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A theory for treating chemisorption on metallic surfaces has been proposed based on a
large cluster model for the lattice, treated approximately from which an N-electron sub-
space for a local region is defined by a unitary, localization transformation. The local N-
electron subspace is then treated accurately by configuration interaction as embedded in the
fixed field of the interior of the lattice. Exchange energy maximization with sites on the
Ti(0001) surface is examined for clusters of titanium atoms Tiy (M = 1,10,28,30,54,84) to
study the convergence of the localized-orbital description as a function of cluster size. Lo-
calized orbitals are obtained by transformation of the self-consistent-field solution and the
energetics of these orbitals are examined by diagonalization of the Fock operator subject to
the localization constraint. Results for one-, two-, and three-layer models show rapid con-
vergence of the localized description with increasing cluster size in contrast to much slower
convergence of the bulk description, which for clusters is strongly influenced by the ratio of

boundary to interior atoms.

I. INTRODUCTION

In treating the chemisorption of molecules on a
metallic surface the existence of strong adsorbate-
metal bonds may make it desirable to formulate the
theory in terms of localized electronic
interactions."’For the « electrons of a transition
metal this is clearly an acceptable approach; howev-
er, the inherent delocalization of valence s ,p elec-
trons could be problematic. In Ref. 1 a localization
transformation based on electron exchange maximi-
zation with atoms at the adsorption site was pro-
posed, and in this paper its usefulness in the locali-
zation of the valence s,p band orbitals is demon-
strated using the Ti(0001) surface as an example.
The convergence of the localized orbital description
is studied as a function of cluster size for one-, two-,
and three-layer clusters, Tiy, N = 2, 10, 28, 30, 54,
and 84. Many-electron self-consistent-field (SCF)
calculations on the atomic clusters are carried out at
an ab initio level using an error-bound theory for
treating the less-significant electron-electron interac-
tions. Atomic-core electrons are assumed localized
but give rise to Coulomb and exchange potentials
which are accurately evaluated along with contribu-
tions due to core-valence orbital overlap. Computa-
tional techniques are discussed elsewhere.! Atomic
clusters are not the only type of system in which to
consider the possibility of a localization transforma-
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tion. For the metal itself, the semi-infinite lattice
would be a better starting point for the localization
analysis, but the subsequent problem of treating the
adsorbate-lattice interactions accurately is not yet
solved. In the following sections we discuss briefly
the localization transformation as the basis of an
embedding scheme and the details of the transfor-
mation theory, and then analyze numerical calcula-
tions on the titanium clusters and the convergence
of the localized orbital description.®

II. THEORY

A brief review of the proposed approach to the
chemisorption problem is useful to define the objec-
tives of the localization scheme; further details are
given in Ref. 1. Alternative theoretical tech-
niques*~2! for treating the semi-infinite lattice or fin-
ite clusters are reviewed in Ref. 2. The central
premise is that a description of molecule-surface in-
teractions and dissociative processes on surfaces re-
quires a reasonably sophisticated wave function in
the surface region to account for changes in polari-
zation and electron correlation accompanying reac-
tions. For a metal this is not easily accomplished
since electronic delocalization precludes partitioning
of the system into a small number of atoms proxi-
mate to the adsorbate independent of the remainder
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of the system. An alternative possibility is to define
the local region not as a set of atoms but as an N-
electron subspace extracted from the remainder of
the system by a localization transformation. The
plan would then be to treat the adsorbate and local
region at high accuracy (e.g., by configuration in-
teraction at an ab initio level) as embedded in the
fixed Coulomb and exchange field of the remainder
of the electronic system.

The, use of electron exchange as the basis of a lo-
calization transformation, with reference to designat-
ed atoms on the surface, is discussed in Ref. 1. To
summarize the argument, suppose that several ad-
sorption sites on the surface are of interest. Let
u(1,2) denote a density matrix constructed by sum-
ming over the valence orbitals of atoms belonging to
or bordering these sites. The single-particle states
{ ¢, } of the lattice are transformed, d) =C- ¢ by
maximization of the positive definite exchange in-
tegral,\

