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Abstract

CALCULATIONS OF CHEMISORPTION OF HYDROGEN AND NITROGEN ON
TITANIUM USING X0~SW AND SCF«CI METHODS
by
SING-CHANG HUNG

Adviser: Profeassor C. Rutherford Fischer

Two theoretical studies are used as examples of chemisorption
on transition metal surfaces. The first calculation employs the
SCF-X0~SW method to determine the electronic structures of several
close-packed Ti-Ti and Ti-H systems. The relative importance of
Ti s, P» and d electron bonding to its Ti neighbors and to H are
reported. The roles of the d electrons in the Ti~-Ti and Ti-H bond
are discussed. The effect of the presence of an H atom on the first
few layers of the metal is also studied. The second set of calcu-
lations employs the Hartree-Fock-Roothaan SCF formulation supple-
mented by configuration-interaction (CI) to determine the energetics
of adsorption of an N2 molecule at a Ti{ surface. These calculations
are made tractable by using a Ti core potential and by a unitary
localization transformation to define a local surface region of
localized lattice plus adsorbate orbitals. The results show that an

underlayer of N atoms forms at the octahedral gites. The calculated
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adsorption energy of 115 kcal/mole compares favorably with experi-
ment. Binding energy contributions in the several successive steps

of the calculations are discussed. Eigenvalue spectra for the selected
lattice~-adsorbate geometries are compared to the UPS experimental

data.
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"~ CHAPTER 1

INTRCDUCTION

I-1 Introduction

If a solid surface is exposed to a vapor, molecules of the
vapor may adhere to the solid surface, If this adhesion involves
some kind of strong electronic interaction with a heat of adsorption
greater than 15 kcal/molet the process is referred to as CHEMISORPTION,
However if no such interaction occurs, the process is called physical,
or van der Waals' adsorption.

A chemisorption bond does not differ in principle from ordinary
chemical bonds, and is due to the same electrostatic forces which
operate 1n atoms and molecules. The only speclal feature of the
chemisorptiﬁe bond is that it can, depending on the circumstances, be
composed of many highly delocalized molecular orbitals, a situation

which is seldom encountered in ordinary chemical bonds.



I-2 Background

The interaction of atoms and molecules with metal surfaces is
an important problem both from a practical viewpoint and because a
basic understanding of chemisorption and catalysis is lacking at the
molecular 1eve1?'aﬁhong the topics for which a molecular description
is neecded are coverage of the surface by the adsorbate, adsorption and
desorption processes, existence of active sites and theilr deactivation,
and composition and geometry of the surface. Recently, experimental
techniques for studving surface configurations and dynamics of reactions
on surfaces of known geometry have advanced rapidly? Photoelectron
Spectroscopyv and low energy electron diffract;on (LEED) results are
readily compared to theory. Thus there is a need for corresponding
advances in the theoretical development.

Since Lennard—Jonesaproposed a theory of chemisorption in 1932,
many calculations of adsorbate-surface interactlons have been carried
out. However, no quantitative theory fulfilling basic requirements
for an understanding of catalysis and chemisorption is presently
aﬁailable. Such a theory would yield dissociation energies and acti-
#ation barrier Qalues as well as geometries which are accurate enough
to distinguish active sites., This theory should alsoc be able to
adequately describe both ground and low lying excited electronic
states in order to make possible the description of scattering and
reactions at the surface. |

One type of theoretical approach to the description of the

electronic structures of surfaces uses calculational solid state

2



techniques which describe infinite and semi-infinite solids. These
include Jellium,” LCAO,? Green's function,” and pseudopotential theories®
Some of these methods have been used for descriptions.of adsorbate-
surface interactions.' The local density exchange approximation'%’::\g
recently offered a means to merge the solid state and molecular
{described below) viewpoints to some extent. Several applications of
this type of technique, two versions of which are the self consistent
field Xo scattered wavé'%nd Hohenberg-Kohn-Sham methodsiahave been
made to adsorbate solid interactions.‘4 We employ the Xa-SW method tc
study Ti-H systems.

Molecular theory at the SCF~CI level may also be applied to
adsorbate-metal lattice chemisorption and it is this-approach which
we also decided to use here. The method as formulated by Whitten
and co-—workers‘ sinvolvas a unitary transformation to localize some
lattice orbitals at the active site. These orbitals are then treated
together with the adsorbate orbitals at the configuration-interaction
{(CI) level. This treatment, which includes effects significantly
beyond the Hartree-Fock approach (correlation energy) is expected
to be able to accurately describé thé formation and breaking of bonds
which occur during adsorption. Here the method will be applied
to determine a few important points on the potential energy surface

describing the intéraction between Nz and a titanium lattice surface.



I-3 Self-Consistent-Field Xx Scattered-Wave Cluster Method (SCF-Xa-SW)

The SCF-Xo-~-SW methodwwas originally developed to study the elec-
tronic structuras of solidsxh1%ecent1y this method has been applied
extensively to polyatomic molecular problems and also to chemisorption.
The SCF-X2-SW method, when solved ucing the so-called muffin tin
approximation, divides the cluster space into three regions: sphere
(atomic) region, intersphere (interatomic) region and outersphere
(exterior) region. The division is shown in Figure I-1. The one-
electron Schrdodinger equation is set up for a so-called "muffin-tin"
approximation to the true potential. A spherically symmetrical
potential obtained by averaging over angles is used within the spheres
surrounding the various nuclei and for the outersphere region, vhile
volure averaging is used to obtain the constant valued intersphere
potential. The one-electron Schrodinger equation is solved separately
for each region, but observing the boundary conditions for the regions.
This is a multiple-scattering method, equivalent to the Korringa-
Kohn-Rostoker (KKR) methodrgéien used for infinite lattices. Once
the eigenfunctions and eigeuvalues of this problem are determined,
one assumes that the orbitals of lowest eigenvalue are occupied, up
to the Fermi level. From the resulting charge densities, one can
compute a total energy, using a statistical approximation for the
exchange correlation. This approximation has an undetermined factor
o (vhence the name X0 method). It is frequently neccessary to re-

populate the levels between succesive iterations. This ensures that,



I-Sphere region (atomic region)
II-Intersphere region (interatomic regiomn)

ITII-Outersphere region (exterior region)

Figure I-1 Three regions of the cluster space



in the ground-state configuration, all spin orbitals with energies
below the Fermi level are fully occupled, allowing for partial
occupancy only at the Fermi energy itself, and is consistent with the
fact that the Xo theory rigorously satisfies Fermi statistics‘.o’z'%he
value of o for an isolated atom is determined by requiring that the
total energy, using the statistical approximation, should equal the
precise Hartree-Fock energy,

The Xa-SW method is a self-consistent field numerical method
when solved in the muffin-tin approximation. Following Connolly and
Johnson,mthe mathematical formulation is described as follows:

The Xo potential has the form (in Hartree atomic units)

® - )
Y (e, eY) 1
L2 - st n e 1,

Z

VE) = e+ 5 e
3| - ﬁﬁ[ i |r -7
..l.....(I-l)
where Zj is nuclear charge for the atom at position Rj' The functions

wi are the solutions to the set of equations which somewhat resemble

the Hartree-Fock equations:

..-..................‘.'(1-2)

2 -> >
[V, + VDl (D = ey,

where e, are the one-electron eigenvalues and a is an "exchange

scaling parameter". The averaged potential is defined according

to the following equations:

- - 1 - -»
V(@) = T (r) = g ST V (F)sing do do ., 0<r <b;



= 1 -+
= Vo(ro) v iF) Vu(r)sina0 deo d¢0, b, <r, <=®;

= -+,
=V, = L JIf v (r)dr, otherwise,
in 2, o
in
2]
in

noooln.-cuoccc(I-s)
where ;ﬁ =T - ﬁp and ?0 T - ﬁO' In eqs. (I-3), and the following

equations, we have labelled those quantities referring to the outer-
sphere region by subscript 0, and the atoms in the molecule by
p=1,2,...N. In this expression, bp is the radius of the pth atomic

sphere, Rp is the position vector of the sphere center, b, is the

0
radius of the outer sphere which defined the outersphere region, and
Qin is the volume of the interatomic region (intersphere region)

= 4 S—N 3 'EN N ENNNEN NN NN N NN NN NE NN 1-4
1 '—3—-7!’ (bo X bp) ( )

in p=1

The solutions of eq. (I-2) for the averaged potential (I-3) can now
be expressed. 1In the atomic region, for the rth atom, ¢i will be

a linear combination of spherical functions

= ip P
wi mclm ul(rp, Ei) Ylm(%p)’ o-......--...-oo-.-(I-S)
where the Cig are linear coefficients to be determined, the Ylm are

real spherical harmonics and ui is a radial function which satisfies

the differential equation



du
1 dd (rzd 1) + ( 1(1+1) + ¥V (r) - ei) u, = 0 coseee(I-6)
2r? t * r? P

where the one electron energy €y is left as a variable to be
determined in the final equations. In the outercphere region, the
wavé functions will have a similar expansion with undetermined
coefficients, In the interatomic region, since the potential there

is a constant, we can expand the wave function as a linear combination

of free-space functions:

- io‘ - N ip - - sesose
¥y = U Al (kg Yy (mg) +,E) Ajfy (krp) X, (x ) ) (-7

where
= X
k: (ei—vin) » ......'.'.............I.’(I-B)
£, (kr) = h(l)(kr) e, <V (k imaginary);
1l 1 i in :

=0, (kr) gy > Vin (k real). seeee(I-9)

In the above expressions, jl is a spherical Bessel function, n, is a

spherical Neumann function and h(i)is & spherical Hankel function of
the first kind while the Aig are linear coefficients to be determined.

The C- and A- coefficients, and the energles e, are determined

bv demanding that wi and its first deriﬁative be continuous at each



sphere boundary. This condition leads directly to a set of linear

equations for the A-coefficients

P -1 1q
[tl(ei)] Alm qﬁp 1 lm 1'm* (e )A . “"""(I-IO)

in vhich

eCe) = (Wi (kr), wi(R)I/WLE k), WJ(D)])

P cevsees(I-11)

r=>b

£2(e) = {WLE; (kr), ug () 1/WI3) (ke), ul(e) ]}

2= L
r ‘bO

and the G-coefficients, referred to as "structure factors", are

defined by the equations:

Pq = - -1 -L RN A
Clm ! 4 Lﬁ 1771, (1m;1'm") £ (kqu)YLM(qu)’ q#C,
.l.ll'l.l-(I-IZ)
1-1'

cP° - - - -L . R
lm 1'n’ 4mi Lﬁ i ILM(lm,l'm')jl(kRpo)YLM(Rpo).
W(u,v)=u(dv/dr) - v(du/dr) is a Wronskian function and
(lm l.m') = ff Y (I)Y (I)Y .(;)Sine de d¢ """'(1‘13)

are Gaunt coefficients. ﬁpq= Iﬁp - iq| are the interatomic distances.

-,
If one of the atoms is centered at RO’ then Rpo- 0 and -

Gl i1 v CEY=879 48, 1



The C-coefficients are also determined by the boundary conditions
and are related to the A-coefficients by ‘the relations

ip=_. 2 P ip
A1m 1kbp{W[j1(kr). ul(r,si)]}r=bp Cly *

..‘...I.l..ll..l...l(I-l&)
io
C .
bo Im

io _ ., .2 o
Al = 1kbp{W[ul(r,si), fl(kr)]}r=

The cne-electron energies €y

determinant of the coefficients in the set of linear equations (I-10):

are then found as the zeroes of the

det{[c‘l’csi)]‘lall.sm,apq - cgg;l.m.(ei)} = 0. teecoseee(I-15)

The secular equation can be block-diagonalized into smaller
determinants by the use of the symmetry properties of the cluster.

For the first iteration in the self-consistent procedure, we sef the
charge density equal to a superposition of the densities derived from
Xa calculations for the isolated atoms. A potential is then generated
by means of eq. (I-1l). An averaged potential is then calculated
according to the definitions of eq. (I-3). By numerical integrations
(eq. (I-6)) the functions ug(;,ei) are generated and substituted into
the secular equation (I-15). Since the determinant is a non-linear
function of ey» €q. (I-15) cannot be solﬁed directly. It must be

evaluated for seﬁeral values of e, and solﬁed by inverse interpolation.

i
The eigenfunctions corresponding to each €, are then found through eq.

(I-10) and (I~14). The charge density derived from these eigenfunctions
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is then used to generate a potential for the next iteration. This

process 1is continued until self-consistency is achieved.

The "SCF-X7-SW" model has been successfully applied to a wide

range of polyatomic molecules and to clusters simulating local envi-

ronments in nommetalie solids.zzlhis method has also been proved to

be suited for the study of small transition- and noble-metal clustersf3

The method has the following characteristics:

(1)

(2)

(3)
(4)

(5)

(6>

It leads to an accurate solution of a model Hartree-Fock problem
without undue computational effort.

It should be of particular advantage in treating large polyatomic
systems.,

It has the rapid convergence characteristic of partial-wave methods,
It is an ab initio technique, but has the flexibility of gemiempir-
ical methods through the incorporation of a few adjustable parameters.
It is not necessary to treat the core- and valence- electron or O-
and x- electron problems differently, or to neglect their interaction.
Both are handled self-consistently as parts of the same calculation.
It can be used as an ideal first step toward a calculation which
employs a less restricted form of potential and toward a calculation
which deals with the total wavefunction and its energy. In the
latter application, the method of configuration interaction can

be adapted, 1; principle, to the present scheme in order to take

into account the effects of correlation.

11



I-4 SCF=-CI Method

The SCF-CI method we use was designed particularly for the
chemisorption study of metallic surfacea1.5'213e use this method to atuéy‘
the chemisorption of molecules on transition metal surfaces using a
nitrogen molecule on a titanium lattice surface as our example. Starting
with the usual Hartree~Fock-Roothaan SCF formulationzsfor the lattice
plus adsorbate, a local surface region is defined and a unitary local-
ization transformation is carried out on the lattice orbitals. The
configuration interaction (CI) calculations using these localized
orbitals plus adsorbate orbitals provide an accurate description of the
lattice~ adsorbate interaction. Figure I-2 shows a schematic outline
of the SCF-CI method. The detailed description of the SCF~CI method
is described as follows:

A. fTreatment of the metal atom lattice and atomic cores.

The SCF-CI method starts with the restricted Hartree-Fock theory
to describe the transition-metal cluster. Atomic core electrons are
assumed to be localized, but give rise to Coulomb and exchange potentials
which are accurately evaluated along with contributions due to core-valence
orbital overlap. Core-valence overlap consideration are usually handled
by constructing a pseudopotential for the valence electrons. In our
present method, the valence basis functions of a given atom are rigor-
ously orthogonalized to the core orbitals of that atom using a simple
auxiliary basis. The Gram-Schmidt orthogonalization method is applied

to introduce the core orbitals into the valence space. This method

12



Treatment of the metal atom lattice

and atomic cores

H-F-R SCF treatment of the lattice

plus adsorbate

Localization at active chemisorption

sites

CI Treatment of Adsorbate and

localized surface region

Figure I-2 Scheme Outline of the SCF-CI Method.
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of core-valence overlap consideration is described in detail in Whitten

15
and Pakkanen's paper.

