutecky [2] and others (3],
and can now be applied to calculate adsorption energes, explicitly taking into account
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the effect of eleciron repulsion on the adsorbed atom and some nearby surface
atoms [4—6] This has been performed by Gnimley and Pisami [4] 1n the Hartree
Fock scheme and by Paulson and Schrieffer [6] 1n a Valence-Bond formalism Al-
though one has found an elegant way to deal with the band structure of the under-
lying solid in the form of a Green function or resolvent, this treatment 1s still so
complicated that it has only been applied to hypothetical “cubium” crystals

(Cubic crystals with one s-type orbital per atom, described by a tight binding scheme
with only nearest neighbour interactions ) In applications to real d-electron systems
(transition metals) the form of the d-band was greatly oversimplified For instance,
the density of d-states 1s replaced by a simple §-function [7], a serm elliptical distn-
bution [8] or other approximations [9,10]

The only semi-infinite crystal studies which incorporate the real structure of the
d-band 1n fec, bee or hep transition metals are those of Cyrot-Lackmann et al [11—
15] and Heine [16], Haydock et al [17—19] They calculate the d-band density of
states by a moment expansion technique or by a continued-fraction expansion of the
(local) Green function The d band 1s described by a tight-binding scheme, and the
effect of the conduction electrons and d-band/conduction band hybndization are
neglected When discussing our results, we refer in more detail to these calculations,
which also include some treatments of adsorption

The second type of methods use a cluster model for the surface or adsorption site
These methods which are now applied to clusters up to 30 light atoms such as carbon
or 15 transition-metal atoms, are the same as those used for large organic molecules
or transition-metal complexes the Extended Huckel method [20], the CNDO method
{21] and the SCF Xa Scattered Wave method [22—24]} Although the semi-empirical
methods are always hampered by some arbitraniness in the choice of parameters, one
has collected so much matenal from molecular calculations by now, that a realistic
mterpretation of the results 1s nevertheless possible The main difficulty with these
himited-size clusters 1s that they should be embedded 1n a larger crystal with covalent
bonding occurnng between the atoms This embedding 1s usually omitted or simulated
by some artificial boundary conditions, the effects of which are not known

The calculations presented 1n this paper provide a link between the two different
approaches of the surface problem We have calculated finite crystals by the LCAO
or tight-binding method, approximating matrnx elements over atomic orbatals by the
Extended Huckel scheme This enables a direct comparison with cluster model re-
sults On the other hand, by imposing Born—Von Kémin periodic boundary condi-
tions on the crystal in directions parallel to the surface and transforming the secular
matnx to Bloch type “layer orbitals”, we have simplified the calculations to a large
extent Thus, we have treated transition-metal crystals up to about 250 atoms, with
9 orbatals per atom The penodicity imposed on the crystals prevents the occurrence
of undesired boundary effects and the crystal size permitted by this method 1s already
sufficient to calculate the band structure, the density of states, etc , which can be
compared with (semi-hnfinite crystal results

As a typical example of practical importance we have studied the adsorption of
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hydrogen atoms on different low index surfaces of fcc nickel as a function of the
adatom position. Besides the 3d orbitals, 4s and 4p orbitals have been included since
we know that, via hybridization, they have an effect on the band structure [25] and,
particularly, we have found also [26] that they can strongly take part in adsorption
bonding. Therefore. it seems better to include these orbitals than to omit them com-
pletely [4—19], although we realize that a tight-binding description of the conduc-
tion bands does probably not optimally represent all physical properties of the metal.
We have given particular attention to the adsorption energies on different sites and
to the effect of surface formation and hydrogen adsorption on the (local) charge
distribution and density of states. Besides the possibility of comparing our results
with either of the two traditional approaches, we also gain some insight into the
localized character of the adsorption bond.

2. Description of the method
2.1. The model

In order to test the tight-binding Extended Huckel method and its parametriza-
tion, we have first performed some calculations of the bulk band structure of fcc
nickel. The non-orthogonal atomic orbital basis set {.xp(r -R,Mp=1,..,9},
five 3d, one 4s and three 4p orbitals localized on the centres R,,,, has been trans-
formed into Bloch orbitals, after imposing Born—Von Kdrman cyclic boundary
conditions over N, Ny, N3 unit cells. In order to obtain the one-electron states of
the crystal a 9-dimensional (complex arithmetic) secular problem can be solved for
each wave vector k independently. Usually in solid state theory one takes NV, (i= 1,
2, 3) infinitely large and calculates, in principle. all k points in the first Brillouin
zone [27]. In practice, the calculation of any physical quantity has to be performed
by summation over a certain number of representative points. In our model, since
we intend to calculate surface and adsorption effects on finite crystals, we have studied
both infinite and finite ;. The latter choice corresponds to collecting a finite selec-
tion from the infinite crystal solutions, namely those Bloch waves of which the wave
length is a divisor of the crystal dimensions. The effects of this selection are discussed.

For studying a specific surface plane, for instance (100), (110) or (111), we have
chosen two of the lattice vectors, @; and a5, parallel to this plane and simply omitted
the cyclic boundary condition in the third, @5, direction. Thus we have produced a
crystal with two parallel surfaces which consists of N layers. If NV is sufficiently large,
which has been verified in our calculations, it can be assumed that these surfaces do
not influence each other. In our crystal the bulk structure is continued up to the
surfaces, but it is very stmple to include the effect of surface dilation as long as the
two-dimensional unit cell (@, @;) is not perturbed. Also perturbations which double
the unit cell dimensions, such as may occur by surface reconstruction or by half-
monolayer adsorption, can be treated without too much difficulty.
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We can benefit by the periodicity parallel to the surface if we introduce a basis of
two-dimensional Bloch orbitals characterized by ky = (ky, k) and the layer number
m and solve the following 9N-dimensional secular problems over these “layer orbitals’:

N 9
né)l qZ=>1 [Hm'p;mq(ku) - e(kﬂ)sm'p;mq(kll)] cmq(kll) =0, (1a)
with
Nl N2
Hppima®k)= 20 25 expli(kym, + kym,)]
m,=1 my=
X Axp(r — m'ay)Hlx,(r — mya; — myay — may)), (1b)

and a corresponding expression for the overlap matrix elements.

For studying hydrogen adsorption on the different nickel surfaces we have pro-
ceeded as follows. An adsorption site is characterized by an (arbitrary) position vec-
tor @ with respect to some surface atom. By means of the vectors a; and @, one
generates a complete monolayer of hydrogen atoms on equivalent adsorption sites
with the same periodicity as the surface. By adding one extra layer orbital charac-
terized by the same ky, which is composed of hydrogen 1s orbitals, to the secular
problem (1a), we describe the finite crystal with an adsorbed monolayer of hydrogen.
This can easily be generalized to several monolayers and the resulting secular pro-
blems, with or without adsorption, can be solved by direct diagonalization or by
invoking the resolvent methods of refs, [28, 29] . In practice, we have used the direct
diagonalization method, except in some test cases, since these calculations involve a
relatively small number of layers whereas the range of direct interactions between
conduction band orbitals is rather large (see section 2.2). The resolvent method be-
comes advantageous when the number of layers is increased or nearest neighbour
interactions are considered only.

2.2, Calculation of integrals

The overlap and H-matrix elements between atomic orbitals, which occur for
instance in (1b), have been approximated by the Extended Hiickel scheme, as we
did in earlier cluster calculations [26]. The nickel nearest neighbour distance has
been taken equal to 2.49 A. The overlap elements Spq(R) = (xp(r)|xq(r - R) have
been computed on the basis of Slater type orbitals, with double exponent for the
3d orbitals. single exponent for 4s and 4p, the expogents and contraction coeffi-
cients being given in table 1. We have assumed that the 4s and 4p orbitals in the
nickel metal are somewhat less diffuse than in the free atom. For the hydrogen 1s
orbital an exponent of 1.0 has been chosen, though we have performed some test
calculations with a value of 1.2 which yielded quite similar results.
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Table 1
Atormic orbitals and valence state 1onization energies

Exponents Contraction VSIE
(ag) coefficients (eV)
Ny 3d {5 15 {O 5683 -8138
200 06292
4s 21 10 -697
4p 20 10 -334
H 1s 10 10 -100

The diagonal H-matnx elements pr(R =0) = (x,(NIH| xp(r)) have been approxi-
mated for the nickel orbitals by Valence State lomzation Energies [30], assuming a
valence state configuration in the metal of 3d%94 4506 (see table 1) For hydrogen
the neutral atom value 1s —13 6 eV, but this value would result in a considerable, non-
physical electron transfer from nickel to hydrogen This effect can be avoided by
adjusting the orbital energies to the atomic charges in an 1terative Extended Huckel
calculation This 1terative method 1s more time consuming, however, and yields un-
satisfactory results for the adsorption energy [26] Therefore, we have chosen the
simpler solution to use a modified VSIE of —10 0 eV for hydrogen only, since we
expect that the single hydrogen orbital 1s more affected by charge transfer than the
large bulk of nickel orbitals In an iterative method this would correspond to a hy-
drogen charge of about —0 3 units, which is also the charge that we have actually
found 1n our calculations The experience of Anders et al [31], who have also used
this value and compared their results with iterative Extended Huckel calculations
justifies our assumption The non-diagonal elements