=(u(12)|r;5' |#' 1)¢(2)>
with respect to coefficients C. This leads to an
eigenvalue problem with solutions ordered in eigen-
values ¥; > ¥, > *** > Yy, With corresponding
eigenfunctions { ¢;'}. Similarly, an independent lo-
calization within the virtual space is carried out to
determine orbitals of primary importance for
configuration-interaction refinement of the local re-
gion. The nature of this transformation is such that
the first few members with large eigenvalues attempt
to replicate orthogonalized combinations of valence
orbitals on the designated surface atoms as com-
pletely as possible, subject to the constraint of mix-
ing strictly within the occupied space or strictly
within the virtual space. The next set of orbitals
with smaller eigenvalues represent bonds between
atoms in the designated region and the rest of the
lattice. Remaining orbitals with extremely small ex-
change eigenvalues are effectively excluded from the
local region, since otherwise the exchange would not
be small, and thus represent bonds within the lattice
itself.

Configuration-interaction wave functions are then
formulated as

V=S CA@ - ®fd, 0 by

k
Here it is supposed that there are M electrons in the
adsorbate-surface system, where the number of elec-
trons contributed by the cluster itself is defined by
the localizing transformation. The orbitals
$p4+1 * ** ¢y are associated with the interior of the
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lattice and are the eigenfunctions corresponding to
the smaller exchange eigenvalues of the localizing
transformation; they are taken as an invariant core
in each configuration.?

In summary, the purpose of the localization
transformation is twofold: (1) to introduce the delo-
calized character of the extended lattice into an elec-
tronic subspace involving the adsorption site, and in
the case of a cluster (2) to insulate the physically in-
correct boundary of the cluster and the roughly
described interior region from orbital refinements in
the local region. Overall, the transformation
scheme can be viewed as an alternative way of
enumerating the component orbitals to be included
in the treatment of adsorption. Instead of labeling
the delocalized orbitals, the argument is that adsorp-
tion breaks the symmetry so strongly that an effec-
tive enumeration can be made by taking the adsorp-
tion-region as an origin and counting outward over
the set of localized orbitals.

III. LOCALIZATION CALCULATIONS

In this section calculations on the 4s band of ti-
tanium clusters containing from 2 to 84 atoms are
reported in a study of surface site localization.
One-, two-, and three-layer clusters are considered
with all geometries derived from that of the hcp Tig,
structure®* shown in Fig. 1 by deletion of atoms as
specified in the figure caption. Since the objective is
to describe the major delocalization of the lattice 4s
band we assume that the 3d electrons are localized
in atomic orbitals to give a (3d)* core configuration.
The 3d distribution is spherically averaged spatially
and averaged over a and 3 spin components. Self-
consistent-field calculations employ a single 4s basis
orbital per atom, expanded as a five-term linear
combination of Gaussians where the 4s function was
obtained by optimization for a Ti;q planar sheet.
The optimized 4s basis reproduces very well the to-
tal energy and eigenvalue spectrum of a more flexi-
ble double-zeta basis calculation on Tijq.!

Eigenvalue spectra showing the single-particle lev-
els of Ti clusters are compared in Fig. 2 for mono-
layer, two-layer, and three-layer structures. Calcu-
lations are for the complete electrostatic Hamiltoni-
an for the valence electrons

H = Zh + >
i<j

where 4; contains core-electron contributions to
the Coulomb and exchange potential, and corre-
sponding nonlocal, diagonalized Fock operator F,
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(@(1) | Fl (1)) = (D(1) | 21| ¢(1)) + JADP$;(2) [r iz | 264(1)9;(2) — $1(2)9;(1)) = (1) | (1)) .
J

In the SCF results of Fig. 2 there is no indication
of convergence with increasing cluster size except in
the similarity in bandwidth of the multilayer struc-
tures. Nor is convergence clearly evident in the lo-
cal density of states (LDOS) of the surface layer
since the eigenvalue spectrum of Tis, is too sparse
compared with Tig to permit an unambiguous
analysis. Comparing the surface and second layer

SURFACE
LAYER

LAYER 2

LAYER 3

FIG. 1. Three-layer hcp cluster model of the Ti(0001)
surface. The Tis, (three-layer) model consists of the
numbered atoms and additional atoms in Tigy are shown
as open circles. Other clusters considered are Tig
(three-layer) defined by atoms 1— 10, 25— 32, and
41— 50; a two-layer Tis, consisting of a 30-atom surface
layer and a second layer 1—24; Ti;, as a 30-atom surface
layer; and Ti;y with atoms 1—10. The localization site in
all cases is the set of atoms 1 —4; atom 25 is below the
1-2-4 site. The Ti— Ti nearest-neighbor distance is
5.5769 a.u., the same as in the bulk metal.

