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Abstract

This thesis deals with the electronic structure calculation methods at the level of local-density
approximation. Electronic structures are evaluated for various systems involving mostly metals; ranging
from free atoms and clusters to bulk solid and surfaces. New models and computational methods are also
developed. The role of the electronic structure behind the properties of matter is emphasized, and
especially, the unique properties of the conduction clectron response are examined and compared to the
transitions in free atoms. The role of spin-polarisation is found to be essential with large-effects on the
x-ray edge exponents, line shapes and solid state shifts in photoelectron and Auger electron spectra. The
chemical reactivity of small metal clusters and metal surfaces is examined, and it is shown that the
reactivity can be traced back to the local Fermi level electronic structure. In particular, the energy
dissipation in adsorption onto metal surfaces is studied. Finally, a new computational procedure for the
total energy within LCAO is tested through the evaluation of potential curves and the consequent
spectroscopic data of diatomic molecules. The general conclusion is that the local-density approximation
makes both qualitative and quantitative electronic structure calculations feasible in the whole field from
free atoms to solid matter. Thus, it can be used in applications from sophisticated spectroscopy to practical
chemistry, but nevertheless, retained within the same simple formalism.

Key words: jellium model, cluster, photoelectron and Auger spectroscopy, surface
physics, catalysis, electron-hole pairs




PREFACE

This thesis belongs to both theoretical and computational physics, and theoretical
or quantum chemistry. It has been a pleasant and instructive work for a number of
reasons. It deals with the first principles methods for finding electronic structures,
which in practice means evaluation of the motion and energies of electrons within
the formalism of quantum theory. The quantum theory has opened up new views
in research beyond the conventional spectroscopist’s cook-book quantum mechanics,
thereby making the work interesting, challenging and sometimes even exotic, but si-
multaneously also laborious at the practical level. Furthermore, the use of various
physical approximations, numerical methods and high capacity computers has offered
a wide and rich research field to work in; which has taught me a lot. On the other

hand, this work has also taught me that the more one learns the better one sees the
modesty of his own knowledge.

October 1986 The Author
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SELOSTUS VAITOSKIRJASTA

Viitoskirja on ldhinnd materiaalifysiikan aihepiiriin kuuluva tutkimus, jossa
tarkastellaan péiasiassa metallien ominaisuuksia teoreettisesti ja numeeristen lasku-
menetelmien avulla. Metalleja tarkastellaan vapaina atomeina, pieninid molekyylien
kaltaisina ryppdini eli "klustereina” seki kiintedssd olomuodossaan. Tutkimuskoh-
teina ovat em. eri esiintymismuotojen vaikutukset seki atomien sisempdin ettd ulom-
paan elektroniverhoon, joka madrii aineiden kemialliset ominaisuudet. Erityisesti
tarkastellaan erditd metallien spektreji sekd pienten metalliklustereiden ja metalli-
pintojen reaktiivisuutta ja kemiallisia ominaisuuksia esimerkiksi katalyytteina.

Ratkaisemalla aineen elektronirakenne saadaan tietoa aineen ominaisuuksista ”teo-
reettisesti”, ilman kokeellisia mittauksia, ja samalla voidaan selvittdi kyseisiin omi-
naisuuksiin johtavat perimmaiset syyt. Kaytinnossd teoreettista tarkastelua ja
numeerisia laskuja vaikeuttavat elektronien suuri lukumadri ja erityisesti atomaa-
rista kokoa pienempien hiukkasten tarkasteluun tarvittavat menetelmat. Elekt-
ronitilat onkin ratkaistava kvanttifysiikan (kvanttikemian) menetelmin, mika joh-
taa valttdmattd yksinkertaistuksiin ja numeerisiin ratkaisumenetelmiin. Taméin
tutkimuksen numeeriset laskut on tehty suurilla ja tehokkailla tietokoneilla Suomessa
ja ulkomailla. Kaytettyjen menetelmien kehittiminen on ollut osa tutkimusta,
ja yhtend tarkoituksena on ollut my6s selvittdd timin hetken laskumenetelmien
pystyvyytta kiytinnon ongelmien ratkaisemiseen.

Tyossd tarkastellaan yksityiskohtaisesti kiintein olomuodon vaikutuksia useiden
metallien elektronisiin siirtymiin (transitioihin) ja niista aiheutuvia rontgenkynnyksen
muotoja seké elektronispektrien viivojen muotoja ja energioita. Litium- ja kalsium-
metallien tapauksissa loydettiin uutena ilmiond siirtymid varjostavan varauksen
voimakas spin-polarisaatio. Kiintein olomuodon vaikutusten huomioon ottamiseksi
kehitettiin myds uutta menetelmis, jota testattiin laskemalla alumiinimetallin elekt-
ronitiheysprofiili ja sitd vastaavat kokeelliset rontgensironnan muototekijat.

Pienten kobolttiklustereiden reaktiivisuudessa kokeellisesti havaittu koosta riip-
puva vaihtelu selitetdin tutkimuksessa koon mukana muuttuvan elektronirakenteen
seurauksena. Tutkittaessa hiilimonoksidin adsorptiota kuparipinnalle voitiin selittai
erids katalysoiduissa reaktioissa tirked energianvaihtomekanismija lisikei médritettiin
tamin mekanismin tehokkuus. Tallaisten reaktioiden dynamiikan tarkastelua varten
kehitettiin laskumenetelmid, jota testattiin erdille kaksiatomisille molekyyleille tun-
nettujen kokeellisten tulosten avulla. 5

Yleisend johtopditoksend voidaan sanoa, ettd elektronirakennelaskujen tarkkuus
riittdd jo nykyisin antamaan luotettavasti tietoa useiden aineiden ominaisuuksista
perustutkimuksen tarpeiden lisiksi my6s monia kiytinndn sovellutuksia varten.
Merkittdvad on myés, ettd aineiden ominaisuuksien miirittiminen tilli tavoin on
mahdollista silloinkin, kun se kokeellisesti on vaikeaa tai kallista, tai jopa teknisesti
mahdotonta.
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ABSTRACT

This thesis deals with the elcctronic structure calculation methods at
the lcvel of local-density approzimation. Elecironic structures are cvaluated
Jor various systems involving mostly metals; ranging from free atoms and
clusters to bulk solid and surfaces. New models and computational methods
are also developed. The role of the electronic structure behind the propertics
of matter is emphasized, and especially, the unique properties of the conduc-
tion clectrons of metals are considered. The core level electronic transitions
in bulk netal and the consequent conduction electron response are examined
and compared fo the transitions in free atoms. The role of sapin-polarisation
i3 found td be cssential with large effects on the z-ray edge exponents, line
shapes and solid state shifts in photoeleciron and Auger electron spectra,
The chemical reactivity of small metal clusters and metal surfeces i3 eza-
mined, and it s shown that the reactivity can be traced back to the local
Fermi level electronic structure. In particular, the energy dissipation in
adsorption onto metal surfaces is studicd. Finally, o new computetional
procedure for the toial encrgy within LCAQ is tested through the evalua-
tion of potential curves and the consequent spectroscopic data of diatomic
molecules. The general conclusion is that the local-density approzimation
makes both gualitative and quantitative electronic structure calculations fea-
sible in the whole field from free atoms to solid matter. Thus, it can be used
in applications from sophisticated speciroscopy o practical chemistry, but
nevertheless, retained within the same simple formalism.
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1. INTRODUCTION

In this chapter we will first give some background for this work and briefly review
the field of electronic structure calculation methods. In the next chapter the quantum
mechanical background relevant to this work is briefly reviewed. The many-body
aspects in electron—electron interactions are discussed, and in particular, the local-
density approximation is defined. Chapter 3 deals with the two models, which we use
for the structure of matter, and the numerical approaches for solving the Schrodinger
equation. Chapter 4 contains the applications and discussions, and the conclusions
are presented in the last chapter. A more detailed analysis of the methods and results
is found in the included original papers.