Hpo (R) = {xp (M| Hlxg(r — R), with pFgqorR#0,
have been approximated by the Wolfsberg—Helmholz formula
Hpo(R) = KSpo (R)[H,,(R=0) + H_ (R=0)]/2, @)

with the usual value of K=175

Since the magmitude of these matnx elements Spq(R) and Hpq(R) decreases with
increasing interatomic distance R it 1s not necessary to consider all atom pairs in the
entire crystal On the other hand, the inclusion of only nearest neighbour interac-
tions appeared definitely insufficient for those elements involving 4s and 4p orbitals
We have found that a range of 2 mickel nearest neighbour distances (5 0 A) which
allows every nickel atom in the bulk to interact directly with 4 shells of neighbours
(54 atoms), 1s satisfactory The same range has been used for the nickel—mickel, the
nickel—hydrogen and the hydrogen—hydrogen interactions Increase of this range
to 3 nickel nearest neighbour distances (176 bulk atoms) yielded no visible im-
provement of the results Once the matrix elements over atomic orbitals have been
calculated, they are easily transformed into integrals over Bloch or layer orbitals
[formula (1b)]
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2.3. Adsorption energy

One of the quantities we have calculated is the adsorption energy per hydrogen
atom. According to the usual Extended Huckel scheme this energy can be defined
as:

88 = (Znpet - Dages) v et ®

where e;A, N;-‘\ and e,-C, N,C are the orbital energies and occupation numbers for the
finite crystal, with and without hydrogen adsorption, respectively, NH is the total
number of hydrogen atoms and el the energy of an isolated hydrogen atom. If the
adsorption energy were thus calculated we would obtain a reasonable estimate in
the neighbourhood of the chemisorption equilibrium positions. These positions are
not known, however, particularly for adsorption over surface holes where the equili-
brium heights cannot even be guessed reliably. Neither can they be calculated, be-
cause the Extended Hiickel method often fails to predict an energy minimum as a
function of the bond length. Therefore, the results would strongly depend upon
rather arbitrary assumptions about the equilibrium positions unless we can improve
our method to predict these positions correctly.

BINDING ENERGY (V) ———————————— CORE REPULSION (eV)

-20 42t
-2 22
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Fig. 1. Effect of nickel core repulsion on the Extended Huckel binding enetgy of NiH.

126



One reason for this defect of the Extended Hiickel method is that it only accounts
for the valence electrons. As we can observe from fig. 1 an Extended Hiickel calcula-
tion of NiH including 3d, 4s, 4p on Ni and 1s on H predicts an ever increasing attrac-
tion in the range where the energy minimum should be. Including the fully occupied
core orbitals 3s and 3p on Ni such a minimum is obtained. According to Anders et al.
[31] we have fitted the (short range) core repulsion thus calculated by an exponential
function, a exp(—bR) with R being the Ni—H distance, and added this pairwise poten-
tial between the nickel and the hydrogen atoms to the adsorption energy calculated

by (3).
2.4. Density of states, population analysis

In solid state physics the total density of states is usually calculated by summation
over a large number of specific [32] or random [33] points in the Brillouin zone. For
finite crystals we can also calculate this quantity directly from its definition by simply
counting the number of levels per energy interval.

The local density of states is commonly defined by:

n,(e) = ;np,ﬂ S(e—¢), 4)

where ¢, is the coefficient of a given localized basis orbital (an atomic or layer or-
bital) pr) in the crystal orbital {;). In case we have more than one orbital pr) per
atom, (4) defines the partial (local) density of states of type Xp: the total density of
states is obtained by summation over p. Although these definitions apply for an
orthogonal basis set | x,) they can be transferred to a non-orthogonal basis as well
[34] . Because of overlap contributions, we obtain then a quantity which does not
add up to the total density of states when summed over the complete basis |x,). For

this reason, we define instead for a non-orthogonal basis:
= 2 *

npy(e) = IE [Icpil + q% Re(cp,cq,-Spq)] Se—¢), %)
where S, is the overlap integral between the basis orbitals |x,) and | x,). When inte-
grated up to the Fermi level this definition of n,(€) yields the Mulliken “gross orbital
population”, whereas definition (4) would yield the “net orbital population” [35].
3. Results and discussion
3. 1. The periodic nickel crystal

The results of our band structure calculations with interactions included up to

fourth order neighbours (54 atoms) in the fcc lattice are plotted in figs. 2, 3 and 4.
We have also allowed for interactions up to ninth order neighbours (176 atoms) but
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Fig. 2. Band structure of fcc nickel calculated by the Extended Hiuckel method. Only the first
conduction band is shown. Group theoretical symbols for the points and axes in the Brillouin
zone are taken from ref. [36].

this did not change the figures visibly. We have made the density of states curves
somewhat less dependent on the finite number of levels, the specific choice of Ny,
N5, N3 and the positions of the energy intervals in the histogram by applying the
following smoothing procedure: for any interval of 0.1 eV we count the number of
levels in the interval plus the number of levels in some neighbouring intervals multi-
plied by decreasing weight factors (0.09 : 0.24 : 0.34 : 0.24 : 0.09 according to a
gaussian distribution).

We have found that the band structure is in fair agreement with the results of
more elaborate band calculations on nickel, applying the tight-binding d-band plus
nearly free electron conduction band model [25], the APW scheme [37] or the
ab initio LCAO—SCF method [38,39]. The d-band is somewhat too narrow, although
we have included 3d—4s—4p hybridization, and its position is somewhat too low re-
lative to the conduction band. Also the Fermi level is found too low (=7.13 eV)in
comparison with experimental values [40,41]. At first, we have tried to correct for
these differences by adjusting the nickel VSIE's in the Extended Hiickel method. but
it appeared that the relative populations of the 3d and conduction band became  _
somewhat less realistic, 386 (4s 4p)!4, than the original populations, 3d%-2 (4s 4p)08,
and that the charge transfer effects when forming a surface became improbably large.
Therefore, we have maintained the usual Extended Hiickel parametrization. Anyway,
we may notice that in the other band structure calculations of nickel the absolute
position of the bands is not computed at all [25,37,39] or is too low as well [38],
the Fermi level being at —6.69 eV in the latter case.

The partial density of states distributions in fig. 4 demonstrate that all d-orbitals
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Fig. 3. Effect of k-point selection (periodic crystal dimensions) on the density of states of the
3d and conduction bands in fcc nickel. The Fermrlevel is indicated by Eg.

yield important contributions to the entire d-band. but that specifically the tag
type d-orbitals show extra peaks at the bottom and the top of the band, the top
peak being more pronounced. This is in accordance with the conclusion from other
band calculations [25,42] about a prominent peak of ty, character at the top of
the band, which causes the t,, preference of the magnetic form factor in nickel [43].
There is also very close agreement between our results and the moment expansion
calculations of Ducastelle and Cyrot-Lackmann [12], which lead, for instance, to the
conclusion that the “t2g band™ has a larger second moment than the ‘“e_ band” in
fce crystals. These conclusions support the general notions about the non-bonding
nature of the e, orbitals and the bonding/anti-bonding character of the t,, orbitals
(although this difference should not be understood too strictly), but they do not
justify the simplified band picture by Goodenough [44].
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Table 2

Gross orbital populations for the bulk crystal (N, = N, = N5 = 5) and for the surface layer of dif-
ferent S-layer crystals (V; = N, = 5), local coordinate systems have been used at the different
surfaces, the z-axes perpendicular to the surface, the x- and y-axes as in fig 8

bulk (100) (110) (111)
3d, 1913 1928 1925 1907
3da 0 1913 1946 1 884 1827
3dyy 1794 1693 1841 1827
3d,, 1794 1914 1912 1935
3d, 1 794 1914 1948 1935
4s 0668 0694 0 680 0733
ap, 0042 0048 0040 0048
4p, 0042 0048 0048 0048
4p, 0042 0026 0020 0038

From the orbital populations in table 2 1t 1s easily calculated that the d-electrons
in the metal have a shightly preferential e, character (41 6% compared with 40% in
the free atom) Also this value agrees very well with the 42% calculated by
Desjonquéres and Cyrot-Lackmann [15] The absolute orbital populations cannot
be compared because these authors assume a total d-electron number of 9

The density of states distnibutions which have been produced for finite, rather
small numbers of umt cells, Ny, Ny, N3 = 5 or 6, are not very different from the
results obtained with the usual solid state techniques, where these numbers are 1n-
finitely large, in principle It 1s interesting to note that the curves are relatively bet-
ter when the V,-values are different, because tlus leads to a larger number of indepen-
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dent k-points in the Brillouin zone, independent in the sense that they are not con-
nected by point group symmetry operations. Since the results even for values as
small as V; = 5 give a good impression of the band structure (if one does not wish to
interpret every individual small peak), we can confidently use these finite values for
studying surface and adsorption effects. All further conclusions have been tested
with respect to their V;-dependence, moreover. The same smoothing procedure for
the density of states curves has been used throughout this paper.