B. Hartree-Fock-Roothaan SCF treatment of the lattice plus adsorbate
For the adsorbate, the atomic cores are not assumed to be localized.
Therefore, all electrons which belong to the adsorbate are treated as
valence electrons and are involved in the entire SCF calculation. Now
we include the lattice and adsorbate in a single SCF calculation. The
result of the SCF calculation on the whole system (lattice atoms plus

adsorbate) is a single determinant total wave function for the N

valence electrons of the system

* = R(ﬁl’ ¢2,...¢N) ----..-coo-.oo..ol.oo-oooo(1—16)
(R is an antisymmetric function)

where the ﬁk are orthonormal spin orbitals. For instance, for titanium

6,2, 6,.2, 2

the ground cohfiguration is 1622822p 35 3p 3d"4s” and the valence basis

for expansion of ¢k could be chosen as Asj plus additional function
Asj' on nucleus }. An extra 3dj function is added to the expansion of
¢k for the titanium atoms near the active chemisorption sites. For
the nitrozen molecule the ground configuration is 1822822p3 and the
valence basis for expansion of ¢k could be chosen as Isk, 2sk, 2pxk’
2pyk’ 2pzk plus ls'k, 2s'k, 2p'xk, 2p'yk and 2p'zk on nucleus k.
Occupancies of incompletely filled d shells must be chosen carefully
to avoid unfavorable repulsion resulting from a double occupancy of
spatial @ orbitals., That also means that Hund's rule should be obeyed
on every atomic center. Roothaan's SCF theory for open shells of
electronic systems“can be employed for this purpose.

14



C. Localization at active chemisorption sites

In metallic systems the valence orbitals are delocalized so that
a strictly local description is not possible. But by an orbital
Iocaligation procedure it is expected that the essential features of
the adsorbate-surface Iinteraction are obtained by treating the
chemisorption site accurately. An approximate f;eld of the lattice
i1s included in the description by fmnclusion of the initial delocalized
orbitals in the calculation, as a fixed CI core.

The localization is carried out as follows. The SCF orbitals of
the whole lattice-adsorbate system {¢k} are obtained in the usual
single-determinant wave—functién form. Then a second set of atomic
orbituls'{xk} of the designated chemisorption site is chosen. Then
the set {¢k) is transformed by applying a hnitary transformation to
obtain a new set‘{¢k'j subject to maximization of the sum of exchange

integrals T
T -lill [x (—1)4,!(1)' "'_1'_|X (2)$'(2) > 0 secsrescers(I-17)
k=l K Tk =

vhere ¢' = g Cidy 15 & transformed orbital. This leads to an

eigenvalue problem with solutions, ordered in eigenvalues

rl?.. rz?_-o.co > I’N’

I : d’l' = i cil¢1'

Footnote: The M of Eq. (I-17) represents the total number of
valence orbitals of th'es designated chemisorption site.
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The resulting total wave function
qJ = R(¢l'¢2.tcn--¢N') .ll.-.-..--.........(I-lg)

is identical to the initial wave function ¢ = R(¢1¢z.....¢N). Now we
find that after some member Pp in the eigenvalue spectrum, the orbitsals
¢p+1"""¢N' exhibit negligible exchange interaction with the repre-
sentative orbitals, {xk}. The functions ¢1'¢2'....¢p' physically
represent orbitals localized on the designated atoms, bonds between
these atoms, and bonds linking the designated atoms with the remainder
of the lattice.

Similarly, it is also of interest to carry out a localizing trans-
formation within the virtual space since the resulting localized orbitals
are those orbitals primarily needed for configuration interaction
refinement of the local region.

This localization scheme leads to the existence of a dual orbital

epace, one assoclated with the active chemisorption site, and one
16



associated with the rest of the lattice. The dual nature of the
resultant orbital space is in contrast to other localization schemes.’2%??
For instance, the Ruedenberg exchange maximization methodzéoes not
have this dual nature.

The objective of this localization scheme is to define an interior
part of the lattice electron distribution which can be taken as in~
variant during the course of interaction with the chemisorptlion site,
and to intrecduce the important (delocalization) characteristics of an
extended lattice into the corcept of a local region nrear the surface.
The same nurpose can apply to the adsorbate as well.

D. CI Treatment of Adsorbate and Localized Surface kegion

The final stage of the calculation is to carry out a configuration
interaction (CI) calculation at the chemisorption site. CI 1is neces-
sary for an accurate description of bonding for many reasons. For
example, the unpaired d electrons in Ti can couple in many different
ways and leads to a multitude of states near the ground stateimséhe
relative occupation of d and s orbitals is a major questioa in chemi-
sorption and affects the binding characteristics at the site. CI is
ideally suited to the study of participation of various states.
Configuration mixing also yields accurate dissociation energy curves
since variable ionic and covalent character of the binding is allowed.

15
Following Whitten and Pakkanen, the CI wave function is

y = IC

w LR RN RN NN NI RN RNy "'2
kkk (1I-20)
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With wk = A(Ql"“QM’ ¢}‘i"‘1,...¢n‘)

Here, A is the usual anti-symmetrizing operactor. There are M elec-
trons in the chemisorption region and N-M further "invariant core"
orbitals mainly associated with the lattice. The "invariant core"
contributes a fixed field experienced by the M electron orbitals.

The calculation proceeds with the successive diagonalization procedure
of Whitten and Hackmeyera’ggcal invol#es diagonalization of the secular

determinant in several successive steps.



CHAPTER 1I

SOME EXPERIMENTAL METHODS USED IN CHEMISORPTION STUDIES

II-1 Low Energy Electron Diffraction (LEED)
II-1-1 Introduction

In 1924 deBroglie suggestedsthat particles such as atoms, electrons
and neutrons might show dual character, exhibiting the properties of
waves as well as those of particles. He proposed that the wavelength A,

associated with those particles be given by

h = h seseeesvesnsssnns -
A= mv (ZnE) % (-1

where m and v and E are, respectively, the mass, velocity, and kinetic
energy of the particle and h is Planck's constant. For electrons

this relation becomes

[E(ev)]%g_ll__ oocoo-ooca--cco---00(11-2)

5
A(a)

The diffraction of electrons that were back scatteved from the
surface of a nickel crystal was observed by Davisson and Germer in
1927?5(kﬂy a few studies were performed during the thirty year peried
since 1928. Most of the accomplishments of LEED research have been
carried out in the late 60's and early 70's. Since then the LEED
experiment has become the major technique to determine the surface
structure of metals?&q;he first successful structure analysis by

LEED experiment of an underlayer of nitrogen atoms on a clean

19



titanium metal surface was reported by Shih and co-workers in
1976.3a

Electrons are scattered by the atomic potential. Low energy
(5-200ev) electrens, owing to their charge, are predominantly
scattered by the surface atoms. Therefore, Low-Energy Electron
Diffraction plays the same role in the study of surfaces as X-ray
diffraction plays in the study of the bulk structure?9 Since the
atomic surface density (*10'5/cm®) is much smaller than the bulk
densiry of atoms (~10°?/cm®), once the incident beam has penetrated
over approximately 10 atomic planes, the X-ray diffracted beam
contains no easily detectable information about the surface atoms.
However LEED uses the diffracted beam from the surface atoms and
provides us with important information about the structure of crystal
surfaces .
II-1-2 Diffraction Cénditions

In a LEED experiment a mono-energetic beam of electrons.is incident
on 2 crystal surface. The incident electron beam can be described by

a plane wave ¢(?) in free space at a given point T

<> +

w(-r") = l’)(O) ei[k.r -wt] coooo-.-o-onnno.qooooo(II-3)

Here ¢(0) is the wavefunction at an arbitrary origin, T =0 amd k 1s
the wave vector of the traveling wave which has an angular frequency

«, For simplicity, we can assume y(0) = 1. For a given ﬁ} i.e. for

incident electron of well-defined wavelength A = —f“ - it can be

=¥
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40
readily shown that the electrons are scattered by a periodic three-
dimensional lattice only in well-defined directions corresponding

to wave ﬁectors satisfying the condition

> >
k' =k +GC oooooooooovo-p.ooooooc(II-[‘_)

where k'is the wave vector of the scattered beam and ¢ is the reciprocal
lattice vector. Diffraction can occur only if the magnitude of the
incident and scattered wave vectors remain the same,I;'|=[;|. That is,
the diffraction process is elastic. A typical diffraction condition

is shown in Figure II-1.

2T n

dchkl) (h, k, 1 are the Miller indices)

(nisaninteger)

Since |G(hkl)|=

and 8k |=lskl= 2]k]sin o

then -..Zl.n_—= 2“:'51119 .ooc.ou----coc-..a.-.-oc(II“S)
d(hkl)

where d is the spacing between planes (h,k,1) of the crystal and € is

the half-angle between the scattering vectors % and k'.

Since !§l= —2%———~ » we have arrived at the Bragg reflection law:
ni = 24 sin 6 o.o--anoo-oo-oocoo-oo-aooo(]'_:[-ﬁ)

1

e - -
For LEED the wave vector k in units of A™* is uniquely defined by the

electron beam energy as

-

k= —21— = 0.512/EGGV) sresssreeseereeso(I1-7)
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Figure II-1 Determination of ok = k-k in terms of angle of scattering 9.
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I1-1-3 Apparatus for LEED Experiment

In a typical LEED apparatus low-energy electrons are produced by
heating a metal or an oxide filament (cathode) in vacuum. The
emitted electrons are drawn off toward the anode by a suitable
accelerating potential. Although most of the electrons will strike
the anode walls, a2 small fraction of them escapes through a hole in
the anode structure. These electrons are then focused magnetically
or electrostatically (approximate beam size lmm?) and are allowad to
impinge on the surface of a single crystal.

Figure I@-2 shows schematically the apparatus most frequently
used in LEED studies. The crystal in most experiments is maintained
at greound potential with respect to the negative cathode. After
ellowing the scattered electrons to drift radially away from the
crystal surface, the separation of the elastic and inelastic com-
ponents is made by using a retarding potential (applied to a grid)
that repels zll inelastically scattered electrons, thus allowing
only the elastically scattered electrons to penet¥ate. The elastically
scattered electrons, after passage through the retarding field, are
post accelerated by a2 positive potential and impinge on a spherical

fluorescent screen where the diffraction pattern is displayed.

I1-1-4 Data Analysis of LEED Experiment and Posaible LEED Information

for Chemisorption
Diffraction patterns and intensities of the diffraction spots

are the two most important types of data we can get from a LEED

23
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Figure -2 Scheme of the low-energy electron diffraction apparatus employing
the postaceeleration technigue.

Figure 12 Diffraction pattern of the (1 latinum tal
Jour different ln‘z;'znt dmﬂ bnmqf G 1){‘(‘:)‘:{" volis; (b;'g’.; m: (:;
160 volts; (d) 181 volts.

Figures taken from s G, A, Somorjai, Prinoiples of
Surface Chemistry, p.31 & p.33
Prenzt}ce-nall. Ino.(1972)



experiment. A typical set of diffraction patterns for scattering
from a clean (111) face of & platinum single crystal is shown in
Figure II-3 for various electron energiles., The relative distances
of the diffraction spots and their symmetry in a diffraction pattern
can be used to determine the size of the surface unit cell that
characterizes the arrangement of surface atoms. The intensity of a
diffraction spot depends on the dynamic scattering facters (atomic
scattering factor and structrue factor of the basis). From the
diffracticn pattern's couplement of the intensities of the diffraction
spots we are atle to determine the unique position of atoms in the
uwnit cell.

In the study of chemrisorption phenomenon, we are interested in
the following questions:

(a) Vhat is the atomic configuration of an adsorbed particle with
respect to the surface atoms of thz chemisorbed layer?

(b) What configurations do the adsorbed particles have relative to
each other?

Question (a) is related to the theory of the chemisorption
bondf‘whereas, (b) is related to the interactions between the adsorbed
particles and can be treated theoretically by statistical methods?2
With the helpful information of the diffraction patterns and the
intensities of the diffraction_spots, we can easily see that ouestion
(b) nay be answered immediately in those cases where the primitive
cell contains only oneadsorbed particle. This condition is

frequently fulfilled. However, an answer to auestion (a) from
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LEED-information can be achieved in only a few special cases
vhere additional arguments are available. In general, utili-
zation of the information from LEED patterns may be limited
to 2 unique characterization of the adsorbed state only.

In many systems the arrangement of the adsorbed particles
is not perfectly periodic. If the periodic regions are rela-
tively small the diffraction spots are broadened. From the
spot diameter the size of the ordered domain can be estimated

and the symmetry of the adsorption sites can also be derived,
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II-2 ULTRAVIOLET PHOTOEMISSION SPECTROSCOPY (U.P.S.)
I1-2-1 Introduction

When & photon beam with an energy between 6 and 100 ev or
high-energy electromagnetic radiation (x~ray with an energy about
50 kev) 1is allowed to strike the solid surface, in addition to
electron emission from the valence band, electrons are excited from
inner electron shells as welJJ.aThe two primary inner-shell
excitation processes are illustrated in Figure II-4. The notation
we have adopted is that most commonly used in atomic spectroscopy:
the K. L, M,...shells refer to the shells with principal quantum
number n51.2,3,...and the subscripts (LI’LII’LIII) indicate the
rultiplicity I, which 1s the vector sum of the angular mumentum 1
and the spin quantum number 3; 3?T+3.

When an atom absorbs a photen an electron mey be ejected from
aﬁy inner shell into vacuum. This process i1s called photoelectron
emission. If the energy of the incident photor or radiation is
greater than the binding energy of the electron, photoelectron
emission can take place, From the knowledge of the incident beax
energy and suitable analysis of the ejected photoelectrons, the
electronic binding energles for the different bands can be obtained.
Energy analysis of the emitted photoelectrons is called photoelectron
spectroscopy. Ultraviolet photoemission spectroscopy uses an
incident photon beam with energy within the ultraviolet energy

< 200 ev).
n

region (5 ev < Ephoto
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Figuve XJ-# Energy-level-diagram representation of (a) photoelectron cml.m‘oa
and (b) x-ray absorption.

Pigure taken from : G. A. Somorjai, Principles of
Surface Chemistry, p.175,
Prentige-Hall,Inc.(1972)
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The study of chemisorption is only interesting for the surface
bonding states with bonding energy less than 10 ev below the Fermi
energy. Therefore the low energy ultraviolet photoemission spectro-

<100ev) is suitable to this study.

scopy ;6 ev < Ephoton

IT-2-2 Apparatus for UPS Experiments

The apparatus commonly used is shown schematically in Figure II-5.
A monochromatic ultraviclet photon beam is incident on the sample,
which is prepared in an ultra-high-vacuum chamber, and is the source
of the ejected prhotoelectrons. The emitted electrons are detected
by the detector and energy-analyzed by the energy analyzer together
with associated electronics for recording energy distributions. The
available ultraviclet photon sources are the Hinteregger-type lamp

(Ephoton
tion at 21.2 and 40.8 ev provided by He (I) and He (II) and radiation

< 11.6 ev) and the cold-cathode resonance lamp, with radia-

) 44
at 16.8 ev and 26.9 ev provided by Ne (I) and Ne (II) lines. The
energy of the ejected photoelectron, Eobs’ depends on the incident

photon energy hvp and is given by

hoton

Eobs Bh\’photon-Eb_ ¢a ...c...-.o--..(II-s)

Here Eb is the electron binding energy in the shell from which it is
ejected and ¢a is the work function of the analyzer. The electronic

binding energy is thus directly caleculable from Eg (II-8).
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Figure 1I-5 Apparatus for UV Photoelectron Spectroscopy.
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II-2-3 Data Analysis of UPS Experiment and Possible UPS Information

for Chemisorption Studiles

In Figure II-6 & typical photoelectron spectrum is shown. The
experimental density of states derived from the photoemission energy
spectrum is expected to bear a close resemblance to the electronic
density of states.‘aThe intensity of the peaks can be used to determine
the relative or absolute concentration of different elements. 1In
addition to the detection of elemental chemical composition, ultra-
violet photoelectron spectroscopy can distinguish between the different
oxidation states of an element due to the shift in the binding energies
of ipner shell electrons upon change of valencyfe'This is called the
chemical shift,

By moritoring chemical shifts, UPS has not only been able to
distinguish between different oxidation states but also to detect
other changes in the chemical enviromment that lead eventually to the
determination of the electron density. That means that chemical
shifts can be used to distinguish between surface and bulk atoms and
to monitor the changing chemical environment of surface species.