1.1. Electronic structure and properties of matter

The macroscopic properties of matter are based on the microstructure of the ma-
terial. Matter consists of molecules or erystals, and ultimately of atoms, which are
the building blocks of all matter. Therefore, from the constituent atoms we can build
any macroscopic system and from the chemistry of atoms we can often predict its
properties, too. To be strict, however, we need to evaluate the electronic structure
of the whole system in order to derive the properties from their origins (ab initio).
In practice this leads to a laborious evaluation of the "motion” of electrons using the
quantum theory and the many-body technique.

However, the description of a system at the level of electrons and nuclei allows us
to begin with the least possible information and the first principles. Masses, cha-
rges and basic interactions of electrons and nuclei are well known and we may invoke
quantum mechanics to write the hamiltonian and the equation of motion (the Schré-
dinger equation) for the system considered and solve it as perfectly as possible. The
application of the minimum energy principle then leads to stationary systems. Even
though the hamiltonian is well known, there remain considerable problems in solving
the Schrodinger equation.

The many-body problem of a large number of electrons is too complex to be solved
exactly, even in classical mechanics let alone in quantum mechanics. In Chapter 2
we will return to these many-body aspects in more detail and in Chapter 3 the two
basic approaches for solving the Schrédinger equation are described. The level of
approximation to be chosen depends on the complexity and extent of the system con-
sidered, the accuracy required and the computational capacity available. Therefore,
there exist a large number of ab initio and also semi-empirical methods, ranging from
high accuracy special purpose methods to those of a wide range of applicability (1~15,

There are a number of possibilities for direct applications of the electronic structure
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calculations for evaluation of the properties of matter. Just to mention a few we have
the geometry of molecules or cohesion and phase transitions of solids, optical proper-
tics, electric and thermal properties of insulators, semiconductors and metals. For
calculated properties of bulk metals see e.g. the book of Moruzzi et al. M. Catalysis,
corrosion and whole surface physics and chemistry are also explainable by the electro-
nic structures. Furthermore, all the spectroscopic data for atoms, molecules and solid
materials are available from ab initio electronic structure calculations to continually
increasing accuracy.

1.2, Electronic structure calculation methods

Free atoms are the simplest electron systems in nature. Their spherical symmetry
simplifies the theoretical approaches significantly and makes high accuracy results
attainable with moderate efforts. Depending on the element, the Hartree-Fock (HF)
(19, Multi-Configuration-HF (MCHF) 119-11] or the relativistic Multi-Configuration-
Dirac-Fock (MCDF) [!2-13] methods should be chosen. The free atom results from
local-density calculations presented in this work are also reasonably accurate and the
non-local corrections * improve the atomic results even to higher accuracy than that

of HF.

The relatively high symmetry of diatomic molecules can also be taken advantage
of in calculations and high accuracy numerical results are attainable today (14-15],
However, with regard to the evaluation of the wave functions for larger molecules
the lower symmetry forces one to invoke other methods. One may employ the Lincar
Combination of Atomic Orbitals (LCAQ) with analytical Slater Type Orbitals (5TO),
Gaussian Type Orbitals (GTO) or fully numerical atomic orbitals V11, The inclusion
of correlations in high accuracy molecular calculations is essential 11,

Solids consist of a huge number of interacting atoms (~ 10%) and therefore they
are usually studied with certain simplifying assumptions in theoretical approaches.
Macroscopically, solids are assumed to be homogeneous but at the microscopic level
the solid phase of matter is modelled as a periodic and infinite array of atoms. The
translational symmetry of the periodic lattice is reflected in the electronic structure;
the conduction electron states of metals being a good example. Plane waves are a
natural basis for a theoretical description of such extended periodic structures; as
exemplified by the Orthogonalized-Plane-Waves (OPW) and the Augmented-Plane-
Waves (APW) methods. In these methods and their derivatives either core electron
states are described by a pseudopotential "orthogonalizing” the plane waves to the core
or plane waves are augmented to inner regions of atoms to describe the core electrons
Bl The effect of the cores can be taken into account through pseudopotentials 119, if
only valence electrons are of interest.

Another way is to start from the (nearly) spherical core of atoms and extend their
electronic wavefunctions to the interstitial region as is done in the Korringa-I{ohn-
Rostoker (KKR) or LCAO type methods. The Linear Combination of Muffin-Tin
Orbitals (LMTO) procedure, which originates from both LCAO and KKR, divides
the space into two regions; the muffin-tin spheres containing the ion cores and the
remaining interstitial region. It is, as such, an effective method for periodic structures.
Non-periodic structures such as molecules, surfaces and adsorbates, and disordered
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solids are better handled with LCAOQ, which is very flexible in geometry. LCAOQ
or Tight-Binding (TB) methods are also good in describing localized electrons and
oriented bonding, which are met in semiconductors and insulators [,

The simplest description of a metal is the jellium model, where the periodicity
is ignored: the ion cores are smeared to a constant positive background charge and
the conduction electrons form a neutralizing homogenecus electron gas. Obviously,
it is not a fruitful model to study the metallic electron states themselves, but it is a
good model to reveal trends and foremost geometrically simple, which malkes accurate
numerical solutions possible. The atom-in-jellium-vacancy model, which is also used
in this work, is an effective approach in the examination of the interactions between
core and conduction electrons of metals. It includes all the electrons in a metal and

is spherically symmetric thereby offering a computationally simple way to evaluate of
the properties of metals U-111],




2. QUANTUM MECHANICAL BACKGROUND

2.1. The Schrédinger equation

At the end of the last century classical physics was a well developed theory for
macroscopic phenomena. The spectrum of black body radiation, photoelectric effect
and atomic spectra were the first observations which conflicted with classical physics.
It initiated intensive theoretical work by several contributors, resulting in the develop-
ment and formulation of the quantum theory during 1900 — 1930 ', The new theory
led to entirely new concepts, namely the wave nature of particles and the consequent
quantization of particle energies through the boundary conditions of standing waves.
It also led to the uncertainty principle and even new philosophies — in physics at
least.

The dual particle-wave nature of an electron leads to its description with a wave
function ¢(r,¢): a function of space coordinates and time. It is the solution of the
Schrodinger equation and contains all the information on the time evolution and the
particle "motion” in space; also in a stationary, time-independent state.

The non-relativistic Schrodinger equation for an electron in a stationary state (in
atomic units, where m = ¢ = h = a = 4xgo = 1 and the energy appears in Hartrees
=27.2116 V) is written as

hpi(r) = eai(x), (2.1)
where the hamiltonian is

h(r) = -—%VI + v(r) (2.2)

and u(r) is the potential felt by the electron. The two contributions in the hamilto-
nian (2.2) are the kinetic energy and the potential energy, respectively. Boundary
conditions of the wave function lead to an eigenvalue problem and a set of solutions
; corresponding to discrete eigenenergies e;.

The wave function gives the probability density of the particle

p(r) = ¥"(r)¥(r), (2.3)

for which
f pryde =1 (2.4)
v

is the normalization condition in space V.
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2.2, Many-electron systems

Resorting to the Born-Oppenheimer approximation and including only clectrostatic
Coulomb interactions, the hamiltonian of N electrons, at the presence of A nuclei,
becomes

) 5 i NN . 5
H(l‘nl‘z,-v-rrw)=2(—§v.?)+ > ﬁi+z:' (2.5)
i iv 4 T3

where Z, and R, are the charges and positions of the nuclei v, and ryj = |r; - r;| are the
distances between two electrons i and j. The many-electron wave function must then
satisfy the Schrddinger equation

E‘I’k(l‘;,rg,...,rfv)=Ek‘yk(l‘l,l‘g,...,l‘h’) (2.6)

with the relevant boundary and normalization conditions.