3.2. The surfaces (100), (110)and (111)

The nickel lattices we have calculated to study these surfaces are periodic in the
directions parallel to the surface over 5 X 5, 6 X 6 or 7 X 7 unit cells and consist of
5 or 6 layers. In fig. 5 the Jocal densities of states in the surface layers are compared
to the bulk densities from the periodic crystal and in figs. 6 and 7 the specific partial

contributions to the d-band are analyzed. Table 2 shows the orbital populations at
the surface and in the bulk.

'—36 {4s,4p)

bulk

o A

(100) surface

J WM

(1) surface

P N N

L L L 1 1 L - L i 1 _ l_ 1 L
-0 -8 -6 2 -0 -8 -6 -4 -2 0 2 4 6 8 0
energy (ev)

A 1

Fig. 5. Local densities of states in the (100) and (111) surface layers, compared with the bulk
density of states in fcc nickel.
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The results from fig. 5 are in excellent agreement with the conclusions from
moment calculations [11—19] and from experimental UPS [45], XPS [46] and
INS [47,48] data: the total d-band width is unaltered by the presence of the sur-
face, but the second moment of the density of states distribution is reduced by a
smaller slope at the edges. The d-band adopts more the shape of one central peak.
The moment calculations, which include only d-orbitals with nearest neighbour
interactions, predict that the second moment of the surface density of states is
proportional to Z, the number of nearest neighbours of a surface atom. Indeed, we
have found a larger band width reduction for the (100) surface (Z = 8) that for the
(111) surface (Z = 9).

The effects of the surface on specific d-orbital densities, which can be observed

—dg d,i_,! d" ey
(e4) ley) (L] (1)
bulk

(a,) (b)) {b,)
(100 surface

A /f\ﬁ..

8-adsorption i ,1

S I ' ] -8 -6 -t B -8 - R -0 - -

energy Ievl

(a)

Fig. 6. Surface and adsorption effects on the partial local densities of states at the (100) surface.
(a) Surface layer density of states of dilferent 3d orbutals, denoted by the representation sym-
bols of the point group C,4y; for comparison the bulk density of states is given. (b) Surface layer
density of states of the 4s and 4p orbitals. (c) Local density of states in the adsorbed hydrogen
layer, as compared to the density of states of an isolated H layer with the same penodicity.
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in figs. 6 and 7, are quite well understandablie if one remembers the former bonding
character of these d-orbitals in the bulk (e, or ty,) and visualizes their orientation
with respect to the surface. So, the orbitals protruding from the (100) surface, d,a,
dxz, dy;, are more strongly influenced than the orbitals lying in the surface plane,
dy2_y2, dyy; the ty, orbitals d,,, d,, and d,, are more affected than the e, orbitals,
d;2 and dy2_y2. In case of the (111) surface, the local d,> orbital pointing perpen-
dicularly out of the surface, which is written as (dx}, +d,, + dyz)/ /3 in the bulk
coordinate system (and thus belongs to the tag representation), is more influenced
than the rest of the d-orbitals.

By integrating the partial density of states up to the Fermi level we have calculated
the orbital occupation numbers in table 2. The latter give a direct measure of the
aspherity of the d-electron charge distribution at the surface, which was recently
calculated also by Desjonquéres and Cyrot-Lackmann [15] using their momen. ca-
pansion method. For the (100) surface where the results can be directly compared,
they are in good agreement: the order of the occupation numbers is the same except
for the very small difference between d,» and d,;, d,; the significantly lower occupa-
tion of d,, is obtained from both calculations. Note again that the absolute values
differ because of Desjonquéres and Cyrot-Lackmann’s assumption of 9 d-electrons.
For the (110) and (111) surfaces the relative occupation numbers cannot be com-
pared directly. since Desjonquéres et al. have expressed the d-orbitals always in the
bulk coordinate system, whereas we have used d-orbitals adapted to the local sym-
metry at the surface.

3.3. Adsorption

The different sites on which hydrogen atoms have been adsorbed at the (100),
(110) and (111) surfaces are shown in fig. 8. They can be denoted as A (atop), B
(bridge) and C (centred). At the (110) surface two bridge positions are possible, B-
long and B-short; at the (111) surface we have adsorption over an octahedral hole,
C-oct., or over a tetrahedral hole, C-tet., with a nickel atom lying directly below the
surface. The two-dimensional periodicity involved S X 5,6 X 6 or 7 X 7 unit cells,
the number of nickel layers has been taken as 5 or 6. At each site the adsorption
energy per hydrogen atom has been calculated according to the method of section 2.3
as a function of the height over the surface and plotted in figs. 9a, b, c. The binding
energies, hydrogen atomic charges and overlap populations at the equilibrium posi-
tions are collected in tables 3, 4 and 5. In order to get a more detailed insight into
the nature of the chemisorption bond, the effect of adsorption on the local densities
of states at the surface and in the hydrogen layer have been included in figs. 6 and 7.

The adsorption energy for various sites agrees fairly well with experimental values:
an adsorption energy of 23 kcal/mole for molecular hydrogen [49—52] corresponds
to a binding energy of 2.75 eV for hydrogen atoms. This value changes little over a
rather large range of surface coverages; for a discussion of the heat of adsorption at
monolayer coverage as compared with the initial heat of adsorption we refer to
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Fig 8 Schematic representation of different adsorption sites at the three low index surfaces
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paper I1. For comparable sites A, B or C, those surfaces are most favourable, (110)
> (100) > (111), where the surface atoms have the smallest number of nearest
neighbours This seems to be at vanance with the expenmental results [49-52],
which are nearly equal for the three low index faces However, the differences in
our calculated values are not very pronounced Moreover, we find an opposite effect
from the 3d and the conduction electrons, as can be observed from the overlap
populations 1n table 5, so that, for instance, a slight overestimate of the conduction
band contribution could explain this difference For adsorption on different sites,
we find that the stability decreases in the order A > B > C The maximum stability
of the A-position 1s confirmed by some experimental data for hydrogen on Raney
nickel [53]

The same qualitative conclusions have already been drawn from our earlier
cluster calculations [26], but the differences between A, B and C sites are less pro-
nounced now we have calculated equilibrium positions (which are quite different
from the ones we had assumed for C-sites) The comparnison with more recent cluster
calculations 1s given 1n paper Il Comparnison with semi-infinite crystal calculations 1s
difficult since those treatments which include real d-band systems [11—19] do not
compute the adsorption energy, whereas other calculations are concerned with
the hypothetical solid *“cubium™ [4,6,54.55] or other approximate models [7-10,
56] The results of the latter calculations depend strongly on the parametrization
and 1t 1s hard to say which parametrization corresponds with the actual system of
hydrogen adsorbed on nickel

The atomic charge on the hydrogen atoms according to Mulliken's definition 1s
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found to have a maximum value for A-sites (about —0.35 unit charges) and to be
somewhat smaller for B- and C-sites (—0.30 to —0.25 unit charges). The same effect
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Table 3
Adsorption energies at equilibrium positions of the hydrogen atoms; distances are given with
respect to the nearest surface Ni atom; periodicity Ny =N, =5

Ni-H AEads (eV)
distance (A) 5 layers 6 layers
(100) A 1.50 -2.60 -249
B 1.70 -2.50 -2.39
C 1.91 -2.32 -2.24
110 A 1.50 -2.80 -2.81
B-short 1.70 -2.60 -2.59
B-long 1.86 —-248 -244
C 2.193 -2.38 -2.30
(111) A 1.50 -2.46 -2.38
B 1.70 -2.23 -2.13
C-tet. 1.81 -2.18 -2.08
C-oct. 1.81 -2.24 -2.14

3 The Ni—H distance for the Ni atom directly below the hole is 1.60 A.

Table 4
H-atom charges at equilibrium positions; 5-layer crystals, N, =N, = §
(100) (110) (111)
A-ads. -0.36 -0.41 -0.33
B-ads. -0.30 -0.332 -0.25
-0.33
C-ads. -0.25 -0.27 -0.23b
-0.24

2 B-short and B-long, respectively.
b C-tet. and C-oct., respectively.

was qualitatively found from cluster calculations [26] . The average magnitude of
this hydrogen charge justifies the assumption of a hydrogen VSIE of —10.0 eV
(section 2.2) which corresponds rather well with a self-consistent result, although
self-consistency has not been imposed.