The study of chemisorption processes 1s also concerned with
asking the following in addition to Questioms (a) apd (b) in section
II-1~4,

(c) What is the binding energy of each state in the chemisorbed system?
(d) What is the chemical shift of the new chemisorbed system relative
to the old bulk system?

(e) What 1is the density of states of the new chemisorbed system?

N
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Figure JI-& Photoelectron spectrum of sodium chloride.

Pigure taken from 3 G. 4, Somorjai, Principles of
Surface Chemistry, p.182,
Prentice~Hall, Inc,(1972)

32



The data of LEED experiments are not capable of answering these questions.
Fortunately, UPS can compensate for this weakness of LEED and provide

the answers to these three additional questions.
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CHAPTER III
ELECTRONIC STRUCTURE OF TITANIUM CLUSTERS USING

THE Xo-SW METHOD

III-1 Background

Transition-metal-atom interactions have been the subject of a
number of recent molecular-orbital calculations. The bonding between
metal atoms and the interaction of metals with hydrogen have been
studied in connection with models for chemisorption on metal surfaces.
Melius et a1.31and Meli.us‘%mve studied the dissociation of H2 on
reaction with Niz using multiconfigurational self-consistent field
(SCF) methods and have discussed the role of s, P> and d electrons
in chemisorption. According to their analyses the d electrons remain
localized and do not participate directly in bonding; however the d
orbitals can serve as a source or reservoir for the valence o elec-
trons as the state or geometry varies. This type of model for the
d electrons seems to be consistent with generalized valence-bond
and unrestricted Hartree-Fock calculation carried out by Kunz and
co-workers on ScH and MnH:8 Configuration-interaction calculations
on TiH also indicate a limited role for the d electrons in the Ti-H
bond.“'f.{g.cent ab initio SCF calculations on linear chains of Ti atoms
have also been reported to show a high degree of d localization.®®

In contrast to the localized d model, however, other recent

calculations have shown considerable g-electron transfer or sharing

in metal-metal and metal-absorbate bonding. These pictures arise
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naturally from band-structure, molecular-orbital, and hybrid-orbital
reasoning.s ! In particular, Xo-SW calculations by Messmer et al.szof
H-atom interactions with Ni, Pd and Pt clusters indicate a strong

role for the d orbitals in the bonding of the H atom to the surface

of the transition-metal cluster. They conclude that clusters of more
than two metal atoms are needed to study properly the role of d
orbitals in chemisorption, and that the second transition-metal series
can exhibit different d-orbital behavior from the first series. The
importance of d-orbital bonding is also emphasized in another Xo-SW
calculation by Rosch and Rhodin?%or bonding with a cluster of Ni atoms.

In 1979, Fischer and Whitten?%tudied the interactions between
Ti and a H atom and between Ti atoms in chains of length two, five
and ten by using the Xu-SW method. Their calculation confirmed a
significant d participation in bonding. However, their calculation
also raises some uncertainties mainly due to the rapid increase in
intersphere volume compared to intrasphere volume as the chain length
increases (cubic versus linear). The role of the effect of the
constant potential on the d orbitals needs a more detailed investi-
gation.

As the cluster size increases, it is expected that the electronic
structure of a cluster will come to resemble that of the bulk material
if the method beiﬁg used is valid. For the bulk titanium, there is
some evidence that the configuration is (3(_1)3 (45)1 compared with

(3_:})2 (45)2 for the titanium atmnf‘ihe configuration of (3:_1)3 (43)1
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for bulk titanium has been applied in the ab initio SCF calculation =
even though the ab initio SCF calculation only uses a cluster to
represent a bulk, The size of a Ti cluster which will behave more
or less like a bulk Ti is not known yet. A study of this question is
necessary. Bulk titanium is a non-magnetic material while the
titanium atom has a net spin of one. To see how this happens requires
a systematic study with several different sizes of titanium clusters.

Titanium was choasen in the present study to minimize uncertainties
in the theoretical treatment of transition metals. Intrashell corre-
lation for the d electrons is expected to be less important in Ti than
in Ni, while similar results for chemisorption of H have been observed
at the surfaces of both metalsfsiFinally, the X0-SW method can be used
to advantage to remove one uncertainty accompanying ab initio treat-
ments of these systems, namely, restricted flexibility of the basis
set. A reliable assessment of the relative contributions of s, p
and d functions to bonding requires a flexible basis in order to
allow for spatial expansion of orbitals on transfer of electrons
from 8, p to predominantly d-type molecular orbitals. See Niemczyk
and Meliussgor recent studies showing & favorable comparison between
X0~-SW and unrestricted Hartree-Fock treatments,

In order to study the relative contribution of s, P and d
functions to bonding, we free all the (35)2, (32)6, (45)2 and (3g)2
electrons from each titanium-atom. We only keep (15)2, (29)2 and

(Zp)6 in the frozen core., It 1is not hard to do the calculation as
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long as the cluster size is not big (usually no more than 10 atoms).
However, if the cluster size is larger than about ten atoms, the
X=-SW calculation becomes difficult to handle and also time consuming.
The primary reason is that the Xo~SW method employs the increment
step searching process. As the cluster size increases, the electronic
states of each symmetry also increase. The eigenvalues of these
electronic states are about the same since they come from the same
kind of atom. Therefore, a crowded circumstance of the dense states
near any particular eigenvalue 1s expected, This directly causes a
great deal of difficulty in resolving the electronic states at the
increment step searching process. The computer may have to spend
considerable time in each searching loop and the computation becomes
very time consuming and eventually unstable.

From the practical viewpoint, we have to reduce the number of
searching loops by reducing the density of the states in a symmetry.
One way we can satisfy this requirement is to put more electrons in
the core region, However, we also have to make sure that this change
does not affect the bonding and charge density. This means that the
important physical quantities have to remain the same as electrons
are placed in the cores. Therefore, we also perform calculations to
check the reliability of results as more electrons are frozen in the
core. The first calculation is to include all the (35)2 and (32)6
of Ti in the core region of T14. The second calculation is to free

all the (35)2 and (3p)6 and allow them to participate in the calcu-
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lation of the Ti4 system. By comparing these two results we should
be able to determine the role of (39)2 and (3p)6 in bonding and also
their effect on the charge density distribution. This information

can tell us whether we can proceed to the Ti13 calculation by includ-

ing all the (39)2 and (3p)6 in the core.



III-2 Computation

I1I-2=1 Geometric Structures of Ti4 » Ti7 » and T:I.13 Clusters

A reasonable choice for the structure of a2 cluster is to assume
a highly symmetrical cluster (e.g. spherical) reflecting the bulk
structure and to assume internuclear distances close to the bulk
values .57Following these guidelines, lattice fragments to be considered
are those derived from the hexagonal close-packed structure which is
the experimentally determined structure of titanium below 820°C,
LEED studies“show surface reconstruction but this would not be taken
into account in éﬁe early stage of this work. These calculation are
performed at the titanium metal internuclear distance of 2.95 R.so

The clusters to be considered include a four atom tetrahedral
clugter ('1‘14), a seven atom "surface" hexagonal cluster (Ti7) and a
thirteen atom hexagonal close-packed cluster (T113). Volume filling

clusters are the most appropriate type to use in the SCF-X0-SW method.

The detailed description of these clusters is shown in Figure III-1l.

I1I-2-2 The SCF=X0=-SW Method Applied to T:l.4, T:!.7, T:I.13 Clusters

The X(-SW method, its underlying assumptions, procedures and
characteristics were described in Chapter I of this dissertation,
Results for many systems are available in the literature.zo'égre we
make note of only those aspects of the method which are of particular

relevance to our Tix systems in this chapter and T:I.x-H system in

Chapter IV. The volume associated with a given system is divided
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® —Ti

Figure III-1 Three selected titanium clusters:
(2) Ti4 »(b) T17 ,(e) Ti13 .
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into atomic, outer-sphere, and interatomic regions. In the muffin-tin
approximation, the potential in the interatomic region is assumed to
be a constant, while the potential is spherically averaged for the
atomic and outer spheres. Matching the boundary conditions and
performing some mathematics the radial Schrodinger equation ylelds a
secular equation for the one-electron eigenvalues for each symmetry.

While the free-electron exchange approximation causes the one-
electron eigenvalues to have a different interpretation than the
usual Hartree-Fock eigenvalues, the two eigenvalue spectra can be
correlated without cli.ff:l.cult:y.u On the other hand, the muffin-tin
approximation does not allow an accurate calculation of the total
energy, but approximate values are ncnetheless useful for comparisons
of systems with fixed geometries. In addition to the total energy
and one-electron energies, the other quantities available from the
Xo-SW calculations are the charges associated with each sphere and
the intersphere region, and the percent s, Ps d, etc. character for
each molecular orbital for each center. The total values of charge
in each sphere and total number of s, p, d, etc. electrons in each
sphere can also be calculated.

The spheres were chosen to be nonoverlapping. For all the Tix
and Tix-H systems3 the virial theorem was satisfied without over-
lapping the spheres, This result is consistent with those obtained
for other transition-metal systema.: a’%sesparameters used are given
in Table III-1, The exchange parameters used are those derived by

Schwarz.oo
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Table I1I-1 Purameters used in the SCF-Xo~SW calculation on '!14, 'I'i.,.
and T113. Ti - Ti internuclear distance 18 5.5769 a.u.

Xof-SW exchange parameters

Sphere radii (a,u,)

olﬁ « 0.71698

A « 0,71698

interatomic

Uloutersphere = 0.72698

RTi(T14' T17. T113) = 2,7885
Routeraphere (T14) = 6.2037

Routersphere (Ti7) = 8.3654

Routersphere(milg) = 8.3654
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The calculation of a T12 cluster using the Xo-5W method had
been published by Fischer and Whittenfo The major results of their
calculation will be presented here for comparison.

The ratio of the intrasphere volume to the total volume for Tiz,
Til;’ T:I.7, and T113 also has been calculated and tabulated in Table

III"‘Z.
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Table I11-2 Volume £filling ratio (ratio of the
intrasphere volume to the total volume)

Volume filling ratio

Ti
Ti 4
Ti
T113

33,3% (~1/3)
48.6% (~1/2)
33.8% (~1/3)
92.6% (~9/10)
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III-3 Results

11I-3-1 Electronic Structure of a Titanium Atom in a Titanium Cluster.

The (3§)3 (hg)l electronic configuration for titanium atoms in
bulk titanium has been widely employed in ab initio SCF calculationsj5
However, it has never been proven in sophisticated theoretical cal-
culations that this is the correct atomic configuration to use. The
unrestricted SCF-X0~SW method is capable in principle of carrying out
this verification. By calculating the four different systems of T12,
Tia, Ti7 and Til3 separately with the aid of the partial-wave feature
of the SCF-X-SW method, we are able to identify the types of electrons
and number of electrons of each type for each atom existing in the
cluster. Table III-3 ghows the results of the SCF-Xu~SW calculation.
Bulk Ti metal has a hexagonal close-packed structure below 820°C.5a
The maximum number of nearest neighbors for & hep material is twelve.
From Tabel III-3, we can clearly see the effect of increasing the
nearest neighbors around a titanium atom. As the number of nearest
neighbors increases from zero to twelve, the number of d electrons
per atom in a Ti cluster also increases from 2 to 3.28. The 3.28 d
electrons per atom is slightly more than 3 d electrons per atom which
is expected in the bulk Ti metal, However, in our calculation we did
not include the second neighbors. These second neighbors can draw
some of tﬁe electronic charge away from the nearest neighbors and
result in less electronic charge density transferring from the near-

est neighbors to the designated Ti atom (the one in
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Table III-3 Number of d electrons per titanium
atom in the cluster for different number of nearest
neighbors obtained from the SCF-X«-SW calculation

Ti Bulk
atom 1 N.N. 3 N.N. 6 N.N. 12 N.N. Ti

nuiiber of d elec- o
trons per Ti atom 2,00 2,40 2.48 2.87 3.28 3.00
in the cluster

where N.N. means nearest neighbors

* L. F. Matheiss, Phys. Rev. 134, A970 (1974).
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coordinate (0,0,0) ). For bulk titanium metal, each Ti atom has 12
nearest neighbors and 6 second neighbors. Therefore, we conclude
that the result we get agrees with our prediction. And this calcu-
lation once again encourages us to use’the (3(_1)3(4§)1 atomic con-
figuration to treat the inactive Ti atoms which are not near the
adsorption sites in the Roothaan-Hartree-Fock SCF-CI calculations.
The details are described in Chapter V.

On the surface of a bulk Ti metal, each Ti atom has 9 nearest
neighbors. The (35)3(42)1 configuration can not be confirmed for
surface atoms because our model does not adequately describe a
surface atom. The "surface" atoms in our Ti4 and T113 clusters

do not have 9 nearest neighbors and enough second neighbors. Table

I1I-4 shows the results of our SCF-X=-SW calculations on the Ti

4
and T113 systems. In either case, the electronic configuration of
each surface Ti atom of our Ti,and Ti_, clusters will approximately

4 13
be (39)2'4(4§)1'6. This result may be recognized as a good con-

firmation of our idea (3g)3(4§)1 configuration for the surface atom

of a bulk Ti metal considering the in adequacies of the model.
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Table III-4 Number of d electrons per titanium
atom on the surface layer of the Ti, and Ti,s

clusters.

Ti ‘. Ti 13
number of d electrons
per Ti atom on the 2.48 2.38
surface layer of a
cluster
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III-3-2 The Role of the 33 and 3p Electrons in the Titanium
Cluster

The M-ghell (n=3) contains three subshells, 3s, 3p, and
3d. From atomic theoryf1we know that the wave function with
a lower angular momentum will tend to penetrate further into
the nucleus, This property leads to the expected order of
occupation 3s, 3p, and 3d. However, a new phenomenon appears
in this M shell. This is because the screening effect due
to the inner shells of electrons 1s gradually diminished by
the effective charge of the nucleus with increasing atomic
number Z, In addition, the energy of the state depends on
the total quantum number by a factor of 1/n2. These two
factors make the energy difference between successive outer
shells smaller and smaller. On the other hand, the effects
of greater penetration toward the nucleus, by the lower
angular=-momentum state are becoming larger and larger.
There is a point then, at which the low angular-momentum
states of the next higher shell may have a lower energy than
the higher angular-momentum states of the given shell. This
“eross over” first occurs for the 3d subshell and the 4s sub-
shell. The two electrons in the 3d subshell have higher

energy than those of the two electrons in the 48 subshell
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for a titanium atom, In any case, we treat the two elec-
trons in the 3d and the two electrons in the 4s equally

as valence electrons which play a major role in the bonding
of a titanium cluster. However, how the two electrons in
the 38 subshell and the six electrons in the 32 subshell
participate in the bonding of a titanium cluster system

is less certain. To check the validity of including 3s
and 32 subshell in the core for the larger titanium
cluster case ( the reasons were described in sec, III-1 },
calculations for both treating the 3s subshell and the 32
subshell as valence states ( calculation A 5 and including
the 3s subshell and the 32 subshell in the cors region

( calculation B ) were carried out. 1In Table III-5, we
show the comparigons. We can easily see the difference
between the two cases 1s less than 1.1% of the energy

of any of the occupled 3d and 4s valence states. The

1.1% difference is insignificant. Therefore. we coﬁ-
clude that 3s and 32 subshells can be included in the

core without disturbing the bonding valence states =

39 and 45.
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Table Ili-8

Comparisons bgtwuen the velenge electron,gigenvalues of

calculation A~ and that of culoulation B~ of Ti

4

+ Calculution A - treating 332 and 3p6 as valenoes states

#% Caloulation B - inocluding 352 and 3p6 in the core

symmetry no. ol eigenvaluesn eigenvalues difference
of ocoupied | spin | (in Rydberg) (in Rydperg) {in Rydberg)

the state | electron calculation A | calculation B (4-~-38)
A 1 up - 0.864 - 0,865 + 0.001
A 1 down - 0.705 - 0.705 0,000
A 1 up - 0.437 - 0.437 0.000
E 2 up - 0.333 - 0.330 - 0,003
E 2 up - 0,266 - 0,263 - 0,003
T, 3 up ~ 0,392 = 0.391 = 0,001
7, 3 up - 0.336 - 0,334 « 0,002
T1 3 up - 0.290 - 0,288 - 0,002
Tz 1 up - 0,256 - 0.253 - 0,003
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I1I-3-3 d Electron Participation in Bonding

The role of the d electrons in transition metal bonding
is still a controversial topic. Therefore, a systematic
study should be made. We extend the work further from the
earlier studied two- atom cluster to the four- and seven-
atom clusters, and then the thirteen- atom cluster. The
geometric structures of Tiz, Ti4, Ti7, and T113 have been
discussed in section III-2.