The indistinguishability of identical particles leads to symmetry requirements of
the many-particle wave function, and for electrons {generally for fermions) the wave
function must be antisymmetric. The antisymmetrized product of one-electron spin-
orbitals

Di(r1,72,..05N) = A(W1(r1)¥a(r2) ¥ (rn)) (2.7)

is the simplest approximation to the many-electron function. The antisymmetry requi-
rement was first found as an experimental fact when interpretation of atomic spectra
led Slater to introduce the determinantal combination of (orthonormal) one-electron
functions

Yi(ry)  ¢au(ra) ... a(rw)
WHF(!.“ra'mrrN)= ‘/_1];1__1_ ’ibﬂ(rl) !l'?(:l‘ﬂ) ..: ‘bl(:ﬂ) , (28)
Un(r1) ¥wn(ra) ... ¢n(rw)

which is a convenient way of antisymmetrizing the many-electron wave function [18-20,
This is also the theoretical basis behind the Hartree-Fock (HF) approximation [19.20],

If the electronic interactions are included in an average way above, the many-
electron Schrédinger equation separates into one-electron contributions, resulting in
a one-electron picture of the many-electron system. The one-electron equations are
obtained applying the variational principle to the total energy, where the one-electron
eigenvalues are Lagrange multipliers assuring the orthonormality of the orbitals. An
example is the central field approximation for atoms, which makes numerical, self-
consistent, HF calculations for free atoms feasible. Similarly, the average interelect-
ronic potentials are used to separate the many-electron hamiltonian of molecules and
metal crystals.

Going beyond the average field models we consider the many-body effects, which
are often called just correlations. We are not able to separate the Schrodinger equation
any longer and the one-electron spin-orbitals loose their strict meaning. However, the
concept of a determinantal configuration state function (2.8) is a useful tool, because
the many-body wave function can be expanded as a Multi-Configuration HF (MCHF)
wave function '

‘PMCHF(I],I':“---.TN} = ZC&‘PHF(I'l,PQ,.-.,I'N)- (2.9)
k
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The MCHF expansion may consist of a large number of configurations, from two to
several millions, and high accuracy is obtained only through large scale computations;
even for atoms and small molecules.

For very large molecules, clusters or solids these types of methods are not {easible
due to the computational capacity required. Furthermore, for infinitely large electron
systems like conduction electrons of metals the underlying HF approximation leads
to theoretical problems in the form of unphysical singular Fermi velocity arising from
the long-range exchange interaction. It leads to a zero density of states at the Fermi
surface, and hence to incorrect behaviour of the electronic heat capacity, for example.
But these fundamental problems can be circumvented by a reformulation of the theory,
and in the next section we present an alternative approach to the many-body problem
with a larger range of applicability.

2.3, Density-Functional theory

The alternative approach to the many-electron Schrodinger €quation (2.6), namely
the Density-Functional Theory (DFT), was introduced by Hohenberg, IXohn and Sham
12122 and preceeded by the works of Thomas and of Fermi 3, Slater (824 and Géspar
3], The DFT starts with the ground state one-electron density p(r) as a fundamental
variable, which has one-to-one correspondence (to within a constant) with the external
potential of electrons [*!]. The density also gives the total number of electrons N, which
then implies that the total energy of the many-electron system is a functional of p,
and furthermore, the total energy functional has & minimum equal to the ground-state
energy of the system [?!l. This leads to the conclusion that the ground state density
p(r) unequivocally determines the entire hamiltonian (2.5).

We decompose the total energy of electrons (a functional of the density p) as
1 a
Bl =Tl + [ pte)un(e)de + 5 [ ple)vee)de + Bl (2.10)

where T[p] is the kinetic energy of ¥ non-interacting electrons in the effective potential
vers, 8nd the two integrals are Coulomb energies of the charge density in the fields
of nuclei and the charge density itself, respectively. The last term contains all the
remaining contributions, which we call exchange and correlation energy. We point out
that due to the definition of the first term, T[], there remains a substantial part of
the kinetic energy included in the last term, E..[p].

The variational principle applied to this total energy expression under the constraint
of electron conservation now leads to the following self-consistent one-electron like
equations [*?

(—%Vz + Ue!]{r)) #i(r) = esdi(r), (2.11)
with
Ves 1 (F) = va(r) + ve(r) + vee(r) (2.12)

and

p(0) = 2 ailhi(o)l’, (2.13)
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where ¢;, the occupation number of one-electron levels, is zero for other than the N
lowest levels. The external potential

N,
=) —— 2.14
un(r) E,,: FoR| (2.14)
arises from the positively charged nuclei and

= [P L 9
ve(r) = [r—r’|dr (2.15)
is the Hartree potential of the charge density. The last term in the effective potential
(2.12) is the functional derivative of the exchange and correlation energy E..[g] as

follows
§E-.[p]

bp(r)
Using Egs. (2.10) - (2.13) we may write an alternative expression for the total energy

V() = (2.16)

Elp] = 'Zq,-a,- = %jp(r)u,,(r)dr - jp(r)u,c(r)dr+ E..[p], (2.17)

which does not contain an explicit reference to the kinetic energy.

"This approach to the many-electron problem deserves a closer discussion, especially
as compared to the HF and MCHF approaches. First of all the DFT presented here is
exact with respect to the many-body correlations, at the same level with the infinite
order MCHF. However, the one-electron equations look even simpler than the corres-
ponding HF equations. This is an artifact, of course; the many-body effects (neglected
in HF but included in MCHF') are only transferred to the unknown functional E-.[p]. It
turns out, however, that there exist accurate approximations to this functional [26-37]
and even the simplest one is very useful in making computational methods effective
but still reasonably accurate, especially for large or infinite electron systems.

Some further features of the DF'T deserve to be mentioned. The one-electron eigen-
functions and eigenvalues in (2.11) do not correspond to those of HF, and they are
often regarded only as auxiliary quantities yielding the charge density and the kinetic
energy contribution. This looks analogous to the MCHF, where the one-electron
picture of the HF approximation with well defined one-electron quantum numbers is
lost and the quasi-particle picture emerges. However, for the highest occupied level
of a many-electron system it can be shown that the bare DFT eigenvalue equals the
ionization energy (*l and the more localized the orbitals are, the more their eigenvalues
deviate from the ionization energics. It is interesting to compare this with the self-
interaction free eigenvalues of HF approximation, which always differ, and even in the
opposite direction, from the ionization energies. We should also note the definitions
of the kinetic energy and the Hartree potential in (2.10) and the difference between
the corresponding energy contributions in the HF approximation.

2.4. Local-Density approximation

The system of Equations (2.10) - (2.17) is not closed until a formula is found for the
unknown functional E..[p]. Making use of the properties of a homogeneous electron
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gas the useful Local-Density Approximation (LDA) to the exchange and correlation
of a many-electron system can be defined.

The exchange is usually defined in terms of HF approximation separating the whole
functional into two contributions

ExC[P] = E’-‘[P] + Ec[f’]r (218)

where the first term, which is called the exchange energy, is a consequence of the
antisymmetry of the total wave function. The second term includes the remaining
dynamical correlations, i.e. the many-body effects.

The homogeneous electron gas is defined by its density, p, or the density parameter

3
=(—} 2.19
e =( 4:1-p) = (2.19)
which is the radius of the spherical volume occupied by one electron. Using this, the
(average) exchange energy per electron is .
_ 33py _ 0458
Efp) =~z = e (2.20)

which is obtained analytically by integrating over the wave vector up to the Fermi
level. The density dependence is shown graphically in Fig. 2.1.

The correlation energy for the homogeneous electron gas is more laborious to eva-
luate and a comprehensible discussion of various approximations is given by Hedin and
Lundqvist P¥. The two leading terms in the high-density expansion for the ground
state 3 are

€.(p) = 0.0311 Inr, — 0.048, (2.21)

and other results for a larger range of densities with useful parametrizations are given
in the literature '~33. The most accurate results for a wide range of electron densities
have been evaluated by Monte Carlo simulations of Ceperley and Alder ¥4, and useful
interpolation formulae to these data have been given by Vosko et el. ¥, and Perdew
and Zunger (9,

The exchange-correlation energy per electron in & homogeneous electron gas and
its two contributions are shown graphically in Fig. 2.1. They are both negative, which
lowers the total energy and stabilizes the electron system. The correlation energy is
the smaller of the two and it has a weaker density dependence. The (average) kinetic
energy per electron is also shown in the same figure for comparison.