From the partial density of states curves in figs. 6 and 7 we can clearly observe
the interactions between the hydrogen orbitals and the nickel 3d, 4s and 4p orbitals.
Some shifting and broadening of the hydrogen layer levels occurs and the positions
of these peaks in the hydrogen density of states correspond with new peaks in the
3d, 4s and 4p densities of the metal caused by adsorption. Since the shifts of these
peaks are relatively large compared with their broadening, one can hardly speak
about “virtual” hydrogen levels [9]. This phenomenon points to a strong covalent
bonding [57] of the hydrogen orbitals both to the conduction band orbitals 4s and
4p and to some of the 3d orbitals. Which specific d-orbitals take part in adsorption
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Table §
Overlap populations between an H atom (at equilibrium position) and the nearest surface Ni atom;
S-layer crystals, N, =N, =5

(100) (110) 111)
A 3d 0.066 0.052 0.074
4s+4p 0.214 0.236 0.211
B 3 0.039 (0035 a 0.043
0.029
4s+4p 0.108 {0.113 a 0.097
0.092
c 3d 0.023 {0.009 b {0.032 c
0.050 0.032
4s+ 4p 0.049 {0.025 b {0.065 c
0.127 0.066

2 B-short and B-long, respectively.

b Overlap population with the nearest surface atom and the atom directly betow the hole, re-
spectively.

€ C-tet. and C-oct., respectively.

bonding is determined by the environment of the adsorption site, rather than by the
properties of the isolated surface. For instance, one observes very clearly from fig. 6
that on the (100) surface the d,, orbital mainly contributes to A-type adsorption,
the d,;, d,, combination to B-type and dy2_, to C-type. (Note again that these d-
orbitals are expressed in a local coordinate system with the z-axis perpendicular to
the surface plane, as shown in fig. 8.) From fig. 7 it follows that for the A-site at the
(111) surface it is also the local d,2, which is written in bulk coordinates as

(dxy * dy, +d,;,)/V/3, that yields the main contribution.

In relation to those models [58—60,15] which predict specific adsorption sites
by considering the properties of the bulk metal or the isolated surface, we can make
the following remarks. No specifically stable adsorption shows up on those sites, A
and C at (100), where the interaction occurs with the former non-bonding (eg) or-
bitals from the bulk. Neither those t,, orbitals which are protruding from the surface
(“‘dangling bonds™), at the B-site on (100) or the A-site on (111), show any particular
activity. Also the occupation numbers of specific d-orbitals at the free surface [15]
do not represent a good measure for the adsorption stability (which is not surprising
since hydrogen chemisorption is primarily covalent, even though some charge trans-
fer takes place). On the contrary. it is the structure (symmetry) of the “‘surface
molecule” Ni,H withn =1, 2, 3 or 4 and its (direct) environment which determines
the nature and relative stability of the chemisorption bond. More concrete informa-
tion on the localized character of this bond is discussed in paper II.

Most calculations have been performed for a 5-layer nickel lattice witha 5 X §
unit cell periodicity parallel to the surface. We have checked the conclusions from
this model by repeating some of the calculations with 6 layers and 6 X6 or 7 X 7
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periodicity. The results of these tests demonstrate that the absolute adsorption ener-
gies vary a little, with the largest differences being found between odd and even
numbers of layers. For A-site adsorption on the (100) surface we find, for instance,
—2.56 eV fora 6 X 6 crystal, —2.64 eV for a 7 X 7 crystal as compared to —2.60 eV
fora 5 X 5 crystal with S layers; a 5 X 5 crystal with 6 layers yields the value of
—2.49 eV. The results of table 3 indicate, though, that all relative effects discussed
in this section are invariant to the size of the crystal. Also the adsorption of two
hydrogen layers on the opposite surfaces of a 5-layer crystal has not shown any
mutual effects, so that we may safely assume that the finite, rather small, dimensions
of our model systems do not significantly influence our conclusions for surface and
adsorption effects.

4. Conclusions

Summarizing the main conclusions from the preceding sections we can make the
following observations. Both the 3d electrons and the conduction electrons in the
45—4p band of nickel take part in the chemisorption bond with hydrogen. Although
the effect of the 4s and 4p orbitals may be somewhat overemphasized by the Ex-
tended Hiickel method, since this method is strongly. based on overlap criteria, our
calculations do not justify the complete omission of the conduction electrons which
is a starting point in many calculations for adsorption on transition metals [4—19].

Still, in those calculations which include all five 3d orbitals on the nickel atoms
[11-19] the conclusions about surface effects on the d-band structure and on the
aspherity of the d-electron charge distribution agree very closely with our results.
Apparently, the neglect of d-band/conduction band hybridization does not affect
these (relative) conclusions. The agreement between these results is the more interest-
ing since our method (working in finite k-space with finite crystals) is quite different
from the approach of Cyrot-Lackmann et al. [11—15] and Haydock et al. [17—19]
(who use a semi-infinite crystal model and calculate the density of states by a con-
tinued-fraction expansion of the Green function). Unfortunately, not many results
for adsorption on transition metals are available yet from these authors.

The stability of adsorption on different low index planes, (100), (110) and (111),
increases with a decreasing number of nearest neighbours to the surface atoms. These
differences are not very pronounced, however. Different sites on the same surface,
show the following decrease in adsorption stability: A (atop) > B (bridge) > C (centred).

Finally it can be concluded that the stability and the nature of the chemisorption
bond on nickel is not so much determined by the properties of the bulk metal or by
the characteristics of the clean surface, but rather by the structure of the “surface
molecule”. This conclusion has been further elaborated by a comparison with cluster
calculations in paper II, where also the localization of the chemisorption bond and
the effect of the boundary conditions on the ‘‘surface molecule’ are discussed.
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The adsorption of single hydrogen atoms, investigated by means of cluster calculations,
has been compared with the adsorption of hydrogen monolayers on periodic crystals
(paper 1) From the similarity of the adsorption energy curves we conclude that the
(direct and 1ndirect) interactions between adsorbed hydrogen atoms are relatively small
up to monolayer coverage For adsorption on different sites of 1deal low index surfaces
the stabulity decreases in the order Atop > Bridge > Centred For Atop adsorption 1t in-
creases with a decreasing number of nearest neighbours to the nickel atom in the NiH
“surface molecule”, thus leading to especially strong adsorption sites at the edges of a
stepped surface and to low stability 1n the notches In general, we find that the Ni,H
“surface molecule” with n = 1, 2, 3 or 4 determines the equilibrium positions for H ad-
sorption, the tnclusion of one shell of neighbours to the nickel atoms 1s sufficient to
explain the differences in adsorption energy The Extended Huckel method 1s not well
suited to study dissociative chermisorption of H,, although some qualitative trends are
correct

1. Introduction

In a previous paper [1] (henceforth called paper I) we have reported a number of
calculations on the adsorption of hydrogen layers on 1deal low index surfaces of
nickel crystals with a finite periodicity in the two directions parallel to the surface
and consisting of a imited number of layers We wished to compare these tight-
binding Extended Huckel calculations on periodic crystals with cluster calculations
n order to examine the degree of localization of the chemisorption bond, the concept
of the “surface molecule” and the, possibly disturbing, effect of the boundanes of
the clusters Thus we wanted to 1nvestigate which properties are correctly represented
by cluster models and to what extent they can be used to gain insight in chemisorp-
tion phenomena and to make theoretical predictions Our earher cluster calculations
[2] are difficult to compare with the results of paper 1, because we have somewhat
improved the parameter choice 1n the latter paper and also included 4p-functions
Moreover, we have now calculated equilibrium positions for the adsorbed atoms
after taking into account the repulsions between the H atom and the Ni atom cores
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Therefore, we have performed a new series of cluster calculations

Except for studying the adsorption of a H atom on models for 1deal low index sur-
faces, we wanted to search especially for active adsorption sites, the structure and
occurrence of which are of interest for heterogeneous catalysis. and to investigate
the molecular adsorption of H, which has been studied formerly by another model

(3]

2. Description of the model
21 The clusters

As before, we have started with an octahedral cluster of 13 nickel atoms, repre-
senting one atom with 1ts complete nearest neighbour environment in the fcc crystal
Next, we have truncated this parent cluster by removing some atoms, such that the
central metal atom obtained the nearest neighbour environment of an atom at the
ideal (100), (110) and (111) surfaces respectively The symmetry groups of these
clusters, consisting of 9, 8 and 10 nickel atoms, are Cy4,, C,, and C3, Subsequently,
we have adsorbed a hydrogen atom on these surface clusters, at a variable height
above the central nickel atom, A(atop)-adsorption Pictures of these clusters have
been given in figs 1 and 2 of ref [2] In order to investigate the size effect we
extended the (100) cluster with 4 extra surface atoms Further, we have calculated
the case that the adsorbed H atom forms a bridge between two Ni atoms, B(bridge)
adsorption. at the (100) surface, represented by a cluster of 14 atoms (see fig 1)

As before. we have taken care that the two N1 atoms directly involved in the ad-
sorption bonding, are provided with a complete nearest neighbour environment
The adsorption of a H atom above a surface hole, C(centred)-adsorption, has been
examined mn a model obtained by inverting the 9-atomic (100) cluster In this case,
however, the four surface N1 atoms which interact directly with the H atom, do not
possess a complete nearest neighbour environment. For all the surface clusters the
z-axis 1s chosen to be perpendicular to the surface

o——o
O 0O

o o; -0 o
o——o0

I'g 1 Schematic representation of the cluster used to study B-site adsorption of H atoms and
dissociative chemisorption of H, on the (100) surtace (0) metal atoms n the tirst (surface)
luver (o) metal atoms n the sccond layer
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Fig. 2. Model cluster (6 atoms) for H adsorption ks
on the edge of a stepped (100) or (110) surface.