A detailedlanalysis of the two most active ¢ bonding
orbitals for different size clusters is shown in Table
II1-6. The partial wave analysis shows an average of
about 10% of the d electrons participate in the o bonding
orbitals. However, there is one exception. The exception
is that the central atom of the central layer of the Til3
cluster, ( 1. e. T1 ) , has no d electrons involved in
the bonding as all bonding electrons are s electrons.

This is an interesting result. If we look at the
charge distribution, we can see that '1‘1 of T113 glves

a high percentage of charge to the g bonding orbitals.
Among all the atoms in the four different clusters, the

T1 atom of
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Table III~- & Analyeis of Two Most Active Bonding Orbitals in
: Different Sige of Cluster

E rge Distributjor #3;315;r!gxg_5ng;xgxg
Cluster|Orbitals|(Rydberg) Uut helnt QT1 QTZ QTD z, 'R 2y
Tz 44 k=

=0.3 0.12| 0.48 | 0.20
, £ | oasal
Taz 92a
Get | -0.272 |0.22]0.%51}{0.14 gg
SN SENUSIPSY SR S —- ZoaT
ry) -0.494 [0.07 | 0.40 §0.13 133
T4, r- 838
(gl -0,274 ]0.12 | 0.40 |0.12 1%
i - 92s | 778
Jet -0,47% |0.03%!0.42 0,18 0,06 84 Jigg
™, T 778 | 668
3 -0.299 |0.07 1 0.37 |0.29 | 0.05 23d | 15p
1 194
: 88 | 798
Get -0.643 0,02 0.36 {0.17 t 0,04 10.05 | 1008 1§1d: 125
g e _ 24 | 6d
- Ty . 688 | 678
! Ggl -0,520 |[0.01 j0.32 |0.26 |0.04 {0,053 | 1008 | 20p | 19p
| l 124 | 144
- i

Tiz and 114 have only one type of titanium atom.

T17 has two different types of titanium atom:
7y - one central atom

T2 = six atoma which surround the central atom

Til3 has three different types of titanium atom:
Ty - onu central atom in central layer
T2 =~ aix atoms which surround the Til in the central layer

T3 = three atome on top layer plus three atoms on bottom layer
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Ti,. is the only atom which has twelve nearest neighbors among the

13
four clusters in our calculations. The bulk atom of titanium metal

has twelve nearest neighbors and six second neighbors. The second
neighbors are not expected to play & significant role in the ¢’ bonding
of a bulk atom center since the large distances between them diminish
the Coulomb and exchange interactions. Therefore, we can suppose

that the T1 atom of 'I'i13
same manner and have no d and P orbitals participating in bonding

and the bulk titanium atom may behave in the

between bulk Ti atoms, as many ab initio SCF calculation have suggested.
The surface atoms, however, do have considerable d and B-orbital
involvement in the metal-metal bonding as many earlier Xo=-SW calcu-
lations have concluded, Thus, we reviewed those calculations once
again and found that all the atoms involved in the earlier Xu-SW
calculations are surface atoms.

The P orbital is not present in the T1 atom of T113, nor in the
T1 atom of Ti7. These two atoms are well surrounded by other types
of titanium atoms. The surface atoms have increasing P orbital
participation in the bigger clusters. The percentage of P orbital
participation in the two most active o bonds of surface atoms are
6%, 11%, 13%, and 18% for Tiz, Ti

4 1
course § orbitals on neighboring centers can result in p-like orbital

» Ti7, and Ti 3 respectively., Of
bonding on a given center,

It should be further noted for this analysis of two most active o
bonding orbitals, that the charge leaking out to the outersphere

region decreases from 0.l1l7e for Tiz, through 0.le for Tik and 0,03e
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for T17, to 0.0le for T113' This means that bonding takes place
only inside the cluster i1f the cluster size is larger than thirteen

titanium atoms.

III-3-4 Systematic Study on the Average Spin Magneton Number Per

Atom for Different Size of Ti Clusters.

A titanium atom has a spin magneton number of two, while titanium
metal has an average spin magneton number per atom of zero, because
titanium is a non-magnetic material. It is interesting to study why
this occurs. The unrestricted SCF-X(-SW method is capable of pro-
viding the necessary information for this research. Slater, et 31.20
used this method to calculate the average spin magneton number per
atom of a vanadium cluster. They concluded that the average spin
magneton number per atom depends on the parameter-lattice constant.
The smaller the lattice constant, the less the average spin magneton
number per atom., However, we chose cluster size, rather than lattice
constant as our variable. After all, the formation of a metal occurs
as an accretion of individual atoms. The size of a cluster can be
changed freely and treated as a variable, Therefore, we present the
calculation of four different size clusters - Tiz, T14, T17, and T113
in this spin magneton number study. Table III-7 shows the results of
the SCF-Xx=-SW calculations, The average spin magneton number per

atom first increases from 3 for Ti, to 3.5 for Ti,, then decreases

2

to 3.1 for Ti7 and 2,5 for T113. The T:l4 tetrahedral cluster has a

maximum average spin magneton number per atom. This probably has
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Table III-7 Average spin magneton number per
atom for different size titanium clusters by the
SCF-X(-SW calculation

Ti Ti T14 T£7 T113 Bulk

atom Ti

average spin
magneton number 2.00 3.00 3.50 3.10 2,50 0.00
per atom
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to do with the unfavorably high orbital energy of the B spin states
for the Ti4 cluster as shown in Figure IYI-2. 1If the energies of
those B spin orbitals are too high above the Fermi level, most valence
electrons will be forced to occupy the relatively lower energy ¢ spin
orbitals. However, this phenomenon is slightly different in the Ti7
and Ti,., clusters. The nature (i.e. geometry, bonding, etc.) of these

13
two clusters is such that the energy splitting between the @ and B
spins is smaller than that of the Ti4 cluster (see Figure ITI-2),
From this we can expect that some more S-spin orbitals lie below the
Fermi level and should be occupied. The energy splitting between
opposite spins of the Ti13 cluster is the smallegt among the four

clusters (Tiz, Ti,, T17, and T113). Therefore, we have evidence to

i
predict that increasing the size of a cluster ( >13 atoms) should
reduce the average spin magneton number per atom in a bigger cluster.
And as the size of a titanium cluster increases, the average spin

magneton number per atom of the whole cluster presumably approaches

Ze€Xo0.

III-3-5 Total Energy Per Atom in Different Size of Titanium Clusters

and Prediction of Bonding.

30
Fischer and Whitten studied Ti chains. They concluded that the
SCF-X0=SW method is suitable for the study of electronic structure of
transition metal clusters provided that the total energy is only

considered for different states with fixed geometry. The muffin-tin
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approximation employed in this study does not presently allow for
accurate calculation of activation barriers and dissoclation energies.
However, our new studies show that the total energies per atom of
several different geometries may still be useful to predict the rel-
ative bonding of different size clusters qualitatively.
Table III-8 tells us that the T113 system gives the lowest relative
total energy per atom and thus shows that the T113 system has the
highest bonding energy among the systems,

From Table I1I-8, we see that the total energy per atom is lowered
from ~1696.79 Rydbergs for Tiz to ~1696,96 Rydbergs for T113. T12 and
Ti, have the same total energy per atom. T12 is a two atom cluster

7
and Ti., is & seven atom "surface' hexagonal cluster. The volume

7
filling ratios of both cases are low, 33.3% for Ti, and 33.8% of Ti7.
This low ratio also gives a less negative intersphere constant poten~
tial as shown in Table III-8. One of the SCF-Xu-SW procedures is to
match the boundary conditions at the atomic- and outer- sphere
boundaries. This less negative intersphere constant potential could
in turn give less negative energy states (see Figure III-2) and a
less negative total energy per atom. The lowest relative total energy
per atom of T113 is meaningful Dbecause each of the structures(Tiz,
Ti4, Ti7, and T113) may be viewed as a small part of titanium metal

crystals, Therefore, our calculated results may indicate that the

bulk Ti metal tends to form a stable system.
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Table III-8

Total energy per atom,
constant potential for

volume filling ratio and
different size clusters

T12 T:I.4 Ti7 Ti13
Total energy
per atom -1696.79 | -1696.91 | -1696.79 | -1696.96
(in Rydberg)
Volume
filling ratio 33.3 48.6 33.8 92.6
(in %)
Constant spin -0.4299 | -0.5658 -0.4167 -0.6694
owm
potential
(in Rydberg)
331“ -0.3367 | -0.3474 -0.2237 -0.5088
Tiz - two atom linear cluster
Ti4 - four atom tetrahedral cluster
T:I.7 ~ seven atom "surface" hexagonal cluster
Ti,. — thirteen atom hexagonal close-packed cluster

13

Volume - the ratio of the intrasphere volume to the total volume

filling
ratio
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I11I-3-6 Comparison of SCF-X0-SW Calculations with Feibelman's Band

Structure Calculations on Ti.

Feibelman, et sl."studied the electronic structure of a thin
(11-layer) Ti(0001) £ilm, They used a numerical method based on a
linear combination of Causs:lan orbitals to carry out their calculations.
The only approximation they made is the assumption of a local exchange-
correlation potential., The result of their calculation is shown in
Figure III-~3. They found that the density of states (DOS) in the
lower d-band region narrows dramatically at the surface. This is due
primarily to a quite narrow band of surface states found to coincide
with the Ti Fermi energy, extending no more than a few tenths of an
eV on either side of it. This result suggests that occupation of the
surface band plays a large role in determining the strength of the
dipole layer at the Ti surface, and hence the Ti(0001) work function.
The work function they found is 3.8 eV, in good agreement with the
experimental result, 3,95 ev.” The other major result is that the
surface DOS for Ti(0001l) is strongly modified in the lower portion
of the d band, In the bulk, the Fermi level lies at a minimum between
two peaks in the DOS, while at the surface these peaks appear to merge
and sharpen, with the new maximum falling just at EF, as shown in
Figure III-3.

We performed SCF-Xx-SW calculation on three different clusters,
namely, Ti,, T17, and T113. The results of our calculation are

shown in Figure IIX-4, Figure III-5, and Figure III-6. We see that
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FIG.Ml-3Layerwise Jocal density of states (LDOS) for aa
11.tayer Ti(D001) film. The vacuum level is at encrgy 0.0,
The dotted line indicates the Fermi level at £ =~0.139 a.u.
(=~3.8 eV). Note the strong surface resonance in the
outermost {("1s1”) layer. :

Figure taken from: P.J. Feibelman, J.A. Appelbaum
and D.R, Hamann, Phys. Rev. B20,
1433 (1972).

62



the DOS of Ti, and Ti, clusters resemble the DOS of layer 1 of

4 7
Feibelman's 11 layer Ti(0001l) film and perhaps both may be compared
with a surface layer of Ti metal. On the contrary, the DOS of the
T113 cluster has features similar to the DOS of layer 6 of the 11
layer Ti(0001) film. The phenomena which appeared in the Feibelman's
data do appear again in our calculation. We see the narrow d band
of surface states in T:l4 and Ti7. And we also see that the Fermi
level of T113 lies at a minimum between two peaks in the DOS, while
these peaks in T14 and T17 clusters appear to merge and sharpen,

with the new maximum falling just at EE as shown in Figure III-4,
Figure III-5, anﬁ Figure III-6. On the other hand, we get three
different work functions for three different clusters. The work
functions are 3.6 eV, 3,0 eV, and 4.2 eV for Tih' Ti7, and Ti

13

respectively. Since the Ti7 cluster has a low volume filling ratio
(33.8%) and the muffin-tin approximation was employed in this cal-

culation, the 3.0 eV of work function for Ti_, cluster is especially

7

unreliable. The T113 cluster has high volume filling ratio (92.6%).
Therefore, the work function of Ti.13 cluster, 4.2 eV, can be con-

sidered a reasonable result, in agreement with experiment,

I1I=3-7 The Relationship between Total Energy and Singly Occupied
Orbitals for T:I.4 cluster.
During the'course of interaction between the adsorbate and the

lattice in a chemisorption process, we expect that the atoms of the
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Figure 1I1I-4 Density of states for Tia cluster.
The Fermi energy is indicated by a dashed line.
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Figure III-5 Density of states for '1‘17 cluster.
The Fermi energy is indicated by a dashed line.
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lattice near the adsorbate are more important than the rest of the
lattice. This is mainly because the Coulomb and exchange interactions
are stronger in a shorter range. Therefore, it is essential to study
the intrinsic electronic arrangement of the few atoms which geometri-
cally touch the adsorbate atoms. Ti4 cluster is a good example for
studying this aspect since it provides the information for the three
Ti atoms on the lattice surface, touching one of the adsorbate atoms.
The calculated results of the Ti4 low lying states are listed in
Table III-9. The data show that the different choices of singly
occupiled 815 8,, €, t,, and t, orbitals for valence electrons give
various total energies. Here, 415 855 € ty, and t, are the five
representations of the Td point group which the Ti4 cluster belongs
to. We identify the character of the orbitals by looking at the
computer generated partial-wave analysis as shown in Table III-10.

We find that the la, orbital is s-like while the rest of the orbitals

1
are d-like. State I (see Table III-9) has the lowest energy among
the listed states. The data also indicate that the s-1like orbital
of State I is doubly occupied and the d-like orbitals of State I

are singly occupied. Attempts to singly occupy the s~like orbital
and doubly occupy the d-like orbitals do not lower the total energy
(see from State II to State VII in Table III-9). Thus, we conclude

that the singly occupied d-like orbitals can lower the total energy

of Ti4 cluster.
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Table III-9 Tik
correspond to different cholces of singly

low-lying states. Results

occupied 215 8, e, tl’ and t2 orbitals.

Unit of the total energiles is in Rydbergs.

Stat

e Total Energy

(la1+)(1a1+)(2&1+)
(lett) (2e44) -6787.621
(1t1+++)(2t1+++)(3t1+++)

II

(lal+)(lal+)(231+)
(lettr) (2e14) . =6787.551
(1tl+++)(1:1+)(2t1+++)(3t1+++)

ITI

(lalf)(1a1+)(231+)
(letd) (2et4) ,~6787.527
(1t1+++)(1t1+)(2t1+++)(3t1+¢)

1v

(1a1+)(231+)
(let4) (2e44) -6787.520
(1:1+++)(1t1+)(2t1+++)(3t1+++)

(1a1+)(2a1+)(3a1+)
(let4) (2et4) -6787.465
(1t1+++)(2t1++f)(3t1++¢)

VI

(1a1+)(1a1+)
(let+) (2e44) -6787.441
(1t1+++)(1t1+)(2t1+++)(3t1+++)

VIl

(la;4) (la,+) (2a,1)
(lett) (let+) -6787.402
(1t1+++)(2t1+++)(3t1+++)

whe

re al, a,r €, tl’ and t2 are the five representa-

tion of the Td point group.
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Table III-10 Partial-wave analysis of the valency orbitals

of the Tié cluster. Only the valency orbitals of State I

(see Table III-9) are presented here.