The effective potentials corresponding to the one-electron exchange and correlation
energies are obtained using Eqgs. (2.16) and (2.20). The exchange potential appears to
be

3
va(p) = =(E)t (2.22)
and the correlation contribution can be included by by writing 37
Vze = ﬁ(P) V:(P)‘ (2.23)

where f(r,) is a slowly varying function of the density parameter r,. From the high-
density limit r,.-= 0, §(r,) starts from the value 1 and increases monotonically towards
values in the range 1.2 — 1.3 for metallic electron densities 7,
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Fig. 2.1. The exchange (¢:) and correlation (e.) energies per electron in a homogeneous
electron gas as a function of the density parameter r,. The correlation energy
is given according to the interpolation formula of Vosko, Wilk and Nusair
(VWN) %, and according to the high density formula of Eq. (2.21). The
kinetic energy per electron 3ep is also shown. (1 H = 27.2116 V)

Next we consider the inhomogeneous electron gas and define the Local-Density
Approximation (LDA) as follows. In each volume element of space we use the local
electron density and the above relations for the homogeneous electron gas. Thus, we
write

Eelpl = [ p(e)ece(ple))ae (2.24)

for the exchange-correlation energy of the inhomogeneous electron gas, where e..(p) =
ez(p) +€c(p). Using the relation (2.16) we write

vze(r) = %(r)(psn[p]) (2.25)

for the corresponding exchange-correlation potential, that we apply also locally in
space.

We want to emphasize that the LDA, so defined, is an unambiguous approximation
that does not contain any adjustable parameters, as is often misunderstood. Though
neglecting the long range effects of density variations, the LDA has shown unexpected
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successful applicability to electron systems from free atoms to solid matter with a
tolerable accuracy of results and correct description of physics and chemistry; as seen
in this work and numerous other applications in this field [*-5. Research is going on
in order to improve the computational tools by including non-local effects [1-3.26.27],

Finally, we introduce the Xe approximation, which is widely used in molecular
and solid state calculations (see paper VII and the references therein). It originates
from Slater’s suggestion to approximate the non-local HF exchange potential by its
statistical average and the consequent local potential ™. Using the notations above,
the Xo "exchange-correlation” energy and potential are written

xa(r) = S £x(p(r) (2.26)
and 5
vxa(r) = 7o vz(p(r)), (2.27)

where o is a parameter, which is usually chosen to equal 0.7. When comparing (2.27)
to (2.23), we see that the choice @ = 0.7 corresponds to g = 1.05, which is probably
suitable, on the average, for the electron densities in atoms and molecules.




3. MODELS AND NUMERICAL METHODS

3.1. Numerical approaches to the Schrédinger equation

Symmetry and asymptotic considerations of the Schrodinger equation and its sol-
utions give qualitative information on the stationary states, allowed transitions and
other dynamical properties of the system. However, to obtain quantitative results
we are forced to solve the Schrodinger equation explicitly, usually involving physical
approximations and numerical approaches.

The numerical electronic structure calculations were initialized and developed
together with the quantum theory, first for free atoms and gradually for systems of
increasing complexity [1-3.13.38, Since then, computational physics has shown its power
and importance in this field, supporting the theoretical and experimental physics and
also having its independent role, as described in an article of Heine 129,

The one-electron Schrédinger equation is a second order differential equation and
two types of approaches have been used for its numerical solution. One is a method
of direct numerical integration [19.12-15407-111] anq the other employs basis functions
to expand the one-electron orbitals (8241-#.1V=-V11_ Tt ig interesting to note that these
two basic approaches to solve the Schrodinger equation are related to the two different
approaches of quantum theory, namely the wave mechanics and the matrix mechanics.
The Finite Element Method (FEM) for solving differential equations has also recently
been introduced into the electronic structure calculations 4 with promising results,
which may guide the development of numerical methods in the future.

The methods of direct integration are straightforward. The wave functions, charge
densities and potentials are given as their magnitudes in a grid in space, and finite
differences in some form are applied to integrate the differential equation point by
point in space. The relevant boundary conditions of the wave functions are applied
explicitly, as the eigenvalues corresponding to the well-behaving wave functions are
searched by fitting the solutions to the boundary conditions.

The use of basis functions usually implicitly includes a great deal of boundary condi-
tions, symmetry properties and other desired features of the solution. These methods
may be further classified according to the nature of basis functios and consequent
numerics, The basis function representation of wave functions leads to a matrix equa-
tion, equivalent with the original Schrédinger equation, and subsequently to solutions
in terms of eigenvectors and eigenvalues.

The atom-in-jellium-vacancy model, which we use for solid metals is based on the
direct integration of the Schrodinger equation, whereas the cluster model employs
basis functions and matrices. Both of these models can be used for free atoms and
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Fig. 3.1. A schematic view of the use of the jellium model and the cluster model.

solids but emphasizing different physical features of the object. An illustration of this
is given in Fig. 3.1. :

3.2. Atom-in-jellium-vacancy model

In the jellium model of metals the positive charge of ion cores is smeared to a rigid
and constant background charge, which assumes the average density of conduction
electrons. A spherical vacancy is made in the background and an ion with point nucleus
and core electrons is placed at the center of it that retains the charge neutrality. This
is the atom-in-jellium-vacancy model [*®l, which is illustrated one-dimensionally in Fig.
3.2. This model is spherically symmetric, which simplifies both the concepts involved
and the numerical solution of the electronic structure.

Direct numerical integration is usually chosen for systems of high symmetry, in
which case the integration grid becomes reasonably small and the boundary conditions
become simple. The free atoms, for example, are treated usually with finite difference
methods. Spherical symmetry allows us to separate the one-electron equation (2.11)
as
l(l + 1)

d?
( :lzd =+ vepr(r) + )U;(r) = g;ui(r), (3.1)

and

Y (7) = (1 + )Y (F), (3.2)
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Fig. 3.2. A schematic view in one dimension of the atom-in-jellium-vacancy model and
the corresponding one-electron effective potential vers. The Wigner-Seitz ra-
dius (Rws) of the vacancy is marked. For other notations see Fig. 3.1.

with ‘
wr(e) = Wymgs) (33)

where r = (r,7). The level index i stands for the principal and angular momentum
quantum numbers, i = (n,1), for bound core levels, but for continuum levels {conduction
electrons) the "wave vector” k replaces n, and i = (k,1). The spin is ignored here for
simplicity.

The boundary conditions for all one-electron wave functions at the origin are

r— r—2 :, if1=0;
u(r) = {1‘“‘1, r ifis 0’1 (3.4)

where Z is the nuclear charge. At infinity the boundary conditions are different for
core and conduction electrons. The core functions vanish exponentially as

uw(r) "= eV, (3.5)

the relation which is used to find the eigenvalues &. The spherical continuum or
"scattering” levels behave asymptotically as

ui(r) == rjilkr + &), (3.6)

where j; are spherical Bessel functions and & are phase shifts.
We use the simple free electron energy

6= 3 3.7)

for all wave vectors and integrate the differential equation (3.1) for a large number
of k values, using a one-dimensional grid in the reciprocal space, too. Hence, the
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Fig. 3.3. A schematic view of the electronic structure described by the atom-in-jellium-

vacancy model. The Fermi level (¢r) and the band width (BW) are denoted.

conduction electrons do not form an eigenvalue problem in this model. The resulting
electronic levels of the whole system are schematically illustrated in Fig. 3.3. For a
more detailed description of the method refer to ref. 46.

The solutions give the one-electron spectrum and the density of states (DOS),
charge density, total energy and all properties derivable from those. Furthermore,
both spins are usually treated separately, which allows evaluation of the spin density
and magnetic properties. Free atoms can be treated by setting the background density
to zero, and hence, comparisons between phenomena in free and metal atoms can be
easily performed.