Fig. 3. Model cluster (11 atoms) for H adsorption
in the notch of a stepped (100) or (110) surface.

The models discussed so far have been used to study the adsorption on ideal low
index surfaces. Since we wanted to find out whether particularly active sites occur
at stepped or indented surfaces, we have calculated some clusters representing the
adsorption of a H atom at an edge or in a notch. A model for the edge is obtained by
cleaving the (100) and (111) surface clusters along a second plane [truncating of the
(110) cluster gives the same results as the (100) cluster], providing clusters of 6 and
7 Ni atoms, respectively. For the adsorption in an indentation we get a model system
by removing 2 atoms from the 13-atomic parent cluster. Pictures for the 6- and 11-
atomic clusters are given in figs. 2 and 3. In both cases the Ni atom which directly
binds with the H atom is surrounded by the complete set of nearest neighbours which
it possesses in the real physical situation. The most stable adsorption positions have
been found by varying the angle 8 and the distance between the H atom and the
central Ni atom.

Finally, we wanted to examine to what extent it is possible to study the dissocia-
tive adsorption of molecular H, by the Extended Hiickel method. To this end we
have used the 14-atomic (100) surface cluster of fig. 1. Truncating of this cluster
along a second plane supplied a model for the adsorption of H, at an edge.

2.2. The molecular orbital method; the parameters

For our calculations we have used the Extended Hiickel method with a non-
orthogonal basis set, consisting of 3d, 4s and 4p orbitals for nickel and a 1s orbital
for hydrogen. The same parameters have been chosen as in paper I, as wel! as the
same definition for the adsorption energy AE, 4, including the extra term which
accounts for the repulsion between the H atom and the cores of the Ni atoms in
order to calculate equilibrium positions. The nickel nearest neighbour distance has
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been taken equal to 2.49 A, as before. The Mulliken population analysis was used to
calculate atomic charges and overlap populations.

3. Results and discussion
3.1. Adsorption on low index surface clusters

The energy curves obtained for A-site adsorption of a H atom on the ideal low
index surface clusters have been plotted in fig. 4. It is striking that they agree very
closely with the curves for a full H layer adsorbed on a periodic surface (fig. 9a of
paper I), the equilibrium distances and adsorption energies being (nearly) the same
(table 1). In principle, it cannnt be excluded that this similarity between the periodic
crystal results and the data from cluster calculations is caused by the cancellation of
two different effects: the (direct and indirect) interaction between the hydrogen
atoms in the periodic layer and the boundary effects in the clusters. This cancella-
tion is quite improbable, however, since the similarity occurs in all examples calcu-
lated (also for B- and C-site adsorption, as will be discussed below), the clusters have

ADSORPTION ENERGY {eV)
T

=16

A - site adsorption

-18 |

220 b

-30 F

A2 F

A e A L L. i

08 10 12 1% 6 18 20 22,
HEIGHT {A)

Fig. 4. Adsorption energy of a H atom on different surface clusters, as compared to the binding
energy of NiH. The small dashed curve indicates the effect of extending the (100) surface cluster
with 4 extra atoms.
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Table 1

Comparison of the adsorption energies, the distances are given with respect to the surface, the
clusters are described 1n the text and the penodic crystals are 5 X 5 periodic systems consisting
of 5 layers (see paper I)

Cluster Peniodic crystal

Equil dist (A) AE g5 (eV) Equil dist (A) AEagg(eV)
(100), A-site 154 -266 153 -260
(110), A-site 154 -277 154 -280
(111), A-site 154 -251 1.52 -246
(100), B-site 120 -259 119 -250
(100), C-site 070 -223 074 -2132

different sizes and, particularly, the extension of a given cluster with 4 extra atoms
did not yield a significant difference 1n the adsorption energy curve Therefore, we
can practically rule out this possibility and conclude from our calculations that the
adsorption energy for hydrogen atoms does not vary significantly up te full mono-
layer coverage. In other words, the direct and indirect interactions between adsorbed
hydrogen atoms are relatively small. This result agrees with other model calculations
[5,8] and also the recent expenmental data from flash desorption and work func-
tion measurements on 1deal single crystal surfaces [4—7] show that the adsorption
energes are nearly constant This holds for coverages up to about half of the
saturation coverage [7]. The only incertainty which 1s still present i the different
measurements concerns the saturation coverage of chemisorbed hydrogen. From
flash desorption expennments Lapujoulade and Neil [4—6] obtained a saturation
coverage 8 .. from 0 15 to 0.4 for the three surfaces, while Christmann et al. [7]
observed a saturation population of about one H atom per N1 atom and May and
Germer [9] estimated 6,,, on the (110) plane to be in the range between 1 6 and
22 We would tentatively suggest that the strong decrease of the adsorption energy
observed by Chnstmann et al starts after filling completely one of the possible ad-
sorption sites (the §,-state [7]) and that 1t 1s caused by the lower adsorption energy
of the second adsorption site (the §;-state [7]) and, possibly, by a repulsion between
the adsorbed H atoms which are now at shorter distances from each other than the
nickel nearest neighbour distance.

From the recent expenimental results and our theoretical calculations 1t may be
concluded that the older experimental results on metal powders, wires, films or
supported catalysts [10] which show a stronger decrease of AE, 4, with increasing
coverage, must be caused by the inhomogeneity of the surface, which makes that
sites with many different adsorption energies are avallable (see also section 3.2).

From table 2 1t appears that the overlap populations for A-site adsorption on the
clusters and the pertodic crystals are essentially the same. The considerable differences
in magnitude between the populations from the 3d electrons on the central N1 atom
and those from the 4s electrons are due to corresponding differences in the overlap
integrals. Therefore, we do not believe these overlap populations to form an absolute
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Table 2

Comparison of the overlap populations with the hydrogen 1s orbital for A-site adsorption, the
Ni(1)—H distance 1s 1 5§ A Ni(1) 1s the central N1 atom and Ni(2), N1(3), Ni(4) are nearest neigh-
bours from the first (= surface), second and third layer, respectively The z-axis points perpen-
dicularly to the surface

(100) (110) (111)
Cluster Periodic Cluster Penodic Cluster Periodic
crystal crystal crystal

3d,2(1) 00756 0 0662 00688 00523 00798 00739
4s(1) 01649 01723 01719 01870 01593 01661
4p,(1) 00393 00419 00449 00491 00403 00451
total (1) 02798 02804 02855 0 2884 02793 02851
3d(?) 00020 00017 00017 00015 00015 00012
4s+4p(2) 0 0002 -0 0055 -00001 -0 0071 -00010 -0 0066
total (2) 00022 -0 0038 00016 -0 0056 0 0006 -0 0054
3d(3) -00003 —0 0006 00002 -0 0003 -0 0005 -0 0007
4s+4p(3) -00020 -00018 -00023 -00018 -00018 -0 0016
total (3) -00024 -00024 -0 0020 -00022 -00023 -0 0024
3d@4) - - -00011 -0 0010 - -
4s+4p4) - - -0 0017 -00015 - -
Total (4) - - -00028 -0 0025 - -

measure for the bond strength Nevertheless, we think that they indicate that the
conduction electrons contrnibute strongly to the chemisorption bond As can be seen
from fig 4, the A-site adsorption energy decreases in the order (110) > (100) > (111),
1.e. with an increasing number of nearest neighbours Apparently, these neighbours
cause a repulsive effect as may be concluded from a companson with the NiH binding
energy, too. This seems to be at varniance with the experimental results [4—7], which
are nearly equal for the three low index faces As we remarked already 1n paper I,

the differences 1n our calculated values are not very pronounced, however, and may
be caused by a shght overestimate of the relative contnbution of the conduction
electrons, whuch are responsible for the repulsive effect of the neighbouring nickel
atoms [2]