Orbital £ Partial-wave analysis (%)
(in Rydbergs) (titanium atomic region)
la, + -0.494 79s 12p 9d
la, + -0.274 83s '10p 7d
2a, ¢ -0.382 3p 97d
le 44 ~0.332 2p 984
2e 44 -0.267 2p 98d
1t1 +44 -0.381 16s 7p 774
2t, 44 -0.335 48 96d
3t, 44 -0.286 4s 3p 93d
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I1I-3-8 The Role of the Constant Potential Related to the d Electron
Participation in Ti-Tf{ ¢ Bonding in Tiz, Tih’ Ti7, and T113
Clusters.

Fischer and Whittenac’carried out electronic structure calculations
of TiH and Ti chains using the X~SW method. They pointed out that
the amount of d-wave contribution to the o electrons seems to-depend
on the value of the constant potential. Thus, the d electron popula-
tion per Ti center increases as the depth of the constant potential
increases. However, this conclusion was based on the results obtained
from non-self-consistent-field calculations. We reexamined this
statement by studying the four different titanium clusters - T12,

T , Ti7, and T11 , and

4 3’ 7
T113 clusters were described in Sec. III-2. Tizof course has a

linear structure, All the calculations were done by the self-con-

The geometric structures of the Tia. Ti

sistent-field Xo~SW method.

Our calculated results are listed on Table III-11. The data
show that the value of the constant potential does not have any sig-
nificant effect on determining the d electron population per Ti
center. A large value of the constant potential does not necessar-
ily lead to a large d electron population per Ti center. For in-
stance, the magnitude of the constant potential of the Ti, cluster
(0.35 a.u. for a spin and 0.57 a.u. for 8 spin) is larger than that

of Ti, cluster (0.22 a.,u. for @ spin and 0,42 a.u. for g spin).

7
On the contrary, the d electron population of the Tia cluster (2.48

e) is smaller than that of Ti_, cluster (either 2.87 e for T, atom or

7 1
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Table III-11 Constant potential, d electron population per Ti center,

and Fermi energy of Tiz, Ti4, T17, and T113 clusters,

Tiz 'l‘i.4 Ti7 T113
Constant a spin ~0.34 -0.35 -0,22 -0.51
potential
(in a.u.) B spin -0.43 ~0.57 -0.42 ~0.67
Number of T, 2,40 2,48 2.87 3.28
d electron T, 2,68 2,43
per Ti T3 2.38
center
Fermi .
energy 3.00 3.60 3.00 4.20
(in ev)

where T,, T,, and T, were described in Table III-6.

1> "2 3
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2.68 e for T2 atom). The Ti7 cluster has two types of atoms, T

and T2 which were described in Table III-6.

1

On the other hand, we found that the value of the constant
potential is closely related to the Fermi energy of a cluster.
The Fermi energy of a cluster is directly assoclated with the
work function of the metal. Our results show proportionality
between the Fermi energy and the value of the constant potential.
The Ti13 cluster has the highest value of the Fermi energy ( 4.2 eV )
and it has the largest value of the constant potential among the
four investigated clusters. Ti2 and Ti7 have the same magnitude
of the Fermi energy ( 3 eV ) and both clusters have about the

same value for the constant potential,
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CHAPTER IV
CALCULATION OF CHEMISORPTION OF HYDROGEN ON

Ti(0001) USING THE Xo-SW METHOD

IV-1 Introduction
Chemisorption of hydrogen on metal surfaces is an important
problem. We list three reasons for choosing to study the chemisorp-
tion of hydrogen on a titanium surface. The first reason is that
.hydrogen could possibly become an important energy sourceoin the
near future. A safe and highly efficient pathod of hydrogen storage
is not yet known. Recently, several reportasﬁgse pointed out that
the transition metals and their alloys are potential hydrogen storage
systems. Ti forms a bulk hydride and the reaction of H with Ti sur-
faces determines the uptazke of H in a hydrogen storage application.°5
However, the study is still in the preliminary stage and further
research is definitely needed from a practical viewpoint. Secondly,
a basic understanding of chemisorption and catalysis is lacking at
the molecular level. Hydrogen is the simplest element. It is
certainly a good choice to use hydrogen in this study for reducing
the complexity of the problem. In the mean time, from the theoreti-
cal point of view titanium is one of the easier first row transition
metal elements to deal with, since the intrashell correlatioﬁ energy
for the 3d electrons is not expected to be as important as it is in
the case of Ni and other transition metals with more than half filled

a0
d shells. Moreover, a number of experiments on titanium surfaces
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with known configurations are availablefaihis information strongly
encouraged us to do this research. Finally, the titanium-hydrogen
system is important because Ti is a technologically important
material and because H is a common impurity in 1t.°°Ti also reacts
readily with H making it the single most important getter material
for 1-1.67

Here we use the SCF~Xx-SW method to study the electronic
structure of three different titanium-hydrogen systems, namely, HT14,
T14H and T113H2. The detailed descriptions of these three systems
are presented in the next section (IV-2), The calculations are aimed
at clarifying the relevant bonding properties of the titanium-hydrogen
system, The determination of these bonding properties is a major
step in building a theory of chemisorption.

In 1979 Fischer and Whitten carried out SCF-X0-SW calculations
on titanium chains and titanium hydride. One of the major conclu-
sions of their studies is that the SCF-XQ-SW method is suitable for
the study of the electronic structure of transition metal clusters
provided that the total energy is only considered for different
states with fixed geometries, Thus the muffin-tin approximation
employed in their work does not allow for accurate calculation of
activation barriers and dissociation energies. The muffin tin
approximation is also employed here due to its rapid convergence.

Of course, the same total energy deficiency appears in our calcu-

lation too. Fortunately, the SCF-X0~-SW method proved to give a
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useful description of the eigenenergies for a given system. After a
suitable density of states calculation, these eigenenergies yield an
energy spectrum for the system. By making a comparison between this
calculated energy spectrum and the experimental UPS data, we may be
able to gain some information about the geometry of the titanium-

hydrogen system.
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IV-2 Computation

The clusters to be considered for the titanium-hydrogen systems
include a four atom tetrshedral titanium cluster with a hydrogen
atom in the center (HTia), a four atom tetrahedral titanium cluster
with a hydrogen atom at the hcp site (Tiaﬂ) and a three layer thirteen
atom hexagonal closed-packed titanium cluster with two hydrogen atoms
in the two hcp sites on both top and bottom layers (T113H2). Figure
IV-1 shows the three gselected titanium-hydrogen clusters. The
parameters and the radii of spheres used in the SCF-X0~-SW calculation

on HTi,, Ti H and Ti _H are'tabulated in Table IV-1.

4 4 1372
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@ — Ti
O — H

Figure IV-1 Three selected titanium~-hydrogen clusters:
(a) HT14 »(b) Ti4H and (c¢) Ti13H2.
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Table IV-1 Parameters used in the SCF-Xa-SW calculation

on HT14. Tiaﬂ, and T113H2. Ti-H and Ti-Ti internuclear

distances axe 3,7885 a,u., and 5.5769 a.u. respectively.

Xa-5W exchange parameters Sphere radii (a.u.)
Gy ™ 0.71698 RTi = 2,7885
oy = 0.77725 R, = 1.000
HT14: aoutersphere‘0'71766 Routersphere-6'2037
aintersphere=0'7l766
TiAH: 0‘outt‘:n:sphe.reso'71766’ Routersphere=6'2037
uinterspheregOJl766
T113H2: aoutersphere=0'71701 Routersphere=8'3655
aintersphere=0'n701
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IV=-3 Results

IV-3-1 The Role of the d Orbitals in the Bonding of the H Atom to the
Titanium Cluster

Configuration-interaction calculations on TiH indicated a 1imited
role for the d electrons in the Ti-H bond.“'i% contrast to this result,
Xp-SW calculations by Messmer, et alfgf H-atom interactions with Ni,
Pd, and Pt clusters indicate a strong role for the d orbitals in the
bonding of a H atom to the surface of the transition-metal cluster.
Fischer and Whitten also used the Xo-SW method to carry out TiH and Ti
chain calculations and concluded that many of the ¢ levels in TiH
and Ti2 exhibit a great deal of d function participation. Since all
of the above calculations involved_hydrogen on the surface of the
transition-metal clusters, we suppose that the presence of the H atom
could change some characteristics of the bonding between the tran-
sition-metal atoms. Thus, we carried out another Xx-SW calculation
on the chemisorption of hydrogen on Ti(0001) to obtain a more thorough
understanding of the d function participation in bonding.

We have studied the electronic structures of Ti,, Ti7, and T113
clusters in Chapter III. We know that the two most deeply bound &
bonding orbitals in those Ti clusters contain about 10% of the d
participation with the exception of the Tl of the T113 cluster, Here
we do further calculations on the HTia, Tiaﬂ, and T113H2 clusters,

We list the calculated results of the two most deeply bound & bonding

orbitals of Ti,, HT14, and T14H in Table IV-2, Comparable results
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Table IV-2 Partial-wave analysis on the two most
deeply bound ¢ bonding orbitals for Ti4, HTi4, and
TizH clusters,

Partial-Wave Analysis (%)

Case Orbital ¢, (Ryds.) T1 T2
ot ~0.494 79s 12p 9d
Tig '
o+t «0.,2T4 83s 10p 17d
o4 -0.864 31s 28p 41d
HTig
o+ «Q.705 28s 29p 43d
o4 ~-0.689 55s 23p 21d 43s 23p 34d
Ti, H .
4 o4 -0.524 46S 26P 27d  37s 25s 39d
where
T1 of Tﬁ#H ~ the only Ti atom which does not
touch the H atom.
T2 of Tia” = any of the three Ti atoms which

touch the H atom,

have only one type of Ti atoms-T1.
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for Ti13 and T113H2 are tabulated in Table IV-3. The data of Table
IV-2 show a stronger d participation in the two most deeply bound &
bonding orbitals of HTi4 and T14H than those of Tik‘ The 427 d
participation for HT:L4 18 compared to 8% d participation for Tih'

The analysis of the T14H case is more complicated. This is because
T14H has two different types of Ti atoms - T1 and T2, TI1 of TiaH is
the Ti atom which touches the other three Ti atoms and is furthest
from the H atom (see Figure IV-1(b)). T2 of T14H represents any of
the three atoms which directly touch the H atom. From Table IV-2, it
is seen that the d participation in the two most deeply bound ¢ bond-
ing orbitals for the T2 atom of T14H are stronger than those of the

Tl atom of Ti,H, 247 for Tl compared to 377 for T2, In HTi, and Ti H

4 4 4
systems, the single electron of the hydrogen is embedded in the 88
electrons of the four Ti atoms. The electronic charge of the hydrogen
atom is only 1.17% of the electronic charge of the four Ti atoms.
Therefore the 13% difference of d participation in the two most deeply
bound ¢ bonding orbitals between the T2 and Tl of TiAH is meaningful.
A similar result is given for T113H2 in Table IV-3., The T113H2 has
three types of Ti atoms - Tl, T2, and T3. Tl of T113H2 is the central
Ti atom in the central layer. T2 of T113H2 is any of the six atoms
surrounding Tl in the central layer. T3 of T113H2 represents any of
the six atoms touching the two H atoms (see Figure IV-1(ec)). 13

of T113H2 has 32% d participation on the two most deeply bound o
bonding orbitals as opposed to 12% for Tl and 3% for T2, In the

T113H2 cluster, the two electrons of the two hydrogen atoms carry
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Table IV-3 Partial-wave analysis of the two most
deeply bound ¢ bonding orbitals for Tisa and

Ti,3H, clusters.

Orbital energies in Rydbergs.

Partial-Wave analysis (%)

Case Orbital €, T1 T2 T3
ot ~0.648 _ 100s 79s 16p 5d 79s 15p 6d
Ti ' ‘
13 & -0.520  100s 68s 20p 13d 67s 19p 14d
at -0,.738 91s 9d 83s 16p 2d 50s 18p 32d
Tijah
o+ -0.637 85s 15¢ T7B8s 19p 3d 47s 21p 32d
where

T1- The central Ti atom of the central layer.

T2- Any of the six Ti atoms which touch T1 and
are in the central layer (see Fig.IV-1).

T3~ Any of the six Ti atoms in the top and the
bottom layer.

T3 of the Ti;,H, cluster touches the H atom (see Fig.

Iv-1).
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ontly 0.3% of the electronic charge of the thirteen Ti atoms. There-
fore any effect due to the presence of the hydrogen atoms is expected
to be smaller than that in the T14H case, Therefore, the above dif-
ferences between T3 and Tl of T113H2 are significant. This indicates
that the H atom plays an essential role in enhancing the d function
participation in the two most deeply bound o’ bonding orbitals of its
nearest neighbor Ti atoms. Table IV-4 shows the total charge density

analysis of the Ti,, HTia, and T14H clusters. Again we see that the

d electronic charge of T2 is more than the d electronic charge of T1
by 0.1 extra electron (2.61 d electrons for T2, and 2,51 d electrons

for Tl of the T14H case). The total charge per T2 atom of T14H is

20.98 electrons while the total charge per Tl atom of T14H is 20,81

electrons. This indicates a small amount of charge transfer among
the Ti atoms through the introduction of an H atom on the Ti surface.
This also implies that the bonding of the Ti atoms is no longer
purely metallic, but that an ionic component for atoms participating
in the chemisorption bonding has been added to it.

A similar result for T113H2 is shown in Table IV-5, By comparing

the data of T113 and T113H2, we see that the T3 atom, which touches

the H atom in the Ti case, increases the d electronic charge from

1372
2.38 e for T113 to 2.45 e for T113H2. Also the total charge per T3

atom increases from 20.84 e for Ti,, to 20.95 e for Ti,,H,

total charge per T2 atom decreases from 20.99 e for T113 to 20.90 e

for T113H2. The above changes of the d electronic charge are about

while the
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Table IV-4 Total charge density analysis of
the Ti,, HTi, , and Ti H clusters.

6. 335 12.07p 2.48d
T14 Total charge per
T1 atom = 20.88 e
6.26s 12.13p 2.61d
HTi4 Total charge per
T1 atom = 21 01 e
6. 225 12. 07p 2.51d 6.26s 12.11p 2.61d
Ti4H Total charge per Total charge per
Tt atom = 20.81 e T2 atom = 20.98 e

where
T1 and T2 of T%_H were described in Table IV=-2,

84



Table IV-5 Total charge density analysis of
the Ti,y and Tiy3Hz clusters,

- R e b e o e o b A ey N e W e A S AN G e R S T S e W G S S S s S

Case ™M T2 T3

.
- - S S D G R R e e R e v S S e e bl i e i U ey Y S M D S S S U S G S .

6.57s 12.47p 3.28d 6.39s 12.17p 2.43d 6.323 12.14p 2.328d

Tiyy Total charge per Total charge per Total charge per
T1 atom= 22.35 e T2 atom= 20.99 e T3 atom= 20.84 e

6.56s 12.48p 3.24d 6.38s 12.17Tp 2.36d 6£.32s 12.18p 2.45d
TiqgHa Total charge per Total charge per Total charge per
T1 atom= 22.32 e T2 atomz 20.90 e T3 atom= 20.95 e

where
T1, T2, and T3 were described in Table IV-3.
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0.1 e which 1s usually considered a small amount. However, this
amount is produced by the 0.37% electronic charge participation of the
two hydrogen atoms. Thus, we consider the 0.1 e change meaningful.
The above analysis suggests that the H atom tends to increase the g
participation in the bonding of a Tiiﬂ cluster, and also changes the
nature of the Ti - Ti bonding in chemisorption from pure metallic to

2 metallic-ionic mixed bonding.