3.3. LCAO cluster model

As shown in Fig. 3.1, clusters can be flexibly used to model the structure of matter
from free atoms to solids. A cluster is built by placing the nuclei in space and solving
the equations (2.10) - (2.16) for the electronic structure. Starting from free atom
one-electron orbitals, such as (3.3) for example, the radial parts can be written as

un(r) = @ (3.8)

to be used as atomic basis functions. Free ion orbitals are used as well and the
superscript ¢ stands for the ionicity. The symmetry properties of the cluster may be
benefited in the numerical procedure and therefore we form the symmetry adapted
basis functions

xi(r)= D Winul(n)Yi" (), (39)

wgnlm
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where r, = (r,,#,) is the radius vector relative to the nucleus » and the coefficients w3} _

are obtained from the group theory. Finally, the one-electron orbitals are expanded
as

i) =Y xj(r)e;; (3.10)
i

using eigenvectors c; = {c;;}, which remain to be solved. Thus, the one-electron orbitals

are Linear Combinations of Atomic Orbitals (LCAO), which is used as a name for the
method.

(35) 501 o

25} 2by |
2s) Loy |

(2p)ie |

Fig. 3.4. A schematic view of the electronic structure described by the cluster model.
The Fermi level (¢¢) and the band width (BW) are denoted.

The one-electron Schrodinger equation (2.11) is now written in an equivalent matrix
form

HC,'=E.'SC", (3-11)
where the matrix elements of the hamiltonian and overlap matrices are
Ha= [ Xe@hlehxa)de = (k). (3.12)
and
Su= [ xi(eItede = (ki) (3.13)

The matrix elements vanish unless the basis functions belong to the same irreducible
representation of the relevant point group. This leads to a block diagonalization of

the matrices in equation (3.11), which simplifies the numerical procedure and allows
the classification of solutions according to the symmetry.

The integrals (3.12) and (3.13) are evaluated by applying the Discrete Variatio-
nal Method (DVM) 4], and the matrix equation (3.11) is solved numerically for the
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eigenvalues ¢; and the eigenvectors c¢;, by determining the corresponding one-electron
wavefunctions (3.10). The resulting electronic structure is schematically illustrated in
Fig. 3.4. For a more detailed description of the method refer to paper VII

The one-electron spectrum estimates the DOS for both core and valence levels,
the charge density and the spin density are obtained from spin-polarized calculations,
and the total energy is now available after the last extension V!, Generally, the
one-electron properties are described fairly well and the total energy evaluation is
successfully applied to diatomic molecules V1. For larger systems the total energy
evaluation using DVM is not, however, so straightforward and should be done with
care.




4. APPLICATIONS

4.1. Core level transitions in metal atoms
4.1.1, Screening

The delocalized conduction electrons of metals have a continuous one-electron spect-
rum across the Fermi level, which allows their easy reorganization with minor costs
in energy. Therefore, they are relatively free to respond to perturbations in bulk
metal. Core holes in atoms, impurities, vacancies and other defects are efficiently sc-
reened, and the long range effects appear only in the form of rapidly decaying Friedel
oscillations. These phenomena are well described by the electron gas of the jellium
model and the response to the core holes, in particular, is properly reproduced by the
atom-in-jellium-vacancy model.

The electron gas response to the (spherical) core hole potential is given by the
phase shifts 6.(c), Eq. (3.6), of one-electron wave functions (partial waves) v (r),
where L = (1,m;,m,) 8. Generally, the physical nature and strength of the perturbing
potential are given by the generalized partial-wave phase shifts. Fermi level partial-
wave phase shifts yield the partial screening charges, which in total contribute to

Z=Z&:’). (4.1)
L

The Friedel sum rule states that the screening charge (4.1) is equal to the charge of
the perturbation and thus leads to the charge balance [%],

We have carried out spin-polarized calculations for Li, Be, Na, Mg, Al and Ca
metals, where the adiabatic partial-wave phase shifts were evaluated for ground states
and some core hole states. The metals Na, Mg and Ca were also treated in certain
double hole states, which we use to describe the final states of Auger transitions. Qur
calculated results for the screening of core holes in three different types of metals
are shown in Fig. 4.1, both in energy and in space. Only the changes in DOS and
in charge density following the ionization are shown. In space, the contributions
from other core electrons and conduction electrons to the total response are shown
separately. Li and Ca metals show quite different behaviour compared to Mg (or Na
and Al) in the localization of the screening and spin structure, which we use to explain
the experimental observations below.

4.1.2. X-ray-edge ezponents

Let us consider an x-ray absorption and the consequent core level transition to the
unoccupied conduction band. The absorption (or emission) spectrum should appear as
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Fig. 4.1. The screening of core holes in Mg, Li and Ca metals. The changes due to the
presence of the core hole are displayed a) in the local density of states (DOS),
and b) in the radial charge density n(r) (including the core hole in solid lines)

), Dashed lines show the spin contributions separately.

a convolution of the core level shape and the band density of states, where the Fermi
level appears as an edge. The nature of the core hole potential with the relevant
selection rules of the transition may lead either to an increase or a decrease of the
transition intensity at the edge, resulting from the dynamic reorganization of electrons
at the Fermi level during the transition [4650-581 This is seen as sharpening or rounding
of the edge in the spectrum and given in terms of edge exponents o 1¥2. The transition
intensity near the edge is

Ec

I(e) = ) Arfe) )*0(e —er), {42)
L

E—ET

where the factors Ar are one-particle transition amplitudes, ¢7 is the edge energy, ¢, is
some "cut-off” energy and 9(e) is a step function. Due to the selection rules included
in Az, only one of the ! channels usually contributes which leads to the intensity
distribution e~ at the edge.

The adiabatic Fermi level partial wave phase shifts 6.(ex) can be used to evaluate
the strength of this dynamic many-body process and the exponent [50-52 ig

260(er) _
kia

(4.3)

where

a= E(-‘si(fﬁl)’. (4.4)
L

T
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Thus, there exist two contributions in the edge exponent (4.3): the first one resulting
from the change in the transition probability due to the screening and the other one
(4.4) resulting from the reorganization of other electrons at the Fermi level.

The x-ray edge exponents for Na, Mg and Al are well established both theoretically
and experimentally (¥, and our calculations are in good agreement with those results.
But for Li, Be and Ca neither the experimental situation nor the theoretical results are
yet established. A broad K edge of Li has been observed and various explanations have
been suggested 9. Girvin and Hopfield first suggested that the spin or the exchange
effects may play an important role in the screening of a Li core hole 54, which is our
result, too. We find a strongly spin-polarised screening of a Li 1s hole, as seen in
Fig. 4.1, leading to a negative o, (I = 1) explaining, at least partly, the broad K edge.
We want to emphasize that our negative o, results from the spin-polarisation effect,
whereas some other theoretical results lead to a negative a; only as a compensation
of much larger s (I = 0) screening, i.e. a much larger ap V1. Unfortunately o is not

experimentally measurable, because the L edge of Li metal does not exist,

4.1.8. Asymmetric line shapes

In the core level ionization or Auger transition the conduction electrons are not
directly involved but only perturbed by a sudden creation of the core hole poten-
tial. Again the dynamic response of conduction electrons can be given in terms of
adiabatic partial-wave phase shifts, and the total "strength” is given by the quantity
a in Eq. (4.4), in a spherically symmetric approximation 159, Using the concepts of
a one-electron picture, the perturbation of a suddenly created core hole induces an
infinite number of infinitely small excitations at the Fermi level, called electron-hole
pairs. The energy spectrum of these excitations appears to be singular at zero ene-
rgy and therefore the number o, defining the strength of the singularity, is called the
singularity index.

In the experimental kinetic energy spectrum of emitted electrons the energy loss
is seen as a low energy tail of the primary peak. The resulting asymmetric Doniach-
Sunjié line shape 153! is a convolution of the natural line shape and the singular energy

loss spectrum. The larger the singularity index « is, the stronger the asymmetry
appears in the line shape.