The effect of the cluster size has been examined by extending the onginal (100)
cluster with four extra Ni atoms at the surface Although the charges on the metal
atoms are very different (table 3), the adsorption energy (fig 4) and the overlap
populations are the same So, we may conclude that our clusters are sufficiently
large to study the chemisorption bonding of a H atom and that the boundary effects
do not influence the adsorption energies

For cluster calculations on B-site and C-site adsorption at the (100) surface the
adsorption energies at equilibnum distance are given 1n table 1, the adsorption energy
curves have not been plotted since they are again very similar to the curves obtained
for the penodic crystals It appears that for these clusters, the adsorption 1s favoured
in the order A > B > Cjust as for the periodic crystals
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Table 3

Companison of the charges on the 9- and 13-atomic (100) surface clusters with A-site adsorption;
the Ni(1)—H distance 1s 1.5 A. Ni(1) 1s the central N1 atom, N1(2) and N1(3) are nearest neigh-
bours from the first (= surface) and second layer, respectively, Ni(4) 1s a next nearest neighbour
from the first layer

(100)-9N1 (100)-9N1+ H (100)-13N1 (100)-13N1+ H
Ni(1) -0.140 0.613 0.634 1.212
Ni(2) -0.178 -0131 —0.032 0027
Ni(3) 0213 0076 0207 0128
Ni(4) - - -0334 -0.359
H - -01392 - -0.394

The maximum stability of A-adsorption has been confirmed by experimental
data [11], but has not been found in recent cluster calculations by Blyholder [12],
who concluded from CNDO results that the adsorption over a surface hole 1s more
favourable. Since we have calculated equilibrium positions for adsorption now, ‘we
can assert that the discrepancy with the CNDO results is not due to our former as-
sumptions [2] about these positions, as Blyholder suggested. Instead, we think that
the explanation must be found in the size and shape of his clusters, several of which
do not possess a complete nearest neighbour environment for the N1 atoms directly
binding with the H atom. Actually, some of the adsorption site models do not even
reflect the symmetry of the surface, which implies that these nickel atoms possess
strongly different numbers of nearest neighbours.

Since the conclusions for adsorption on our periodic crystals and clusters are
quite similar, we have searched for active sites for the adsorption of H atoms and
investigated the dissociative adsorption of molecular H, by means of further cluster
calculations.

3.2. Adsorption on non-ideal surface clusters

Adsorption at non-ideal surfaces has been studied on clusters which form a model
for an edge or an indentation 1n the crystal. The H atom was directly bonded to the
central N1 atom, because the largest adsorption energy has been found for A-site
adsorption. Thus we wanted to investigate the occurrence of active sites, which may
be of interest for heterogeneous catalysis.

Somorjai et al. [13,14] examined the adsorption of H,, O, and some other mole-
cules on stepped and high index surfaces of platinum. They found that the chemi-
sorption charactenstics are markedly different from those of low index platinum
surfaces, the chemisorption taking place much more readily. In their opinton the
reason for the increased chemical activity of the stepped surfaces lies in the differing
atomic structures at the steps. A molecule adsorbed in the notch of a step has a larger
number of nearest neighbour metal atoms than a molecule at a flat surface and there-
fore, there 1s an increased availability of metal atom orbitals at the stepped surface
for adsorption and reaction.
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Table 4
Adsorption energies for A-site adsorption on different clusters; the Ni—H distance is 1.5 A; for
the adsorption on non-ideal surfaces, the angle 8 is optimized (see figs. 2 and 3)

AE 45 (V)
Notch-11Ni -2.48
Ideal (111)-10Ni -2.51
Ideal (100)-9Ni -2.66
Ideal (110)-8Ni -2.77
Edge-7Ni -2.81
Edge-6Ni -2.82
NiH -3.08

From our calculations it may be concluded that the adsorption of a H atom at an
edge is more favoured than in an indentation (the adsorption energies at the equili-
brium positions are given in table 4). In other words, we find also in these cases that
those sites are the most active ones for hydrogen adsorption, of which the Ni atom
binding directly with the H atom, is surrounded by the least possible number of near-
est neighbours (see table 4). These neighbours cause a repulsive effect. While we think
our conclusions to originate mainly from covalent bonding. Anderson and Hoffmann
[15] have reached similar conclusions from cluster calculations on the basis of charge-
transfer considerations. Hydrogen chemisorption is primarily covalent, though.

Although we agree with Somarjai et al. [13] on the special activity of stepped
and high index surfaces, our results do not confirm their hypothesis about the reason
for the increased chemisorption activity. We find the most stable position for
hydrogen adsorption to be on the edge. However, this conclusion may not hold for
heavier atoms such as carbon, nitrogen and oxygen, which may prefer to form multi-
center bonds. An indication for this can be found in the work of Anders et al. {16,
17], who concluded that a hydrogen atom adsorbs on top of a metal atom on the
(100) surface of tungsten, whereas the nitrogen atom prefers the position above the
surface hole.

3.3. The (dissociative) adsorption of H,

The dissociative chemisorption of molecular hydrogen has been studied previously
by Deuss and Van der Avoird [3]) by means of a perturbation theory for exchange
forces which is comparable with the valence-bond method. The activity of the 3d
and 4s electrons was examined separately by a simple effective 4-electron model,
representing two nickel and two hydrogen atoms. It appeared that the 3d., orbitals
protruding perpendicularly from the surface, could enable a H, molecule to become
dissociatively chemisorbed without an activation energy, whereas the 4s electrons
alone did not chemisorb a H, molecule unless a high activation-energy barrier was
surmounted. By the Extended Hiickel method it is possible to study much larger
and more realistic systems. On the other hand, the Extended Hiicke] formalism may
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Fig. 5. Extended Huckel results for dissociative chemisorption of H,.

be less suited to investigate the process of dissociative adsorption of H,. Firstly, the

distance between H, and the metal surface may not become too large, since the ad-

sorbate—metal system then dissociates into ionic parts (as usually in the MO-formalism).

Secondly, the H-H interaction in free H, is not well represented, the binding energy

being 1.7—2.3 eV too large in the range from 0.74 to 2.0 A, while the molecule col-

lapses for shorter distances. Nevertheless, we have examined how far it is possible to

study the dissociative chemisorption of molecular hydrogen by our cluster models.
The results for two H atoms symmetrically adsorbed parallel to the surface above

the two central Ni atoms of the 14-atom (100) surface cluster (fig. 1) are given in

fig. 5 for 3 H—H distances and 3 distances between the H atoms and the central

metal atoms. The adsorption energy was computed with respect to the nickel cluster

and a free Hy molecule with the experimental equilibrium distance (0.74 A). As can

be seen from fig. 5, at larger distances from the surface a H, molecule is relatively

more favourable and at shorter distances (the Ni—H equilibrium distance 1.54 A)

2 separate Ni—H bonds are more stable; between these two states exists an activa-

tion barrier, however. From the overlap populations between the H atoms (see table 5)

Table §
H—H overlap population for H, adsorbed on the 14-atomic (100) surface cluster

Ni—H H-H distance

distance 0.74 A 1.60A 249 A
1.54 A 0.4030 0.0874 0.0067
1.L75 A 0.4268 0.1175 0.0123
2.00A 0.4370 0.1481 0.0109
Free H, 0.4294 0.2559 0.1056
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1t appears that a considerable weakening of the H—-H bond occurs, compared with a
free Hy molecule. It should be noted, though, that in all cases the adsorption energy
1 positive, 1.e. the adsorbate-metal complex is always energetically instable The
positive adsorption energy can be caused by the stabihity of H,, which 1s too large,
whereas the Ni1—H bond energy 1s about correct. This may also explain the activation
barnier which 1s predicted in contrast to our earlier calculations involving 3d electrons
alone [3] and expenmental experience. So, from the energy curves and the popula-
tion analysis we find a distinct tendency to dissociative adsorption, the results being
quantitatively wrong, however.

We have also calculated two cases of non-symmetnical H, adsorption, one atom
adsorbing directly above a central N1 atom and the other one lying above a neigh-
bouring surface hole or forming a bridge between the two central N1 atoms. In both
cases the H atoms were placed in the equihibrium positions obtained for the single
atom adsorption. Now, even less stability was found than for two H atoms adsorbed
on top of the central N1 atoms at equilibrium distances Finally, we have studied the
molecular adsorption at an edge. A model system was obtained by truncating the
cluster of fig. 1 along a second plane. The adsorption 1s somewhat more stable now,
although the adsorption energy for molecular H, remains positive yet.