f
of Tig4 shown in Fig. 3 there is a shift of the second
layer toward greater stability. In these LDOS cal-
culations only those atoms with a complete set of
neighbors were included in the population analysis,
i.e., 9 and 12 neighbors for the surface and second-
layer atoms, respectively. If additional surface-layer
atoms are included, thereby adding atoms on the
boundary of the cluster, the density of states near
the calculated Fermi level increases. For Tig,, the
higher four levels contain large contributions from
boundary atoms and this along with the inflexibility
of the basis precludes taking the highest orbital ener-
gy as a measure of the work function of the metal.?*
In the context of adsorption, one purpose of the lo-
calization argument is to insulate the adsorption site
from physically incorrect boundary effects. Other
alternatives, discussed elsewhere, are to complete the
valence of boundary atoms by adding hydrogen
atoms or to stabilize the boundary by an appropri-
ate potential.

The ultraviolet photoemission spectroscopy spec-
trum for a Ti film? is characterized by a sharp
peak slightly below the Fermi level and another
peak 5 eV lower that may be attributable to hydro-
gen contamination. Local density of states calcula-
tions by Feibelman et al.>! employing a local
exchange-correlation potential show a narrow
surface-layer d density of states near Er and a
broad s-p density of states for the surface layer with
a strong peak at E.. However, as noted, the calcu-
lational method does not permit unambiguous as-
signment of the latter peak entirely to the sp band.

Although the Hartree-Fock and density function-
al exchange methods of calculations differ greatly so
as to preclude a close correspondence of d levels,
the s-band results should agree qualitatively. This
appears to be the case, comparing layer 2 with layer
1, if we interpret part of the peak in the surface
layer s-p density of states near Ep as indicating a
shift toward higher energy. However, it must be
emphasized that considerable uncertainty is associat-
ed with both density-of-states calculations in the
partitioning of overlap charges. The difficulties be-
come serious when contributing basis functions have
greatly different spatial ranges (exponents) and point
to the need for population assignments which take
into account the location of the centroid of charge

of overlap distributions.
Proceeding to the localization analysis, we consid-

er surface sites in the vicinity of atoms 1, 2, 3, and 4
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FIG. 2. Ti cluster SCF eigenvalues and surface site exchange maximization eigenvalues. Many-electron SCF calcula-
tions are followed by a unitary localization transformation of the 4s-band orbitals by electron exchange maximization with
surface atoms 1—4 of Fig. 1. SCF orbitals for the different clusters are unrelated; however, the localized orbitals are very

similar for both occupied (

) and virtual (- - - ) sets. The number of localized orbitals with very small exchange

eigenvalues, less than 0.003 a.u., is indicated for each cluster, e.g., 33 occupied and 38 virtual orbitals for Tig,.

of Fig. 1, and define a two-particle function u(1,2)
to represent the four-atom region,

4 4
u(1,2) = XD X(2)

i=1 i=1

where X, is a 4s atomic orbital on nucleus £. De-
fining ¢’ = 3, Cxdr, where the sum is over either
occupied or virtual orbitals, considered separately,
followed by maximization of the exchange integral

y= (') |r5' |u(1,2)) >0

gives the exchange eigenvalue spectra of Fig. 2.

In contrast to the SCF results, the upper portion
of the exchange eigenvalue spectrum shows conver-
gence as do the corresponding localized orbitals dis-
cussed below. After the first three upper levels
which correspond closely for all cases, except Tijq
where some discrepancy in the third level is indicat-
ed, the most prominent feature is the appearance of
a new fourth level in the multilayer structures in-
volving second-layer atoms. The steady diminution
of exchange eigenvalues is due to two factors: the