The singularity indices for Na, Mg and Al are small and well established but for
the other metals considered the spin-polarised screening plays a significant role in
the resulting line shapes. The fully spin-polarized screening of the core hole in Ca,
see Fig. 4.1, increases the singularity index to more than double the corresponding
spin-symmetric value, see paper I, thereby predicting extremely asymmetric XPS lines
(a = 0.35). The exceptionally strong screening of the Ca core hole is explained by the
unoccupied d shell of the ground state, which then becomes occupied by a localized
screening charge, if a core hole is present. The screening charge, albeit being in the
conduction band, shows a shape and localized structure in energy that is very similar
to that of a bound 3d electron.

The Auger line shapes for the studied Na, Mg and Ca metals were found to be the
same as the XPS line shapes with singularity indices of 0.14,0.11 and 0.35, respectively.
Our experimental Auger lines of Ca show the predicted extremely asymmetric shape
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leading to the anomalous spectrum, which is discussed in paper II. The localized
screening may also be behind the observed sharpness of valence Auger lines.

4.1.4. Solid state shifts

The difference between the initial and final state energies of the transition gives
the transition energy, i.e. photoelectron energy Exps or binding energy Fp and Auger
electron kinetic energy E4. Performing the corresponding calculations for both solid
metal and free atoms we can compare the solid state effects on the transition energy.
The solid state shifts, or extra-atomic relaxation energies, are defined as

AExps=Eg—Ep—® (4.5)
and
AE,=E} - E{ -0, (4.6)

where the superscripts a and s refer to the free atom and solid state, respectively.
The work function @ is the difference between the vacuum and Fermi levels, which
are the experimental reference levels of free atom and solid state transition energies,
respectively.

Table 4.1. Calculated solid state shifts for photoelectron energies ( Fq. (4.5) ) and Auger eleciron
eneryies ( Eq. ({.6) ), and a comparisen with the experimenial data ., { All values

are ineV ).

Calculated Experimental

Li 1s 7.0

Be 1s 8.0

Na 1s 5.4 4.9
2s,2p 5.3
KLL 15.2 14.3

Mg 1Is 5.1 4.9
2s5,2p 4.8
KLL 15.6 15.0

Al 1s 6.2 6.3
2s,2p 5.7

Ca 2p 9.4 8.3
3p 8.0 G.1
LMM 19.9 20.3

The evaluated solid state shifts are given in Table 4.1, and are seen to be in good
agreement with the experiments, where experimental values are available. For Li and
Be, the shifts are large but unfortunately, to our knowledge, there is no experimental
data to compare with. For the double hole final state of Ca we have two possible
spin arrangements, opposite and parallel, which may be used to estimate the extent of
multiplet splitting. OQur calculations predict for the solid state spectrum a splitting of
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roughly twice the atomic one, which is the experimental result, too /"), In conclusion,
the atom-in-jellium-vacancy model was shown to be better in predicting the solid state
shifts in metals compared to the other theoretical methods available [1].

4.2. Charge density and form factors of the Al metal

The use of the spherical atom-in-jellium-vacancy model raises a question, namely
to what extent a spherical description of the crystal potential and charge density
is justified. The reason is the conduction electrons, which fill the interstitial region
between the nearly spherical ion cores. They feel the periodic lattice structure of
the metal crystal and may contribute to oriented bonding between the metal atoms
resulting in non-spherical contributions. We have studied this question together with
the evaluation of atomic form factors for the Al metal within the atom-in-jellium-
vacancy model through a comparison with experiments and other theoretical results.

The atomic form factor, defined as a Fourier transform of the (atomic) charge
density p(r), .

f(G) = / p(r)e’Srdr (4.7

expresses the wavelengths of the density oscillations and is a measure of centralization
of the charge distribution. Using the atom-in-jellium-vacancy model we have evaluated
the contributions from core and conduction electrons separately for Al and found an
agreement with the experiments within the experimental uncertainty /11, Unfortuna-
tely, the conduction electron contribution is of the same order of magnitude with the
experimental uncertainty and therefore the comparison does not answer the question
we posed for the spherical model. Therefore, we compare the valence contribution to
the form factor (4.7) with other theoretical results from methods, where the full three
dimensional lattice structure is taken into account. This is done in Fig. 4.2, where
we can see that the atom-in-jellium-vacancy results closely follow the other theoretical
results.

Perrot ¥ argued that the non-spherical part of the valence density of Al is essential
and contributes too much to be ignored. His method of calculation is based on the
Muffin-Tin (MT) approximation with a multipole expansion and his results are in
good agreement both with experiments and with other theoretical methods. However,
our results are surprisingly similar to the Perrot’s LDA results, see Fig. 4.2. This
leads us to the opposite conclusion that the spherical atom-in-jellium vacancy valence
charge density is quite adequate, at least for the evaluation of form factors, We note,
however, that Perrot’s different definition of the spherical charge based on the MT
approximation may be the origin of this discrepancy.

Attempts to include the erystal lattice effects in the jellium model, still retaining the
spherical symmetry, has been done using the so called Spherical-Solid Model (55M)
5859, In SSM pseudopotentials are used to form the three dimensional potential of
the crystal, which is then spherically averaged to a spherical-solid potential. It is then
added as a correction to the spherical one-electron effective potential, such as the atom-
in-jellium-vacancy potential, for example. We have made a new and simpler approach
to SSM and replaced the pseudopotential by the atom-in-jellium-vacancy potential
itself, and furthermore, allowed the sum of the atom-in-jellium-vacancy potential and
the spherical-solid potential to become self-consistent. This model, which we call a
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Fig. 4.2, The conduction electron contribution to the atomic form factors of Al, from the
atom-in-jellium-vacancy model (solid curve) and from the SCF-S5M (dashed
curve), see text. Perrot's LDA results (filled circles) and APW-HF results
(open circles) are also shown 58, Other calculated results (filled quadrangles)
are from ref. 57.

Self-Consistent SSM (SCF-SSM), was used to examine the crystal structure effects on
the electron density and form factors.

We found that the lattice structure does not play an essential role but its inclusion
in a spherically averaged way leads to an improvement of form factors for large wave
vectors, i.e. short wavelength oscillations, see Fig. 4.2. However, the contributions
from the long wavelength oscillations seem to impair the form factors leading us to
conclude that other than the nearest neighbours are not properly described within
this model.

4.3. Chemical reactivity

Chemical reactions progress under the laws of thermodynamics. Looking at the
microscopic level, however, the reactions are driven by forces between the involved
components, and their reaction paths with minima and activation barriers are better
understood using molecular and atomic concepts. Therefore, a detailed knowledge of
the reaction mechanisms is not only of fundamental but also of great practical interest
[0 piving help in tracing the rate limiting steps, their removing and in designing of
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industrial reactions using catalysts with desired activity and selectivity. This may
lead to such concrete goals, as improvement of the quality of products, decrement of
pollution problems and minimization of energy costs.

4.5.1. Cetalysis

Catalysts are used to speed up otherwise slow reactions. They are those compo-
nents of the reaction, which are not consumed but only lower the critical activation
barriers or even open up new reaction paths with higher reaction rates. One distin-
guishes between two types of catalysis, homogenous and heterogeneous. Here we will
consider only the heterogeneous catalysis, which involves the reactants and the cata-
lyst in different phases. Such examples are pure metals or metal compounds, either
in the form of small particles or as solid surfaces. A typical surface catalyzed reaction
proceeds via adsorption of the reactants on the surface, diffusion of the adsorbates on
the surface, the reactions, and finally the desorption of the reaction products. It is
interesting to note how seemingly small changes at the surface; the choice of substrate,
alloying, surface plane, surface defects, coadsorbates, etc., may have dramatic effects
on the catalytic activity.