4. Conclusions

The results which we have obtained by cluster and penodic-crystal calculations
agree very well, quahtatively as well as quantitatively. Going from the adsorption
of a single H atom on a cluster to the adsorption of a full H monolayer on a finite
crystal, the adsorption energies do not change significantly. So there exists now
both theoretical and expenmental [7] evidence that the adsorption energy varies
only shghtly over a considerable range of coverage 8. The rather fast decrease of the
adsorption energy with increasing coverage which was observed in older experiments
on catalyst samples, etc [10], must have been caused by the inhomogeneity of the
surface.

Enlarging of the (100) cluster did not change the adsorption energy nor the over-
lap populations with the H atom. Therefore, we conclude that our clusters are suf-
ficiently large to descnbe the chemisorption bonding. in spite of the charge effects
occurring at the boundaries. Furthermore. the adsorption bond 1s rather localized
as follows from the similar behaviour of the clusters and penodic crystals The
equilibnium positions of the adsorbate depend only upon the configuration of the
directly bonding metal atoms For instance. it appears from paper I that the equili-
brium distances are equal for the three adsorption sites directly above a metal atom.
for the three bridge positions between nearest neighbours and for the two surface
holes at the (111) surface. This confirms the usefulness of the con~ept of the *sur-
face molecule™ to study chemisorption phenomena

In our model. the adsorption energy tor the ditferent low index surfaces decreases
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n the order (110) > (100) > (111), whereas the experimental values are about equal
[4—7] However, the differences in our results are much smaller than those found

by Blyholder [12] For the different sites the adsorption was found to become less
favourable 1n the senes A (atop) > B (bndge) > C (centred) Thus 1s at variance with
Blyholder’s order, but agrees with the results obtained by Anders et al [16] for the
adsorption of a hydrogen atom on (100) surface clusters of tungsten Also the data
obtained from recent inelastic neutron scattering experiments support the preference
for A-sites [11]

With regard to the adsorption of molecular hydrogen, we found a qualitative ten-
dency to dissociation from the adsorption energies and the H—H bond weakening
The quantitative results are not very good, however This may probably be ascribed
to the Extended Huckel method, which yields too much binding energy for the H,
molecule and too large an 10nic contnbution when the Ni—H distance increases

In agreement with experimental evidence, we find a special activity on stepped
surfaces and high index planes While Somorjai et al [13] supposed that the increased
adsorption activity was caused by the enlarged number of metal atoms at a step
available for interaction, from our calculations 1t 1s concluded that the most active
sites for hydrogen adsorption are edges and protrustons, the least active ones being
notches However, this conclusion may only hold for hydrogen atoms and not for
heavier atoms, preferning the formation of multicentre bonds
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Appendix

MODEL HAMILTONIANS IN
CHEMISORPTION THEORY

The exact non-relativistic Hamiltonian describing a system

of N electrons can be written as

N N N
H(L,...,M) = I f()+3% I I g,d (A1)
1=1 1=1 j=1
J#i
with 2 , zu o2
) = -5V -1 — .
a ot
2
g1, =7 .
13

In solid-state physics H is usually expressed in second-quantized fora

[1,2], which we can obtain as follows:

(1) Choose an orthonormal basis of spinorbitals in one-electron space:

{|¢k>. k=1,...,r}. The identity operator for electron i reads:
r
I(1) = I Iwk(1)><¢k(1)| ) (A2)
k=1

In the N-electron space, which is an N-fold (temnsorial) product

of one-electron spaces, the identity operator is given by:

N
IN(l,...,N) = I I1(i) . (A 3)

(11) In order to comstruct an N-electron function corresponding with
a given occupation of spinorbitals (electron comnfiguration), we

define a creation operator c: generating an electron in Iwk>:
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+

l¥ (1> = e, |¥

>
vac

+
|y (,2)> =¢, ¢ |¥
k1’k2 . kl k2 vac
[]
1
1
[] .I. 1.
|¥ a,...,M>=¢, ...c,  |¥ > (A4)
kl""'kN k1 kN vac

with vaac> being the so-called vacuum state, a fictitious
"zeroth-order determinant” in which no one-electron state is

occupied. If we require the c+

K to satisfy the anticommutation

relations

1.

+ _ t t + ot _
{ck’cl} =e e, o , (A 5a)
we ensure that |W(1,...,N)> is an antisymmetric (Slater determi-
nant) function. We may also introduce the adjoint operator ck
which destroys an electron in lwk> or annihilates IW(I,...,N)>
altogether, if this state contains no electrom in Iwk>. Now the

following additionsl anticommutation relations hold:
{cyic,} =0 (A 5b)
{c* c,} =6 (A 5¢)
k'L kL
and the number operator nk is given by:
1.
no=coc. . (A 8)

For the one-electron part of the Hamiltonian we find, using

the orthonormality of the basis:
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N
(1) I [ I £(1) ] I
N 5=1 N

™2

i
(A7)

r N
E <Y W2 v, (1> 5 o (D><y (] .

Kk, %=1

N
Since the operator I |¢k(1)><wl(i)l acting on an arbitrary N-elec-
1=1
tron configuration wave function replaces a one-electron state |¢£>
by I\" >, it le> is occupied, and yields zero otherwige, it can be
written in second-quantized form:
N

.'.
121 lo (1)><y (D = ¢ e

. (A8)
Substituting this expression into (A7) and following an analogous

derivation for the two-electron operators, we obtain the N-electron

Hamiltonian in second quantization:

H(1,...,N) = I <wk(1)11(1)|¢1(1)> cI c, +
K, 2
(A9)

+ ¢+
P = <wk(1)w£(2)|g(1.2)|¢_(1)¢n(z)> g € Cp Cp -
k,L,m,n

Separating the spinorbitals |y > into a spatial part > and a spin-
k k

function [0> (= |a> or |B>), we write:

1-
B= I I < (D8] (D)>¢e e +
k2 a
(A 10)

t ot

Io<, (1)¢,(2)[g(1,2)[¢ (16 (2> e e e e .

k,2,m,n 0,0
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1. The Anderson Hamiltonian

In order to study the effects of magnetic impurities,
Anderson [3] has introduced an approximate Hamiltonian, which 1s also
used very often to investigate the interaction between an adsorbed atom
and a metal substrate. The set {¢k.¢a} is chosen as the orthonormal
orbital basis for the total system. The functions ¢k are delocalized
eigenstates of an effective one-electron Hamiltonian for the unper-
turbed semi-irnfinite metal with eigenvalues €’ ¢a is the localized
adatom orbital with energy Ea’ Expressing the Hamiltonian (A 10) im
this basis, we find the Anderson Hamiltonian, 1f the following as-

sumptions are made:

6 , (A 11a)

<, o, > =¢ &,

"
m
-

<¢‘(1)Ir(1>l¢a(1)> (A 11b)

with £ being the one-electron Hamiltonian after chemisorption. This

implies that the effects of chemisorption omn € and e. are neglected.

k
Furthermore, no electron repulsions are considered, except between

two electrons in ¢a' So, the Anderson Hamiltonian reads:

HA = kzc € nka-+§ €a naa-fU nao na,-o +
' (A 12)
+ +
L (vak cao ckc+ ka cko cao
k,o

)

with U and vak defined as

U = <4 (14 _(2)|e(1,2) ¢ (Do _(2)>

= < 1)> .

Vo = <, (D20 ]o 1)

The Hartree-Fock approximation to this Hamiltonian amounts

to replacing the two-particle interaction U na o nac by the average
-

repulsion term U <na > nao' which 1s a one-particle operator:
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K ak cao ckc'kaa cko cao)

2. The Hubbard Hamiltonian

(A13)

This second approximate Hamiltonian has originally been in-

troduced to examine electron repulsion effects in narrow energy bands

[4]. The orthonormal basis consists of the atomic orbitals

¢p = ¢(;-ﬁp) localized on the various sites in the crystal. Electron

repulsions are only taken into account for both electromns occupying

the same atomic orbital, so that the Hamiltonian reads:

HH = ¥ IT c+ c +341 & n
PqQ pPO0 qO

n
P,q © p,c P0 PO

with

T = 1 1 1
g = <¢p¢ )| ¢ )|¢q( )>

I = 1 2 1,2 1
<0, (14 ( )|e,2) e ¢ )6, (2)>
In the Hartree-Fock approximation:

ng = I qu é;o cqo-+I I n <n _0>
P,q p PP

In order to study adsorption, the Hamiltonian (A 14)

extended by the extra terms:

e n +4UZn n
a ao ac a,-0
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(A 15)

must be

(A 16)
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SUMMARY

This thesis deals with a theoretical investigation of the
electronic properties of solid surfaces and the phenomena involved in
chemisorption. We have paid particular attention to the adsorption of
(atomic) hydrogen on various surfaces of nickel and copper crystals.
Our intention was to obtain a better understanding of the chemisorption
binding with transition metals and to explain the variations in the
activity of different sites on the surface in the hope of getting more
insight in the processes which occur in heterogeneous catalysis.