IV-3-2 Determination of the Surface Geometry of the Titanium-Hydrogen
System.

The determination of adsorption geometries via low-energy-elec-
tron diffraction (LEED)ngas been considerably -improved recently.
Other types of scattering tech%&éggg have also progressed. However,
it is still far from routine to determine the location of the atoms at
a surface. This statement is particularly true for surface hydrogen
atoms, since H is a weak electron scatterer. For example, Feibelman
and Hamann?gxtended their studies by using angle-resolved photoemission
spectroscopy which is sensitive to surface atomic arrangement, and
thus can be used to narrow down possible surface geometries. They
also used the self-consistent linear-combination-of-atomic-orbitals
{5C-1LCAQ) method to calculate the surface band structure for each of
five different symmetry sites for H on the Ti surface as shown in

Figure IV-2. They found that both the position of the H peak (5eV

below EF) and the changes in d bands of T1(0001) induced by the H
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FIG. V-2 Bchematic of the unit cell of a bagal-plane
hop film, The Ti atoms are represented by closed clir-
cles, The sites tried for the H adlayer are Indicated,
Including the atop (onefold) site, a threefold *hep”
slte, the tetrabedral underiayer site, and the octahe-
dral site.

Figure taken from : P, J. Feibelman and D. R. Hamann
Phys. Rev. B21, 1385 (1980).
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layer were strongly dependent on the assumed surface geometry. They
also found that locating the H's in the three-fold sites, 0.8 a.u.
outside the outer titanium layer (equivalent to 1.6 a.u. above the
titanium surface in our way of calculation), led to the best agree~
ment with the Eastman UPS experimental dataz2 Cremaschi and Whittenr3
also carried out SCF«CI calculations on chemisorption of hydrogen

on titanium, Their conclusion was that dissociation of H2 ocecurs
above the surface but more stable 3-fold coordination sites lie
closer to the surface at 1.33 (2.46 a.u.).

In spite of the uncertainty in total energy of the Xa-SW method
due to the muffin-tin approximation, we employed the method to do
calculations on two different titanium-hydrogeg systems, namely HTi.4
and T14H. In the case of HTi,, the hydrogen atom is at the under-
layer tetrahedral hole. On the contrary, for the T14H case the
hydrogen atom is at the.overlayer 3-fold hep coordination site, 2
a.u. above the titanium surface. Figure IV-3(§) and Figure IV-3(d)
show the density of states (D0S) for H'I'i4 and T14H respectively.
Near the Fermi energy, the two different geometries behave in almost
the same manner. However a large difference occurs on the left hand
side far away from the Fermi energy. According to the DOS of HT14,
the hydrogen induced peak is located at E=0,79 Rydbergs, which is
0.52 Rydbergs (7 eV) below EF’ while in the T14H case, the position
of the hydrogen induced peak is at E=~0.61 Rydbergs which is 0.35 Ryd-

bergs (4.8 eV) below the Fermi energy. Eastman's data suggested the
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hydrogen peak should be at 5 eV below E, as shown in Figure IV-4.
Therefore, by identifying the position of the hydrogen peak, our
calculation shows that for the TiaH cage with a hydrogen atom siting
on 3-fold hep site, 2.0 a,u, above the Ti surface, the location of the
peak agrees very well with experiment. On the contrary, the HTi4 case
shows that the position of the hydrogen induced peak is not in agree-

ment with Eastman's experimental data.

IV-3-3 The Interaction of Atomic Hydrogen With Ni and Ti Clusters

The interaction of hydrogen with transition metals such as Ni
and Ti is of fundamental importance in the understanding of the
dissociative chemisorption of hydrogen on the surface of these m,etals4
and the catalytic activity of small particles and clusters of these
metals.w“aoth nickel and titanium belong to the first row of the
transition metals in the periodic table. The primary difference
between them is the fact that nickel is on the right hand side while
titanium is on the left hand side of the transition metal group.
Atomic nickel has the electron configuration of (45)2(3§)8 while
atomic titanium has the electron configuration (45)2(3g)2. The
relativistic effect on the first row of the transitioﬁ metals 1is
negligible. Molecular-orbital calculations were carried out for the
titanium clusters using the standard nonrelativistic SCF-Xx-SW method.
The Ti, and H'H4 (hydrogen at tetrahedral hole) are open shell systems

since each titanium atom has two unpaired d electrons. Therefore the
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Figure IV~ 4 Eastman's UPS spectrum for a Ti film,
The energy zero in the curve is at
the Fermi energy. 1 a.u. = 2 Rydbergs.

Figure taken from : D. E. Eastman, Solid State Commun.
10, 933 (1972).
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unrestricted SCF-X0~-SW method was used for the calculation on the T:L4
and HTi, systems. Only restricted SCF-X0~-SW results for Ni4 and
HNi4 are available from Messmer's paper.,

The resulting orbitel energies for the tetrahedral cluster with
and without interstitial atomic hydrogen are shown in Figure IV-5,
Also shown, for comparison, is the SCF-Xo-SW Ig-orbital energy for
the isolated hydrogen atom. The 1ls-orbital energy of the hydrogen
atom computed by the SCF-Xx-SW method corresponds approximately to
to the electronegativity & (I+A), where I is the ionization potential
and A is the electron affinity.

The electronic structures of tetrahedral titanium and nickel
clusters shown in Figure IV-5 are characterized by a manifold of
closely spaced d-levels bracketed by s, p, d-hybrid levels. This is
analogous to the overlap of the "d-band" by the 's, P - like condwtion
band" in the bulk Ti and Ni crystalline metals.’sihe Fermi level (EF)
passes through the top of the "d-band", just as in the bulk transition
metals. The deepest energy level shown in Figure IV-5 for the Ti.4
cluster, associated with cluster orbitals having the ay representation
of the Td point group and roughly analogous to the Bloch band-structure
state having the Ii representation of the crystal space group, is
predominantly s-like with a small amount of P d-hybridization. The
deepest energy level for the N:l4 cluster, shown in Figure IV-5, is
also associated with ﬁhe allmolecular orbital, and is predominantly

s-like, but with significant d-oxbital hybridization and some p-like
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Figure IV-5 SCF-Xa-SW orbital energies of tetrahedral
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tial atomic hydrogen.
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character. The partial-wave decomposition of the cluster orbitals
having ay symmetry is summarized in Table IV-6., The main difference

between Ni4 and Ti4 clusters is that Ni4 has significant d orbital

participation in the lowest ¢ bonding state, while Ti4 has only a

small amount. T:L4 has a stronger s8-like orbital in the lowest o’ bond
state. These differences between the electronic structure of Ti4 and

Ni, are important to understanding the differences in the photo-

4
78
emigsion spectra for hydrogen chemisorbed on these metals. Those

spectra indicated that hydrogen is always an impurity of a Ti film
but not of a Ni film, We suppose that the difference of the lowest
o’ bond state between Ti and Ni is responsible for this difference due
to the stronger Ti-H bond.

The covalent bonding of atomic hydrogen at the cluster inter-
stitials is governed principally by the proximity in energy (or
electro-negativity) and concomitant overlap of the symmetry-conserving

orbitals near the bottom of the Ti, and Ni g-bands with the H

4 (A 4
lg-orbital. The main result is the splitting off of a hydrogen-metal

bonding enexrgy level of a, orbital symmetry from the bottom of the

1
d-band of each cluster, accompanied by a small shift of the second

lowest a., orbital, as indicated in Figure IV-5 by the orbital energies

1

for the HNi4 and HT14 clusters and the connecting dashed lines. The

metallic 4s-like component of the lowest a, orbital is largely re-

1
sponsible for the bonding of hydrogen to the nickel aggregate, as
indicated by the partial-wave decomposition for the ay orbital of

lowest energy in Table IV-6, However, the contribution of the
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Table IV-6 Partital-wave decomposition of the
lowest a, molecular-orbital charge distribution of
tetrahedral Ti and Ni clusters with and without
interstitial atomic hydrogen. '

Orbital Energy Fraction Partial-Wave Character

Cluster
(in Rydbergs) s P g
Ti, 0.494 0.79 o.n 0.09
HTi, 0.864 0.31 0.28 0.41
Nig 0.580 0.63 Q.11 0.26
HNig 0.724 0.47 0.18 0.35
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3d-like component to the bonding is not negligible, amounting to 35%
of the NiA—H a, bonding orbital charge. In contrast to the result for
HNiA, the metal d-orbital components almost dominate the bonding of
hydrogen to the titanium aggregate, the contribution of Ti 4s-like
components amounting to only 31% while the Ti 3d-like orbital component
amounts to as high as 41%. This result underscores the danger of
making general conclusions about the dominance of s-orbitals over
d-orbitals in determining the chemisorption and catalytic reactivity
of hydrogen on transition metals.

For both Ni4 and Tik’ the p-like orbital contributes only 1l%Z of the
a, bonding orbital which is not significant compared to the s-like
orbital, The E-like orbital still is a minority participator of the
Nik—H a, bonding since the 18% of the P contribution is about half of
d-like orbital and one-third of s-like orbital. On the contrary, the
E-like orbital shows its importance in the HT:L4 system, amounting up
to 28% of the Ti4~H a, bonding orbital charge which is about the same
as the s-like orbital (31%). However, the p-orbital participation
may be a function of cluster size.

One more important difference between HNi4 and HTi4 is the energy

shifts upon H adsorption of the a, bonding state which are quite

different. The energy shift of the a, orbital for Ti, and HT:L4 is

1 4
0.371 Rydbergs whiie the energy shift of the a, orbital for Ni4 and
HN:L4 is only 0.128 Rydbergs, one-third of the shift from a, of Ti4 to

a, of HTiA' From this we can predict that the T14—H a, bond is stronger
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than the Nia-H bond. The interaction between hydrogen and Tiﬁ cluster
1s a stronger interaction than the interaction between hydrogen and N:LA
cluster. This may explain why all the photoemission data of Ti film

show a hydrogen induced peak, which is not seen on the Ni film,
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CHAPTER V
CORRELATED WAVE FUNCTION CALCULATION OF THE CHEMISORPTION

OF NITROGEN ON Ti(0001)

V-1 Introduction

The chemisorption of N, on transition metal surfaces has been
a8, 77- 81
the subject of many experimental studies. Most structures of chemi-
sorbed species on metal surfaces involve overlayer formation on the

surface, i.e., with the adatoms located above the outermost layer of

the metal surface. However, there has been both theoretical and

experimental evidence for underlayer f&rmaﬁion when nitrogen 1is
chemisorbed on titang:i:? -8’1121e chemisorbed structure of nitrogen on
Ti(0001) 1is apparently a structure for which the atomic arrangement
reflects very closely the structure of the bulk compound TiN, the N
atoms being located underneath the top layer of Ti atomsin what are
usually called octahedral interstitial positions.

Shih et afaﬂg:re done LEED experiments and theoretical LEED
intensity calculations Lased on the layer Korringa-Kohn-Rostaker
method to determine the surface structure of nitrogen on Ti{0001).
Figure V-1 shows their LEED data and calculated spectra. Upon the
LEED analysis of the 1 X 1 structure, they conclude that the N atoms
are located in the octahedral holes 1.22 + 0.05; below the first layer
of TL atoms. The description of the octshedral hole geometry is shown
in Figure V-2. Each N has six nearest neighbors. This unique result

among all experiments-underlayer formation - provides motivation for

the calculation of chemisorptionbgf N2 on Ti.
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Pigure V-1 Spectra calculated for several {(a) "molecular" and
(b) "atomic" modela are compared with LEED data.

Figures taken from: H, D. Shih, ¥, Jona, D. W. Jepson and
P. M. Marcus,surf, 3Science 60, 4£5(1976).



FIG. V-2 Perspective view of the T1{0001)1x 1=N atruc-
ture. The circles marked A represont close-packed Ti
atoms in the top atomic plane; the circles marked 5,
close-packed T{ atoms ia the secoad plane. The amall-
er dotted circles represent N atoms sandwiched be-
tween the two Ti planes, Only for the nearest N atom
is the full cotahedral coordination Indicated by bond
lines., The dotted vertical lines indicate the registry of
the A Ti stoma and of the N atomas relative to the close-

packed B plans,

Figure taken from: H., D. Shin, F. Jona, D. W. Jepsen
and D. M. Marcus, Phys. Rev. lLett,

36, 798 (1976).
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In this work we consider the theoretical treatment of the
adsorption and dissociation of a single N2 molecule on a Ti(0001)
surface using an electronic theory that permits the accurate com-
putation of molecule-solid surface interactions. The SCF-CI theory
is based on a many-electron approach in which configuration interaction
follows ab initio SCF calculations on an adsorbate plus surface region
embedded in the remainder of the lattice. The following objectives
are set:

(a) Calculation using small clusters, Nz-Tilo, to determine prelim-
inary information about the po;ential surface for N, on T1(0001),
involving the approach to the surface, atop atom, bridge, semi-
octahedral and 3-fold octahedral adsorption sites.

(b) Calculation of selected N2 adsorption sites, including the
octahedral interstitial position, using the embedding schemenfor
a more realistic 26 atom, three layer cluster model of the Ti(0D001)
surface.

(c) The delineation of contributions of 4s and 3d electrons to bonding
and the importance of correlation effects on adsorption, and

(d) the comparison of adsorption results for large and small Ti

clusters.
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V=2 Free N2 Molecule Calculation

The free nitrogen molecule calculation was needed for three
reasons. The first reason is to verify the validity of the nitrogen
basis set which we adOpted.aalhe second is to determine the inter-
nuclear distance which gives the maximum bonding energy between the
two nitrogen atoms for this nitrogen basis set. This distance sghall
be treated as the unstretched equilibrium bond distance of the free
nitrogen and shall be used for the unstretched case of the titanium-
nitrogen chemisorbed calculations. The third fs to find the total
energy of the free nitrogen molecule with the unstretched equilibrium
bond distance. This energy plus the total energy of a chosen lattice
shall be used as a reference for calculating the binding energles of
the chemisorbed system.

The nitrogen molecule is the adsorbate which is chosen for the
underlayer formation chemisorption studies in accordance with the
LEED data. The atomic cores of the nitrogen atoms in the Né molecule
are not assumed to be frozen. All electrons in the Né molecule are
involved in the entire SCF calculation. The N, basis was chosen
as ls, 1ls', 2s, 2s', 2px, 2p'x, 2py, 2p'y, 2pz and 2p'z on each
nitrogen atom. The parameters were taken from Whitten's paperueaihe
results of the SCF-CI calculation on the free N2 molecule are tabulated
in Table V-1. At the SCF level, the energy minimum occurs at the

bond distance of 2.09 a.u.. However, with the consideration of

configuration-interaction, the new energy minimum is shifted to the
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Table V-1 Results of the SCP-CI Calculation on the N2 ¥olecule,

Ryn (8:u.) | Bgop (auu) | g;:;r:i::') Escpaox (2-0-)-
1.99 . -108.8631 -0,1837 - ~109.0468
2,04 -108.8694 -0.1887 ~109.0581
2,09 -108.8706 -0.1927 -109.0633
2.14 -108.8675 -0.1981 ~109,0656
2,19 -108.8609 -0.2028 ~109.0637
2,24 ~108.8534 -0,2080 ~109,.0614
3.2 -108, 4976 ~0.3050 ~108.8026

vwhere
Ry oy - bonding distance between two nitrogen atoms,
ESCF - total energy of Né at SCF levelronly.

C.I. =~ configuration interaction.