The driving forces and the reaction path at the microscopic level can be derived
from the potential energy (hyper)surfaces (PES), by which we mean the total energy
of the system as a function of the space coordinates of all relevant atoms involved.
The potential energy curve of a diatomic molecule is a one-dimensional PES and
equipotential (total energy) contours of a single adsorbate as a function of distances
from and along the surface illustrates a two (or three) dimensional PES. As an example,
the PES for a hydrogen atom on a Ni(111) surface is shown in Fig. 4.3. Generally, the
potential energy hypersurface is a 378 -5 dimensional function for ¥ participating atoms
but in practice only a few of the coordinates need to be considered independently.

A potential energy surface for a reaction gives a comprehensive picture of the whole
reaction mechanism, and in particular, the reaction path and the minimum barriers,
which are the activation energies. Intermediate physisorption and chemisorption or
precursor states of the reaction are seen as minima at the PES, the depths of which give
the corresponding physisorption and chemisorption energies. Locations of the minima
at the PES give the bond lengths, adsorption sites and equilibrium geometries. And
finally, curvature of the minima yield the vibrational frequencies, and generally, the
shape of the PES determines the whole adiabatic dynamics of the process.

The various degrees of freedom of the adsobate/substrate energy can be roughly
classified into the translational, chemical and internal forms, and substrate excita-
tions. Energy exchange processes between these forms of energy are the other key
quantities in describing the reaction dynamics and catalysis. For surface reactions the
kinetic energy loss of an impinging reactant particle and the energy conversion to the
kinetic energy of a desorbing product particle are the most important energy exchange
processes. The kinetic energy loss during the adsorption is usually due to the internal
excitations or the dissipation to the substrate excitations, such as electron-hole pairs
or phonons. And inversely, for desorption the internal excitations or the phonons are
the sources of escape energy for the product particle.

Different PES can also be assigned to different excitation levels of some particular
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Fig. 4.3. Contours of constant potential energy (PES in steps of 0.05 eV) for a hyd-
rogen atom on a Ni(1ll) surface, along cuts through minimum energy points
a) parallel to the surface and b) perpendicular to the surface i1,

degree of freedom in energy. This is the case, e.g. when going from the classical
vibration on a single PES to the quantum mechanical description, and when assigning
different (diabatic) PES for different excited electronic states. Such a picture allows
the energy exchange to be described as transitions between the different PES.

The picture of potential energy surfaces and energy exchange processes has been
shown to be successful in explaining the reaction mechanisms and the roles of various
factors affecting the reaction rates and cross-sections, equilibrium states and configu-
rations, etc. Sufficient knowledge of this kind, combined with statistical mechanics or
thermodynamics gives the whole reaction dynamics and even makes dynamical com-
puter simulations feasible for systems, which are otherwise too complicated to handle.

4.8.8. One-electron properties

For evaluation of a PES, the laborious total energy calculation must be repeated a
number of times. However, without direct access to a theoretical PES a great deal of
useful knowledge about reactivity is obtainable from the one-electron properties. The
Fermi level electronic structure, in particular, for the case of metal substrates explains
the essential features of adsorption. The adsorption of carbon monoxide (CO) on
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transition metals, for example, has been analyzed in terms of charge transfer at the
Fermi level to and from the CO molecule 3. The one-electron structure also explains,
to a large extent, such important catalytic phenomena as poisoning, promotion and
active sites of substrates 60,

The coadsorbates on the catalyst surface that hinder the reaction are called poi-
sons and those which increase the reaction rate are called promotors. The simplest
explanation is that the coadsorbate effects the Local Density Of States (LDOS) at
the reactant adsorption site. Similarly the active sites, steps, terraces, adatoms, su-
rface vacancies, dislocations and other surface defects may effect the LDOS. These
effects are simply local changes in the electron density and the consequent changes
in the potential, or they may include changes in the occupations of levels of different
symmetry. The increased LDOS at the adsorption site of a CO molecule, for exam-
ple, leads to an increased occupation of the antibonding, lowest unoccupied molecular
orbital (LUMO) of the molecule and a dissociation may result. The symmetries of
the highest occupied molecular orbital (HOMO) and LUMO and their matching to
the LDOS of the adsorption site also play a significant role in the hybridization and
chemical bonding or in dissociation.
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Fig. 4.4, One-electron levels and the "Fermi level” of Co clusters (upper panel) calcula-
ted with the bond length of the Co dimer. The experimental photoionization
mass spectra (lower panel) for pure (triangles) and reacted (bars) Co clusters is
also shown [93, The difference between these two experimental spectra shows

the reactivity.

We have studied the reactivity of small cobalt (Ce) clusters with H, molecules
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using the one-electron properties and the HOMO/LUMO concepts, and explained the
experimentally observed variation in the reactivity as a function of cluster size. It was
found experimentally [63 that the activity of H. (D) adsorption on the Con clusters
in & supersonic beam depends strongly on the cluster size, see Fig. 4.4. The clusters
with ¥ =3,4,5 and N > 10 were very active, while clusters of other sizes appeared to
be quite inert. The activity of H, adsorption on transition metals is a general trend
10164 but the observed exceptional cluster size dependence deserves to be studied. A
similar behaviour was observed for the Fey clusters and a correlation with the cluster
ionization energy was found (8. The question is, whether similar reasons are behind
the varying activity of Con clusters.

We have evaluated the spin-polarized electronic structures of Coy clusters, with
N =1-8,10,13 using simple geometries of C;, symmetry and a principle of maximum
bonds between atoms. The two extreme values of the bond lengths obtained from
the dimer and the bulk cobalt were used. A double basis with virtual atomic and
ionic functions was employed, and a Fermi-Dirac distribution with T = 160K for the
occupation of the levels was used.

From the results, shown in Fig. 4.4, we first notice the variation of the ”Fermi level”
as a function of cluster size, and the correlation between the lower ionization energy
and the observed reactivity. Secondly, we note that the difference between the HOMO
and LUMO is much smaller in the active clusters, leading to easier reorganization
of electrons at the Fermi level; a property which is typical for solid metals. Further
observations on exchange splitting, symmetry characters of HOMO and LUMO levels,
atomic orbital populations in the cluster, different behaviour of majority and minority
spin levels, and the magnetic moments versus cluster size can be done and correlations
with the reactivity are found V). However, to reveal their specific roles, the electronic
structures of the combined system of H; and Coy should be examined.

4.8.8. Electronic damping of adserbate motion

As pointed out above, the energy exchange processes are important, and the kinetic
energy loss of a reactant particle impinging on a surface, in particular, plays an essen-
tial role in adsorption and surface reactions. The kinetic energy of an adsorbate can
be either transferred to the internal degrees of freedom of the adsorbate or dissipated
into the substrate. Here we consider the dissipation channel to the substrate excita-
tions in the form of electron-hole (e-h) pairs. The relative importance of the e-h pairs
in the dissipation depends on the nature of the substrate and adsorbate; the e-h pair
channel being most important for reactive adsorbates on metal surfaces. The motion
of a reactive adsorbate has large effects on the electronic structure at the Fermi level,
which implies the excitation of the e-h pairs.

As a model for the energy dissipation from the adsorbate motion we have studied
the damping of CO vibrations on a Cu(100) surface. This is experimentally well known
and shown to originate from the e-h pair creation (. The damping of the CO stretch
vibration is very effective and it is seen experimentally as an extremely short lifetime
of vibrational excitations resulting in a ten orders of magnitude larger line width,
compared to that of a free molecule. The experimental result for the line width is
[ =0.5 meV 5,
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We have used a finite cluster approach to evaluate the electronic structure of the Co
molecule adsorbed on the Cu(100) surface (CO/Cus(100)). The cluster allows a proper
description of the adsorption site, bonding between the adsorbate and substrate and
bonding between the substrate atoms, in contrast with the jellium surface model. The
cluster being just a large non-relaxed molecule also allows us to use all the methods and
concepts available for molecules. Furthermore, one can expect the localized substrate
response to the adsorbate vibration to be reasonably described in a finite cluster
substrate. In our case, however, although the phenomenon considered obviously is
very localized, the e-h pairs must be described in terms of delocalized conduction
clectrons at the Fermi level. Therefore, the quasi-continuous one-electron spectrum of
conduction electrons must be added to the finite cluster model.