¥e have started (Chapter II) with a review of the recent
theoretical developments., It is shown how the surface and chemisorption
problem is being tackled both by solid-state physicists and by quantum-
chemigts. The merits, restrictions, applicability and mutual relation-
ship of the various methods are discussed, as well as a few important
concepts in chemisorption theory (virtual and split-off states, in-
direct interaction between adsorbed particles). In Chapter III we have
described a numerical resolvent procedure suitable to study realistic
models for transition metals and semiconductors by accounting for the
existence of multiple bands. Finite periodic layer crystals are con-
sidered, which may be conceived as an intermediate case between the
semi-infinite crystal models used in solid-state techniques and the
cluster models originating from the molecular approach. The results of
our Extended Hlickel molecular orbital calculations on the adsorption
of hydrogen monolayers on finite periodic nickel crystals and of single
hydrogen atoms on nickel or copper clusters have been presented in
Chapter IV, We were able to draw conclusions about the réle of d- and
conduction electrons in the adsorption bonding and the dissociative
chemisorption on transition-metal surfaces. Since Chapter III and
Chapter IV (mainly) comsist of reprinted articles, we refer to the
respective summaries for further concise information about our resolvent

technigue, about the systems investigated and the computational results.
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SAMENVATTING

Dit proefachrift handelt over een theoretisch onderzoek naar
de elektronische eigenschappen vaen vaste stof oppervlakken en de ver-
schijnselen die optreden bij chemisorptie. In het bijzonder hebben we
aandacht besteed aan de adsorptie van (atomaire) waterstof op verschil-
lende oppervlakken van nikkel en koper kristallen. Hierbij was het de
bedoeling om het mechanisme van de chemisorptiebinding met overgangs-
metalen beter te begrijpen en om de variaties te verklaren in de akti-
viteit van de verschillende oppervlakken, hetgeen kan leiden tot een
beter inzicht in de processen die plaatsvinden bij heterogene katalyse.

We zijn begonnen (Hoofdstuk II) met een overzicht van de
recente theoretische ontwikkelingen. We laten zien hoe het oppervlakte-
en chemisorptievraagstuk zowel door vaste stof fysici als door kwantum—
chemicl wordt aangepakt. De verdiensten, beperkingen, toepasbaarheid
en het onderlinge verband van de verschillende methodes worden bespro-
ken, evenals enkele belangrijke begrippen uit de chemisorptietheorie
(virtuele en uit de energieband afgescheiden toestanden, indirekte
wisselwerking tussen geadsorbeerde deeltjes). In Hoofdstuk III hebben
we een numerieke resolvent procedure beschreven welke geschikt is
om realistische modellen voor overgangsmetalen en halfgeleiders te bhe-
studeren, doordat rekening wordt gehouden met het voorkomen van meer-
voudige banden. Hierbij worden eindige periodieke laagkristallen be-
keken, die kunnen worden opgevat als een overgangsgeval tussen de
halfoneindige kristalmodellen in de vaste stof technieken en de klus-
termodellen afkomstig uit de molekulaire aanpak. De resultaten van
onze Extended Hilckel molecular orbital berekeningen aan de adsorptie
van enkelvoudige waterstoflagen op eindige periodieke nikkel kristal-
len en van gelsoleerde waterstofatomen op nikkel of koper klusters
zijn gepresenteerd in Hoofdstuk IV. We waren in staat om konklusies
te trekken aangaande de rol van d- en geleidingselektronen in de ad-

sorptiebinding en de dissociatieve chemisorptie op overgangsmetaal-
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oppervliakken. Omdat Hoofdstuk 111 en Hoofdstuk IV (voornamelijk) be-
staan ult reeds gepubliceerde artikelen, verwijzen we naar de res-
pektievelijke samenvattingen voor verdere bekmopte informatie over
onze resolvent techniek, de onderzochte systemen en de rekenresul-

taten.
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STELLINGEN

De verklaring van Kunz et al voor het verschillende katalytische gedrag van
nikkel en koper by “supported catalysts” en de manier waarop de trend 1n
de aktviteit van de metalen uit de tweede overgangsreeks hieruit wordt af-
geleid, zyn aanvechtbaar

A B Kunz, M P Guscand R J Blint, Chem Phys Lett 37,512 (1976)

I

De verwachting dat een sterk geparametriseerde semi-empinische methode
als MINDO/3 kan dienen als een praktisch chemisch instrument op terremnen
die (momenteel) ontoegankeljk zyn voor eksperimenteel onderzoek, 1s 1l-
lusoir

R C Bingham,M J S Dewarand DH Lo,J Am Chem Soc 97, 1285 (1975)

I

Brush maakt ziyn bewenng dat de golftheorie van de warmte van belang 1s
geweest voor de ontdekking van “de wet van behoud van energie”, onvol-
doende waar

S G Brush, The British Journal for the History ot Science 5, 145 (1970)

v

Ons kenmisverwerven van de natuur geschiedt niet objektief, omdat het
wordt bemiddeld door een waammemend subjekt De praktische aktiviteit
van het met de natuur in wisselwerking tredende subjekt vindt niet onathan-
kelyk van de maatschappelyke kontekst plaats Hierdoor i1s de natuurweten-
schap niet waardevr), maar bezit zi) een 1deologische komponent, die onder
meer tot uiting komt 1n haar keuze van te verzamelen feiten, uit te voeren
cksperimenten en theoretische interpretatickaders



Vv

Binnen de natuurwetenschappelyke opleiding behoort een permanente re-
flektie plaats te vinden over de relatie tussen natuurwetenschap en maat
schappy Zonodig dienen praktische konsekwenties hieruit getrokken te
worden, zowel wat betreft inhoud en organisatie van de opleiding en het
wetenschappelyk onderzoek als wat betreft het maatschappelyk handelen
Centrale doeistelling hierby moet zin de bevryyding van uitbuiting en onder-
drukking en een toenemende beheersing van de natuur ten behoeve van en
door de mensheid 1n haar totalitest

VI

Vanwege de samenhang die bestaat tussen milieuproblematiek en maat-
schappelyke struktuur, moet de aan de takulteit W & N in Nymegen op te
nchten afdeling milieukunde witgaan van een projektgewnze en interdisci-
plinaire aanpak Dit betekent dat zowel de natuurwetenschappelyke als
maatschappelyke aspekten geintegreerd aan bod dienen te komen Bo-
vendien moet een dergelyke afdeling een ondersteuning vormen voor de
praktische aktiviteiten van milieu-aktiegroepen

Vil

De visie dat de wetenschap van nature progressicf i1s en daarom een natuur-
Iyke bondgenoot vormt i de stryyd voor het socialisme, gaat uit van een zich
autonoom ontwikkelende wetenschap, aldus de wisselwerking tussen weten-
schap en maatschappelyke verhoudingen veronachtzamend Verder hangt
deze visie samen met een objektivering in het marxisme, waarby de dialek
tiek van een bewust en aktief in de maatschappelyke werkelykheid ingry-
pende mens vervangen 1s door een interpretatie van de wereld als een vanzelf
volgens objektieve wetten veranderende wereld

VIII

Wanneer Fisher de energieknisis in de V'S aan het begin van de zeventiger
Jjaren 1 belangrjke mate wyt aan de milieubeweging, gaat hy eraan voorby
dat zowel energieknsis als milieuproblematiek hun oorzadk vinden in de
wijze waarop 1n een kapitalistische maatschappyy de produktie georganiseerd
18

J C Fasher, Physics Today december 1973 blz 40



IX

Het feit dat Van den Doel zyn inaugurale rede voorziet van een citaat uit
Engels’ Der Ursprung der Familie, des Privateigentums und des Staats dat
wit zyn verband s gerukt en verkeerd i1s weergegeven, wist op een gebrek
aan mzicht in het marxisme, waarvan Van den Doel een groot kenner be-
weert te zyn, ofwel er 1s sprake van citaatvervalsing

F Lngels Der Ursprung der Fanulie, des Privateigentums und des
Staats (Duttse uiigave Dietz, Berhin, 1973 blz 198/199, Nederland-
se urtgave Pegasus Amsterdam, 1973, blz 217)

J van den Doel, Ekonormie en demokratie in het staatsbestuur (Klu
wer Deventer, 1973 blz 3)

Vry Nederland, 30 augustus 1975, blz 9

X

De “Berufsverbote” in de BRD, welke een fundamentele aantasting vormen
van de demokratische rechtsorde, zyn witdrukking van cen toenemende
politieke onderdrukking Wanneer de ekonomische krisis blyft voortduren
en er een verscherping van de maatschappelijke tegenstellingen plaatsvindt,
kan deze repressie gemakkelyk de wegbereider worden voor een hermeuwd
fascisme, doordat zij potentiecl verzet daartegen van ziyn basis heeft beroofd

Nymegen, 13 me1 1976 DJM Fassaert