Egop o 'GI - total energy of N, including SCF & CI calculation,
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bond distance of 2.14 a.u.. These results are in good agreement with
the experimental value, 2.074 a.u..a‘The total energy of a nitrogen
atom is 54,3881 a.t;..aa Taking this number as a reference, we found
the binding energy of a nitrogen molecule at the bond distance 2.14
a,u. is 7.87 eV, The experimental binding energy of the N, molecule

2

84
is 9.91 eV, Therefore our calculated free N2 binding energy is less
than the experimental data by 2.04 eV. However, this result is an
improvement compared to the calculated value of the restricted

Hartree-Fock method, 5.27 eV.a‘
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V-3 5Small Cluster Calculation, T110N2

The simplest possible model of the Ti(0001) surface with at least
two semi-octahedral adsorption sites is a two layer structure of ten
atoms, defined by the seven atoms with a close-packed hexagonal
structure as the top layer and the three atoms of the second layef
located at every other three fold site underneath the top layer.
Figure V-3 shows the two layer structure of Tilo. In this section,

Né adsorption on such a Ti 0 cluster is treated at an elementary level

1
to obtain preliminary information about the potential surface and
preferred adsorption sites., Due to the small size of the cluster, no
exterior region is defined by localization, and all Ti atoms have the
same set of basis orbitals, 4s and 48'; the N; basis consist of 1ls,
1s', 2s, 2s8', 2px, 2p'x, 2py, 2p'y, 2pz and 2p'z orbitals. The 3d
electrons of the metal, as a first approximation, are assigned to
atomic cores and contribute only an electrostatic potential. Calcula-
tions generally are performed only at the SCF level, but for. some

key points on the surface CI calculations are carried out to examine
relative stabilities. Binding energies are reported in Table V-2 and
Table V-3 for numerous points on the potential surface involving four
sets of perpendicular approaches of N2 to the Ti surface and six sets
of parallel approaches respectively. 1In all cases, binding energies

are given by taking the energy of the T110 clean surface plus that of

the free Nz molecule as a reference.
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(3 Ti atoms)
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Mq- - e e e - em e

Figure V-3 Structure of Two Layer Ti10 Small
Cluster Model

106



M., =Nia; | Distance above surface (a.u.) & Binding energies(ev)
Cage| Geomat Distance,
i (a.u.) | R=5,0 4.5 4.0 35 3.0 2.5
/;{u 2.14 «0.71 =0.31 -0.47 =-1,01
A »
&0 | 25 ~0.57
:'{bi
B ol . -0.16 | -0.21
2.14
VAV
%
c é 2.14 1,76 | -3.67
¥.,8bove the
o surfece
)] =575 =5.80 | =4.00

Ni;,8t a semi-
ootahed. site

Table V-2 Adsorption sites for liz on '1‘110 and binding energies of four

sets of perpendicular approaches.
indicaetes a repulsive atate,
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Ny, =Mi2; |Diatance above surface (a,u.) & Binding energies(ev)
Case| Geometry | Distance
(a,us) |R=5.0 4.5 4.0 3.5 3.0 2.5
d-;
E % 2.14 «0,94 -0.,85 =1.52
) g@ 3.22 2,10
A
¢ 8 "-ﬁl 6,44 -6,14
&
)3 g@ 5.58 -3054'
L
I AVA 5.58 -6.96
N/
B,,,and Ni;) are located at two adjacent
J % 5.58 semi-ootahedral sites,

|.|',) L7

The binding energy is =1,37 ev,

Table V-3 Adsorption sites for Nz on Ti,, and binding energies of six

sets of parallel approaches,
indicates & repulsive state,
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In Case A of Table V=2, at an N distance of 3.5 a.u. (1.85 A)

(L)
above the surface of the three-fold hcp adsorption site, an energy
minimum occurs for a N - N bond that is unstretched from the free
molecule value of 2.14 a.,u.. The only stretched case considered, for
a distance 2.45 a.u. between two nitrogen atoms, 0.3 a.u, more than
the free molecule value, turned out to be energetically unfavorable.
In Case B of Table V-2, at an N(l) distance of 3.5 a.u. above the
surface of the three-fold fcc adsorption site, the lowest energy is
obtained of all the cases considered and has binding energy -0.l6ev.

Contrary to one of the results in the calculation of H2 on Ti7,73
the perpendicular approach of Nz directly above the central atom is
the most unstable. Another interesting result occurs for the perpen-
dicular approach Case D of Table V-2, where the second atom (N(Z)) is
fixed at the semi-octahedral site and the first atom (N(I)) remains
on the surface of the fcc adsorption site. The binding energies are
unfavorable for the N(I) atom moving closer to the lattice. This
suggests that once one of the two atoms in a nitrogen molecule over-
comes the activation barrier to find a favorable location at the
octahedral site, a second N atom can no longer have a suitable site
nearby on the surface of the lattice,

All six sets of parallel approaches are energetically unfavorable
as ghown in Table V-3. However, the results do suggest that molecular
adsorption is less unfavorabie energetically than dissociative adsorp-

tion. A local energy minimum of Case E appears again at 3.5 a.u.

above the lattice surface. The bridge and 3-fold coordination sites
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are less stable. The most unstable position is found at the fcc-
fcc 3-fold coordination sites.

Case J of Table V-3 is special since the two nitrogen atoms of
a nitrogen molecule are both located inside the surface. The two
nitrogen atoms of a nitrogen molecule are sepa;ated and are located
at the two adjacent semi-goctahedral adsorption sites between the
first (top) layer and second layer of the T110 cluster model, A
gemi-octahedral mite is a site which is missing one atom compared to
an octahedral site. Cases H, I and J have a common N(I) - N(Z)
distance of 5.7 a.u.. Among these three different cases, Case J
which is the only underlayer calculation shows a relatively favorable
energy.

From the discussion above, the Tilo small cluster calculations
give us some important information. First of all, the unstretched
perpendicular adsorption at 3.5 a.u. above the surface is the most
energetically favorable case among all the cases investigated.
Secondly, no bonding is produced at the SCF-CI level of calculation
for overlayer formation. This is a surprise because small clusters
tend to overemphasize bonding due to the unrealistically large number
of surface atomspresent. This could mean that the d electrons will
play an important role. Perhaps they have to be singly occupied in

this SCF-CI calculation, as is suggested by results of Mlelius,:’1

50
Pakkanen and our Xu-SW-SCF calculation., These previous calculations
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have shown that singly occupying the d's gives lower energies.
Thirdly, a&n underlayer formation geometry, consisting of two

nitrogen atoms at two adjacent octahedral adsorption sites

is relatively favorable in these small cluster calculations.
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V-4 Large Cluster Model, Ti26N2

The T1(0001l) surface was modeled by“a 26 Ti cluster for N2
adsorption studies. The cluster, shown in Figure V-4, consists of
three layers: the surface layer of 16 atoms, a second layer of 5
atoms, and a third layer of 5 atoms. This cluster is part of the 54
atom lattice in Ref. 15 with internuclear distances the same as in
bulk Ti. A ten atom subregion (five of surface layer plus five of
second layer) including overlayer hep, fec and ﬁnderlayer octahedral

adsorption sites was specified for the N, adsorption studies. The

2
orbital basis for these atoms was augmented by one additional 4g and
one 3d basis function. A double zeta basis was used for N2 and the
single zeta basis of Ref., 15 was employed on the remaining lattice
atoms. The core potentials are derived from the spherically averaged
Ti atom configuration (45)1 (39)3. A unitary localization transfor-
mation was carried out following the SCF procedure using all 12
nitrogen 2p orbitals and the neighboring Ti atoms of the adgorption
region to define the localization site. This procedure limits the
CI to a tractable subspace of localized electrons and at the same
time incorporates the delocalized character of the 4s band into the
local description.

All calculations are performed as follows. The Ti 3d electrons
are localized in a 93 atomic distribution on all Ti atoms except the

ten atoms bordering the N2 adsorption gites. On these atoms a

spherically averaged 22 distribution is defined by an effective
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Figure V-4 Titanium hecp cluster containing 26 atoms,
The localization site in the surface and
second layer is labeled by atoms 1-10.



potential including a d/valence orbital overlap projector; the re-
maining d electron basis orbital is treated explicitly by allawiﬁg
mixing with.the 8, p electrons in either singly or doubly occupied
orbitals in the SCF description. An openw~shell procedure was needed
in this SCF calculation due to the absence of bonding in the small
cluster (T110N2) calculation and also because of evidence the energy
is lowered by singly occupying the d orbitals in the previous Xo-SW
calculations. Following the SCF calculation the splitting of Ti-3d
levels in the resulting field is determined, and the energy lowering
due to the transfer of two spherically averaged d electrons to the

two lowest d levels per Ti atom is calculated by taking the difference
between the energy total of the two lowest levels and twice the value
of the averaged energy of the four lowest lying levels of a Ti atom,
This emergy lowering is added to the SCF energy, and likewise in-
directly to the final total energy which includes the CI contribution.
The purpose of the CI is two fold: to introduce electronic correlation
in the description of adsorbate=-surface bonding and to permit further
variation in the coupling of the d electroms in the local bonding
region.

Preliminary calculations on Ti N2 (2~layer) showed the ener-

10
getically most favorable case to be: Né unstretched and perpen-
dicular to the gurface at the three fold fcec coordination site at
1.85 ; (3.5 a.u.). The Ti "N, small cluster calculation also
suggested another favorable site with underlayer formation with the

two nitrogen atoms at two adjacent octahedral adsorption sites.
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Based on this information, three geometries were considered and

listed below for N2 above the T126 surface and Nz at the underlayer

octahedral sites

A, N2 and Ti 2

o
B. N2 axis perpendicular to surface with nearest N 3.5 a.u. (1.85 A)

above surface at fec 3-fold coordination site.

at infinite separation.

C. Two N atoms in neighboring octahedral holes.
Figure V-5 shows the SCF eigenvalues for N2 on Ti(0001l). For

the N, and Ti, separated case, the Ti lattice levels (between -0.10

2 26
a.u., and -0.34 a.u.) are well separated from the Nz levels (between
-0.60 a.u. and -1.55 a,u.). There is algo a fairly narrow 'd" band
of lattice orbitals. Perpendicular adsorption results show a slight
downshift (~1 eV) of the N, © and n levels when compared to the free
Nz case. Also the d band is somewhat broadened. This spectrum
corresponds qualitatively to that of free N2. For the underlayer
adsorption case, the eigenvalue spectrum changes significantly. The
major feature of the underlayer formation is the sharp upward shift
in all levels. This is due to the fact that each N atom has taken
up about 1.6 extra units of electronic charge compared to free Nz.
While comparison with the photoemission dataagre difficult due to
several complications (described below), the underlayer formation

case 28 and 2p levels lie much closer to the photoemission 2s and

2p levels than do those for the perpendicular adsorption case.
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Figure V-5 SCF eigenvaluea for N, on Ti(0001). Solid lines
represent the doubly gccupied states., Dashed

lines denote the pure Ti 3d singly occupied
levels.

# UPS Qata were taken from 3 P. J, Feibelman and F, J. Himpsel
Phys. Rev, B 21, 1394(1980).
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Complications referred to above:

(1) - We are calculating the very dilute case whereas the UPS
experiment deals with monolayer coverage. Thus nitrogen-nitrogen
interactions could affect the results. These interactions are
not included in our calculation.

(2) ~ Electronic relaxation effects are not properly included by using
Koopman's theorem to obtain the ionization energy. Work is in
progress to include relaxation effects by doing SCF calculations.

(3) - Inadequate treatment of screening effects of the N-2s electrons.
The screening effects could be important in a calculation of the
ionization potential of this core-like level.

In Table V-4, total SCF energies and correction terms due to the
superposion effect of the basis set are reported for each adsorption
gite, Calculated binding (adsorption) energies relative to the N2
molecules and T126 clean surface are given in Table V-5. Of the
sites investigated, the underlayer formation with two nitrogen atoms
separately at the two adjacent octahedral adsorption sites is the
most stable with a large binding energy, 0.183 a.u. (115 kcal/mole).
The overlayer perpendicular case is not bound. There are thermo-
chemical data for comparison. King and Tompkins’%bserve a weakly
bound state for N on Ti with binding energies between 6 and 20 kcal/
mole with monolayer coverage. Fromm and Mayer’%bserve a strongly
bound state (~80 kcal/mole) with about two nitrogen layers of coverage.

These data are in qualitative agreement with our calculated binding
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Table V=4 Total SCF enerpies and the correction energies
of the superpousion effect for Nz—Ti26 adaorption cusges.

Total Correction for Total energy
Uite ESCF guperposition ul'ter correction
elfect
Np = Tpg  -116.657 0.0 -116.,657
sgparated
N2 axin
perpendiou 444 44y +0.020 -116.599
-lar at
fce aite
Two N atomd
in adjucent 44 90 +U, 138 -116,784
octahieural
holes

118



Table V-5 K, adeorption on 74(0001). Calpulated binding energies for N,
adsorption at selected sites ure reported for successive refioement in
theoretioal treatment., Energies in a.u,

E.‘;r Including Oorreotion For
Superposition d Llectron level (1 Binding

Site of Basie Ssts Splitting in lowering AR
Effsct Pield of Adsorbate
Wy ~ 2y 0.0 0.0 0,198 0
Separated : ’

llz Axis FPerpend-

oular to surface =0,058 0.004 0.1587 -0,008

at foo Site

Two N atoms in . ‘ .
adjacent Oota- +0.127 0,112 0.142 0,183
bedral Holes (1 15 Kudlﬂolt)

"® D, A, Xing and P. 0. Toopkine -Veskly Bound State, 6=20 Kcal/mole, Trens,
Yar. Soe, 64, 496 (2968). . ' _ ‘
E. Promm and 0. Mayer - Strongly Bound State, BO Koal/mole, Surface. Hoi.
57, T15 (1976),
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energies which show a strongly bound underlayer geometry and a nearly
bound state for a typical overlayer geometry.

A complete calculation of binding energies for all the cases
involves several extra steps., The details are described below:

(1) Superposition of basis set effect.

This calculation is the correction due to superposition of basis
set effect. One would expect this effect to be especially large when
the nitrogen basis is actually inside the lattice. The error arises
because the lattice actually "borrows" some of the nitrogen basis
and lowers the energy at the combined system., Thus it is not correct
to calculate the binding energy with respect to the lattice unless
some correction is taken for this effect. Thus, the energy of the
lattice is calculated using the full nitrogen basis in addition to
the Ti basis. This may overestimate the effect slightly since the
nitrogen orbitals are occupied by electrons contributed by the nitrogen.
However, since the superposition difficulty arises due to the diffuse
part of the orbitals, it is better to assume the full effect than to
ignore it. This correction for the overlayer perpendicular case is
not significant with a small correction 0.020 a.u. compared to
0.138 a.u. of the underlayer formation case.

(2) d electron splitting effect

Initially we assumed the electronic configuration for a titanium

etom in the lattice is (39)3 (45)1. This configuration is a reason-

31,50
able one based on our SCF-Xx-SW and other workers' results, Of the
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three 3d electrons per atom, one was explicitly included in the SCF
calculation while the other two were represented by a spherically
symmetric core potential obtained from a spherically symmetric charge
distribution representing the remaining "g“ electrons. - -

Since the d electrons are well localized it is reasonable to
study their behavior in the fixed field of the nucleli and electrons
of the lattice and adsorbate given by the SCF calculations. The 5 d
electron levels for each of the ten "improved" Ti atoms are shown in
the Table V-6 for the clean surface, underlayer, and overlayer per-
pendicular adsorption cases. These levels were obtained by diago-
nalizing the energy matrix for the 5 g-levels for each atom,

Analysis of the results showed that in each case the lowest
energy levels obtained were those for which the d functions pointed
away from the adsorbate atoms. Both overlap and Coulomb effects
contributed to raising the energy levels when a d function pointed
toward the adsorbate,

The amount of the lowering was estimated by calculating the
energy difference between the states ﬁith the two lowest levels
occupled and the case with the two electron energies averaged over
the four lowest lying levels on each atom. Only the one-~center part
of the total energy was considered since there is virtually no over-
lap between the d functions on neighboring atoms.