We have examined a simple solution to this problem and shown that broadening of
the discrete one-electron levels leads to a proper model for the continuous DQS at the
Fermi level. In Fig. 4.5. the continuous density of states relevant to our case is shown
for the cluster CO/Cug(100). It is in a good agreement with a photoemission experiment
51, The broadening of the levels may be understood to describe embedding of the
cluster onto an infinite substrate and the consequent coupling (hybridization) to the
substrate electrons.
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Fig. 4.5. One-electron levels (lower pancls) of the symmetries a; and e and the resulting
"continuous” density of states (upper panels). Both the bare substrate Cug
(dashed curve) and the cluster CO/Cus (solid curve) results are shown [V].

In describing the dynamical rate of creating e-h pairs we use the adiabatic con-
cepts again, in analogy with section 4.1.3. The strength of the perturbing potential
of the vibrating molecule may be given in terms of the adiabatic charge transfer
between allowed channels, or formally, changes in generalized scattering phase shifts
of one-electron partial waves (8, It is convenient to express the energy transfer from
vibrational excitations to the e-h pairs in terms of the vibrational line width as

ah? dq
Ly=r ;(a—éf (48)
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in the quasi-static limit and one-electron approximation [%?). We have written @ for
the normal coordinate of vibration, M for the reduced mass and g, for the occupation
of the channel L = (y,m,,m,), where y stands for the irreducible representations of the
relevant point group, m, for its degeneracy and m, for the spin orientation. It should
be noted that the charge balance requires that

T BQ

in analogy with the Friedel sum rule,

Performing two additional calculations, one with the contracted bond length and
one with the stretched bond length of CO, we obtain numerical estimates for the
derivatives in Eq. (4.8), which results in I'y = 0.5 meV with an uncertainty of about
02 meV. A comparison with the experimental linewidth I' = 0.5 meV [ shows that
we can describe the e-h pair excitation process with the calculated data of a finite
cluster fairly well, and the suggested " picture of the damping mechanism with the
"fHluctuation” in the occupation of 27* resonance is also ascertained. Furthermore, the
picture of CO adsorption on a Cu surface with the o charge donation and = charge
backdonation was verified. The cluster size effects were extensively examined [V/] and
found to be negligible in the numerical value, which we obtain.

Finally, the present success leads us to suggest that the finite-cluster approach
might be applicable to studies of electronic damping of other adsorbate motions, too.

4.4. Potential curves of diatomic molecules

The self-consistent total energy is the most essential quantity which results from
electronic structure calculations. But its evaluation is not straightforward — it requi-
res sophisticated methods and skillful use of numerical procedures to achieve a reaso-
nable accuracy with tolerable efforts. Nevertheless, it is needed for the evaluation of
electronic transition energies, potential energy surfaces with equilibrium geometries,
vibrational properties, dissociation energies, reaction paths, activation and chemi-
sorption energies, etc. Therefore, the LCAO-cluster method used in this work was
extended to incorporate the total energy evaluation, and as a first test the potential
curves of the diatomic molecules €O and N, were calculated.

An accurate evaluation of total energy relies on the accurate self-consistent solution
of the Schrodinger equation. It consists of two stages in a loop: solving the one-
electron equations in the effective potential, and then, solving the Poisson equation of
the charge density for the effective potential. The recent work of Delley and Ellis on
improvements for solving the Poisson equation using the Self-Consistent Multipolar
(SCM) expansion of the charge density [ within the DVM-LCAO procedure increased
the quality of the self-consistent solution to a level where the total energy evaluation
became reasonably accurate 3. Qur procedure for the total energy evaluation is based
on the same solution but differs in details from that of Delley et al. V411,

The potential energy curves, dissociation energies, bond lengths and vibration
frequencies were evaluated for CO and N, for which there exist accurate Xe results
and experiments to compare with. Therefore, we used the Xa approximation, too.
The resulting potential energy curves are shown in Fig. 4.6. For other results refer
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Fig. 4.6. Potential curves for the diatomic molecules CO and N, from calculations with
the double basis (DB), the additional d functions (DBD), and the additional
d and f functions (DBDF). Other calculated results and experimental results
(Exp) are also shown ( see paper VII for details ).

to paper VII. We have found a good general agreement between the experiments and
the X« results, as also pointed out before ["'l. The accuracy of our results appears to
be mainly determined by the completeness of the basis set, the quality of the SCM
charge density fit and the numerical noise of DVM, and a combined effect of the last
two.

We want to remark that our method is a general purpose one, to treat systems of
different size and nature, and we do not rely on the choice of a coordinate system or
other such details that is often done. Qur free atom wave functions, used as numerical
basis functions, are in no way optimized, but however, they appear to be rather efficient
in the total energy evaluation. Therefore, we expect our method to be efficient also
for large and complicated systems.




5. CONCLUSIONS

The electronic structure investigations in this thesis range from applications in
spectroscopy =/ to problems in chemistry and catalysis /¥=V/l. These have been
done using first principles calculation methods based on the local-density approxima-
tion to the many-body correlations of electrons. A large part of this work concerns
development of physical models for the description of different phenomena (v
and development of numerical or other calculation methods MV, A general co-
nclusion is that the local-density approximation is, though simple, computationally
effective and makes both qualitative and quantitative calculations feasible for the
whole field of applications considered.

The response of conduction electrons to the core level electronic transitions of metal
atoms appears to be well described by the atom-in-jellium-vacancy model. The con-
sequent screening effects in terms of the evaluated x-ray edge exponents, singularity
indices or asymmetric line shapes and solid state shifts show a good agreement with
the experimental electron spectra. Furthermore, the spin-polarisation of the screening
was found to be important for Li and Be metals explaining the experimentally observed
broad K-edge of Li. For the core ionisation of the Ca metal the screening was found to
be very localized, atomic 3d-electron-like and entirely spin-polarized, explaining the
anomalous Auger spectrum and the large solid state shift.

The spherical atom-in-jellium-vacancy model is a simple and useful description of
both the core and conduction electrons of metals. The spherical description of conduc-
tion electron distribution was found to be justified, regarding the atomic form factors
of the Al metal, although opposite arguments have been presented in the literature.
A simple spherical-solid model, to include the crystal lattice effects, was used and the
idea of self-consistency of the model was introduced. It was applied to the form fac-
tors of Al, which led to the conclusion that only the description of nearest neighbour
interactions was improved.

Chemical reactivity and catalysis can be studied at the atomic level most casily
by using the potential energy surfaces (PES) of the reaction constituents. However,
even without the theoretical PES, we have been able to explain the varying reactivity
of small Co clusters in terms of one-electron structure at the Fermi level. We have
demonstrated that the ionisation energies together with the symmetries and spin st-
ructure of HOMO and LUMO explain the observed, exceptional reactivity dependence
on the cluster size.

Energy dissipation from the adsorbate motion to the substrate, which is an impor-
tant step in surface reactions, is a dynamic process. However, using a cluster model
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for a CO molecule adsorbed on the Cu(100) surface we have been able to evaluate the
rate of energy transfer from the €O vibration to the electron-hole pair excitations in
the substrate in terms of adiabatic screening cliarges. It requires, however, a model for
the quasi-continuous energy spectrum of delocalized conduction electrons that is not
inherent in a finite cluster. A good agreement with the experimentally measured data
is obtained and the proposed picture of the adsorption and charge transfer processes
is verified. The success of our model suggests further applications for it.

Finally, a total energy procedure was implemented to the LCAO cluster code, and as
a first test the potential curves of the diatomic molecules CO and N, were calculated
with satisfactory results. The vibration frequencies, bond lengths and dissociation
energies were compared to the results of other, more sophisticated, calculations and
experiments, and an agreement was found. The numerical accuracy of the method
and the effects of basis set incompleteness was also discussed.
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