In each case the d electron which was explicitly included in
the SCF calculation had a higher energy than the highest lying d
level on the same atom. Apparently a d level is pushed up by the

rest of the electrons. 121
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Table V-6 Five d electron levels for each of the ten "improved"

Ti atoms for the three selected adsorption cases.

Energies in a.u.

Case Atom 1 Atom 2 Atom 3 Atom 4 Atom 5 Atom 6 Atom 7 Atom 8 Atom 9 Atom 10
Clean -0.318 -0.313 -0.301 -0.33% -0.301 -0.314 -0.350 -0,313 -0.303 -0.306
Surface =0.311 -0.306 -0.,295 -0.328 -0.295 -0.306 -0.343 0,306 -=0.297 -0.301

-+ -0 0303 _0-298 .00287 "0.321 -0.287 —0-304 -00337 -0-30"" -00292 -0.295

N, -0.279 -0.273 -0.265 -0.299 -0.264 -0.280 -0.314 -0.,280 -0.270 -0.274

-0.245 -0.238 -0.,230 -0.262 -0.229 -0.247 -0.272 =0.246 -0.228 -0.232
N, Axis ~0.,322 -0.322 -0.307 -~0.354 -0.309 -0.308 -0.355 =0.322 -0.314 -0.319
Perpendi., -0.316 -0.317 -0.302 -0.349 0,305 -0.300 -0.348 -0.314 -0.308 -0.31%
at fece -0,307 -0.307 -0.293 -0.341 -=0.294 -0.298 -0.342 -0.312 -0,303 -0.308
Site -0.283 -0.283 -0.271 -0.319 ~0.272 -0.273 -0.319 -0.288 -0.282 -0.287

=0,250 -=0.232 -0.237 -0.264 -0.222 =0.236 =0.272 -0.253 <0.242 -0.246
Underlay. =0.259 -0.269 -0.260 -0.394 -0.260 -~0.185 -0.142 -0.190 -0.189 -0.193
of N -0.255 -0,265 =0.256 =0.391 -0.,256 -0.180 -0.141 -0.186 ~0.187 -0.192
Atoms in -0.240 -0.250 -0.241 -0.383 -0.241 -0.,162 -0.117T =0.169 -0.164 -0,169
Octahedr. -0.216 =0,227 -0.218 -0.370 -=0.217 -=0.124 -=0.107 -0.131 =0.130 -0.135
Sites -0.150 -0.160 -=0.150 -0.309 -0.149 0,094 -0,080 -0.099 -0.099 ~0.104

Note: The atoms are numbered in the same way as in Figure V-4,



(3) Correlation effects.

Finally CI calculations were carried out for the various
geometries. Negligible effects due to d excitation were observed.
One surprise was that the CI lowering for the perpendicular case,
0.157 a,u., is substantially less than for free Nz. This is sur-
prising because N, in this case seems to be little altered from free
N2 which has a CI lowering of 0.198 a.u.. However there is some
difference as is indicated by the fact that the charge on the nitrogen

atom nearest the surface 1s 7.2 electronic charge while 6.8 units of

electronic charge are on the more distant atom.

Another interesting calculated result indicating the formation
of a bound state in the octahedral case is discussed as follows.
In the process of reviewing the molecular orbitals for the underlayer
octahedral case, we found an s-d mixing singly occupied orbital with
some charge leakage from Ti-3d to Ti-#g . This may explain why the
underlayer octahedral case forms a bound state while the other cases
do not. The unique s-d mixing orbital is significant because the
extra interaction between the Ti-3d and Ti-4s may lower the total

energy of the system due to a gain in energy on delocalization.
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V-5 Comparison Between the Calculations for the Overlayer Dissociated

Case and the Underlayer Octahedral Case.

The large cluster (T126N2) calculations in Section V-4 indicated
that the underlayer octahedral case shows a bound state with a
binding energy of 115 kcal/mole. The eigenﬁalue spectrum for the
underlayer octahedral case also shows good agreement with Feibelman's
UPS data. However, we felt that the overlayer dissociated case may
yield results similar to those of the underlayer octahedral case
since the two nitrogen atoms in the overlayer case are exactly over
their postulated underlayer positions. In spite of an unfavorable
result for the dissoclated case obtained from the small cluster
calculations (section V-3), we did further calculations of the large
cluster model for the oﬁerlayer dissociated case, The two nitrogen
atoms of the oﬁerlayer dissociated case located at the two adjacent
fce sites are 3.5 a.u. above the Ti surface,

The calculated SCF eigenvalues for N_-Ti

2 "726
the overlayer dissociated case, are shown in Figure V-6. The

systems, including

eigenﬁalue spectra of the doubly occupied orbitals for both the
overlayer dissociated case and the underlayer octahedral case are
similar. This is expected since the doubly occupied orbitals are
mostly nitrogen orbitals with some titanium orbitals. The 2s and
2p levels of the nitrogen groups for the oﬁerlayer dissociated case
have about the same value as those for the underlayer octahedral

case. Thus, the eigenﬁalue spectrum for the oﬁerlayer dissociated
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case also agrees well with Feibelman's UPS data_.ao This indicates that
using the eigenvalue spectrum alone to determine the correct binding
geometry is not reliable. This argument is often used in connection
with X0=SW and band structure calculations on chemisorption. In order
to make a correct judgement, we also have to take the total energy of the
the system into consideration. The pure Ti singly occupied orbitals,
however, show gsome differences between the overlayer dissociated and
underlayer octahedral cases. Compared to the clean Ti surface case
(see Figure V-6), the singly occupied orbitals for the overlayer
dissociated case are downward shifted while the singly occupied
orbitals for the underlayer octahedral case are upward shifted. The
difference between the binding energies for these two cases is also
shown in Table V-7. We found that the binding energy 1s negative
(i.e. not bound) for the overlayer dissociated case. Besides, the
negative binding energy is unusually high for the dissoclated case.
The high negative binding energy at the SCF level hints the existence
of an intrinsic calculation problem in the calculation of the dis-
sociated case, The first thought was that the spin problem may be

at fault, since the dissociated nitrogen groups may prefer to have
more singly occupied orbitals for their electrons. The results of
the calculations are t&bulated in Teble V-8, We see that the changes
are insignificané. Therefore, some other explanation must be sought

in this calculation,
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Table V-7 N, adsorption on T1(0001). Calculated binding snergies for N,
admorption at aelected sites ave raported for successive refinement in

theoreticsl treratment. Energies in a.u,

B-of Including Correotion For
Superposition 4 Electron Level 439 Pinding

Site of Basis Sets Splitiing 4o Lowering AB
Effeat ’ Pield of Adeorbate
By = g, 0.0 0.0 0,198 o
Saparated
¥, Axis Perpsnd-
cular to surfaoe «0,058 0.004 0.157 -0,095
at foo Site

Two N atoms in .
adjacent Oota- +0.127 0412 0,142 0.183

hedral Holes {115 Xoal/Mole)
Hz Dissociated
at two adjacent -0,208 0,027 0,006 -0,283

feo sitep

® D, A. Xing and P, G, Tompkina -Weakly Bound State, 6420 Kcal/mole, Irans,

Yar. Soc. 64, 496 (1968),
B, Promm and O, Mayer - Strongly Bound State, 80 Kcal/mols, Surfece. Sci,

57, 7715 (2976).
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Table V-8 The total energies for different numbers
of singly occupied orbitals.

number of
singly occu- 10 12 14 16
pied orbitals
total energy ‘
in -116.491 -116.512 -116.499 -116.507
a.u.
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Through analyzing the charge population, we found that each
nitrogen takes about 0.7 electronic charge from the Ti lattice.
This information led us to guess that the dissociated case needs an
ionic calculation which includes more diffuse nitrogen basis functions.
Thus, we carried out another calculation with more basis functions for
the two nitrogen atoms. The new calculation used a triple zeta basis
function inatead of a double zeta basis function for each of the 2§,
ng’ Zgy, 222 orbitals for the two nitrogen atoms. The old calcula-
tion used 66 basis functions while the new calculation employed 74
basis functions for the entire system. The comparisons between the
results of the new and old calculations are listed in Table V-9,
The data show that the total energy of the new calculation is lower
than that of the old calculation by 0.022 a.u.. However, two pieces
of evidence indicate that this change is too small to be significant,
The first piece of evidence is that the negative binding energy is
still too high to form a bound state. The second piece of evidence
is that the charge populationsfor the basis functions of the new
calculation are about the same as those of the old calculation. The
charge populations in the eight new basis functious of the new cal-
culation are near zero. The contributions of the CI lowering for
both calculations are also the same., This result may mean that the
dissociated case does not form a bound state as we previously expected.
The mechanism of the adsorption of nitrogen above the first layer of

a Ti surface could be more complicated than we thought.
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Table V-9 Comparisons of total energies, CI lowerings, and binding
energies between Calculation 1 and Calculation 11 for the dissoci-
ated case. Where, Calculation 1 used 66 basis functions while

Calculation 11 employed 74 basis functions for the entire Tigeghsy
system.

Case Total energy €l lowering Binding energy
(1n a.u.) (in .ou.) (in ‘.u.)
Calculation I -116,491 0.096 =-0,283
Calculation II 116,513 0,095 -0.261
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CHAPTER VI

DISCUSSION

VI-1 The Xo=-SW Method Results for the Electronic Structure of Tix
and Tixﬁ Clusters.

In Chapter III, we described the calculated results of the
electronic structure studies of Ti4’ Ti7, and Ti13 clusters, These
results showed that the electronic configuration for the titanium
atom in bulk Ti metal is likely to be (3§)3 (45)1. Therefore this
configuration was.choaen for the SCF-CI calculations on the chemi-
sorption of nitrogen on Ti(0001).

After carrying out our new SCF-Xx-SW calculations, we have a
better understanding of the role of the d electron in tramsition
metal bonding. Method dependence has been recognized as the major
reason for different conclusions.a0 This probably is true because
different methods have various assumptions. Our calculated results
show that the well surrounded Ti atoms have no d electron partici-
pation in the most active o bonding orbitals while the others (refer
to surface atoms) have certain amounts of d electrons participation
in the most active o bonding. Thus, a method dealing with the bulk
Ti atom is predicted to have no d electron participation in the
Ti - Ti bonding, and a method describing the surface Ti atom is
expected to possess some d electron participation in the Ti - Ti

bonding.
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85
Salahub and Messmer, in their studies of magnetic properties of

, and Fe_ _ clusters, concluded that the unrestricted Xo~SW

V150 CT15 15
method is capable of verifying the magnetic properties of transition
metals. Our calculated results of Ti4, T17, and T113 clusters show
that these titanium clusters still have high net magneton numbers
which are expected to vanish in the limit of large cluster size of
Ti metal. This may be due to two reasons; (a) our cluster size is
too small to include the effect of the second neighbors, (b) Salahub
and Messmer identified the ground state by occupying the lower or-
bitals up to the Fermi energy, while we verified a ground state by
looking at the lowest total energy.

The studies of the hydrogen atom on Ti4 and '1‘113 clusters show
a significant enhancement of d electron participation in Ti-Ti ¢
bonding. Due to the small amount of electronic charge participation
of the hydrogen atom on the '1'14 cluster, we are not able to see a
large charge transfer among Ti atoms. However, our results hint
that the presence of an H atom changes the nature of the Ti-Ti
bonding from pure metallic to mixed metallic-ionic. The hydrogen
compound studies of HTi4 and HNi, indicate that the Ti4ﬂH bond is

&

stronger than the Ni,-H bond and hence we understand why only the

4
7
Ti f1lm exhibits H contamination while the Ni film does notf
Cur X0-SW calculation of HTia and T14H clusters showed the
capability of determining the geometry of the hydrogen atom on the

Ti surface. However, this has to be done with caution. In Section
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V-5 we discussed the danger of only using this single piece of
evidence. Becauselof the muffin-tin approximation, our Xo-SW
method is not able to provide an accurate total energy. Therefore,
this method is not capable of determining the geometry of the
chemisorption system precisely. Geometry may be determined by
replacing the numerical basis set by an analytic basis set. The
SCPF-X0-SW method without the muffin-tin approximation can have an
ar-89

accurate total energy. However, we have to pay the price of a

large consumption of computer time.
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VI-2 SCF-CI Method on the Chemisorption Studies of Nitrogen on T1i(0001)

In Chapter V, we used the SCF-CI method to carry out the TiIO-N2
small cluster calculations and the T:I.ZG-N2 larger cluster calculations.
The results of the small cluster calculations gave important prelim-
inary information about the potential surface for N, on Ti(0001).
This information enabled us to select the most important geometries
in performing SCF-CI calculations in the large cluster model. Our
calculated results of the large cluster model show that the underlayer
octahedral case 1s strongly bound and the overlayer perpendicular case
is almost bound. The underlayer octahedral case has a large binding
energy of 115 kcal/mole which is larger than the Fromm and MAyer's79
experimental value, 80 kcal/mole. This implies that the lattice
model we use may not readily yleld an accurate underlayer calculation.
In performing the underlayer calculation, we neglected the second
neighbor effect on the second layer. The overlayer calculations,
however, are more reliable since we included more surface atoms in
our calculations. The overlayer perpendicular case might be bound if
the molecule was stretched by 0.5 a.u. or so. This conclusion is
from results obtained for CO on Ti.BGFurthermore, other overlayer
formation cases could turn out to be bound by considering stretched
geometries.

Configuration interaction theory, in principle, permits an
accurate determination of, (a) molecular potential curves, (b) equi-

librium geometries, (c) the energetics of bonding, and (d) electronic

spectra. However, our conclusions were mainly obtained from the SCF
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calculation while the CI calculations do not have major effects. This
hints that our method of calculations may still need improvement,

In spite of the minor deficiencies of the SCF-CI method, our
results indicate the underlayer formation of N, on Ti(0001). This is

2
in agreement with the LEED experimental result,
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V1-3 Concluding Remarks

We applied the SCF-X0-SW and SCF-CI methods to conduct the
chemisorption studies of hydrogen and nitrogen on Ti(0001). Through
these studies, we learned that these two methods possess different
characteristics. The SCF-X0-SW method has a property of rapid con-
vergency and provides a good description of the ené;gj épectrum of a
given system. The SCF~X0-SW method is also able to decompose the
orbitals and extract the detailed information of electronic structure
of the calculated system. The defects of the SCF-X(-SW method are
two fold: (1) The SCF-Xx-SW method we used employed the muffin-tin
approximation, which leads to an inaccurate total energy. Thus the
total energy is practically useless in determining the geometry of a
chemisorbed system, (2) The SCF-X0~SW method used the step searching
process in computing, which encounters great difficulty in finding
orbitals in a very dense spectrum. - This confines the SCF-Xa~SW
methed to the small cluster calculations (for instance, titanium
cluster size should be smaller than 30 atoms). The SCF-CI method, on
the other hand, gives an accurate description of the total energy.
Thus, this method can determine the geometry of a chemisorbed system
by finding the lowest total energy among the possible geometries.
The SCF-CI method also has two disadvantages. The first disadvantage
is that the method does not give a good description of the energy
spectrum near the Fermi energy region. This is because the
highest occupied levels contain large contributions f£rom cluster

boundary atoms which in the present SCF-CI method are not well
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degscribed. The second disadvantage is that this method consumes a
lot of computer time and becomes an expensive method due to the N4
dependence of integrals required for a value of N contracted bhasis
functions.

Despite the existence of problems of the SCF-Xx-SW and SCF-CI
methods, both methods are important. It could be especially useful
to apply both methods in studying one chemisorbed system. We believe
that the complementarity of the two methods can give a much better
understanding of the chemisorbed system. Of course, these methods

also can be used independently in chemisorption studies.
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