increasing distance of orbitals from the localization
site and the orbital nodal structure. The latter is a
consequence of both symmetry and the unitary lo-
calization transformation. Thus, because of the
orthogonality requirement only a relatively small
number of orbitals can be localized in the same spa-
tial region. Identically zero eigenvalues due to can-
cellations are not possible since ¥ is positive definite.
In Fig. 2, for Tigy, only nine localized orbitals out
of a total of 42 doubly occupied orbitals have ex-
change eigenvalues exceeding 0.003 a.u. Similarly,
in the virtual space there are four orbitals out of 42
with ¥ > 0.003 a.u. Smallness of y implies small
atomic populations in the localization region and
this assertion is borne out for all clusters treated.
After the first five localized orbitals no remaining
orbital has a population exceeding 0.01 electron on
any of the four atoms of the localization region. If
a sixth localized orbital is considered, populations
are also reduced on the second-layer atom (labeled
25 in Fig. 1) immediately below the four-atom site
to values < 0.02 for all remaining orbitals. The
converse regarding populations of localized orbitals
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FIG. 3. Local density of 4s states for the surface layer
(— — —) and second layer ( ) of Tigs. Only those
atoms with a complete set of neighbors were included in
the population analysis. Overlap charges were divided
equally between contributing atoms. Final curves are ex-
pressed as a linear combination of Gaussians,

3 orexp( — 0.1x7), centered at each single-particle level
where p; is the surface or second-layer population,
respectively. The exponent was arbitrarily chosen to
show reinforcement of closely spaced levels.
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outside the localization region does not hold since
localized orbitals are found to exhibit significant
tails extending into the lattice. Clearly this must be
so since the atoms in the site are coupled electroni-
cally to the rest of the lattice.

Localized orbitals are depicted in Fig. 4 where
atomic populations are shown for the first six occu-
pied and first four virtuals of 10, 28, 54, and 84
atom clusters. The first two occupied orbitals are
highly localized around the four-atom reference site
and the three atoms immediately below in the
second layer. The third is similarly localized but
spread slightly outward in the surface layer. Orbital
four is localized in the second layer immediately
below the four-atom site. Orbitals five and six in-
volve mainly first- and second-layer atoms neighbor-
ing the localization region at increasing distance
from its center. Insets depict the nodal structure of
the orbitals, which classified successively are a sur-
face layer symmetric s, surface layer p, and p, (z is

ATOMIC POPULATIONS (ELECTRONS/ATOM) x

layer-1 - -3

ATOMS

FIG. 4. Atomic populations of localized orbitals of Tijof * * + ), Tisg(— — —), and Tigy(=———); Tiyg is shown in the
sixth occupied orbital instead of Ti, otherwise the orbital corresponding most closely to Tiy is indicated. Populations
for the first six occupied and first four virtual orbitals are shown. Atoms are labeled as in Fig. 1 with the surface locali-
zation site defined by atoms 1—4. Insets depict the nodal structure and approximate concentration of orbitals. Atoms

not included have populations < 0.04.
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normal to the surface), second-layer symmetric s,
second layer d,,, and a sixth p-type band around
the localization region. None of the first six local-
ized orbitals contains a significant contribution from
the third layer.

Virtual localized orbitals are also generally local-
ized in the four-atom region but the nodal structure
is more complicated and populations are the result
of the considerable cancellation. The first orbital
extends over the entire localization region. Other
orbitals two to four show strong antibonding contri-
butions from 4s orbitals on adjacent atoms. In con-
trast are the slightly more spatially expanded orbi-
tals of the same symmetry in the occupied space.
Overall, the virtual orbitals can be viewed simply as
complementing the electronic subspace defined by
the occupied orbitals. .

On the question of convergence with increasing
cluster size, the three-layer 54- and 84-atom results
are in good agreement for all six occupied orbitals.
The monolayer Ti;o (and Tizy not shown) results are
qualitatively similar for the first three except for the
second-layer contribution, but thereafter fail com-
pletely. Ti,g deteriorates slightly at the fifth occu-
pied level compared to the other three-layer struc-
tures in failing to reproduce the second peak. The
virtual orbitals, which are equally important as ac-
ceptor orbitals and in providing a response of the
lattice to adsorption, are in similarly good agree-
ment for Tis, and Tig, for the first three levels. The
fourth levels differ-in showing a larger contribution
from' the second and third layers in Tiss. Tipg
results are similar for the first two levels but differ
more significantly in the third where the density
resembles Ti;,. Neither Ti;y nor Tiyg agrees with
the larger cluster results for the fourth virtual level,
the former showing a greater population in the local
region and the latter a negligibly small population.

In summary, in terms of the electron density all
of the multilayer structures, including the two-layer
structure not shown, are capable of reproducing the
first six occupied localized orbitals. Only in the
fifth level of Tiyg is a partial breakdown observed.
The same is true for the larger clusters through the
third localized virtual orbital. Remaining orbitals,
although possibly more closely related by a unitary
transformation, are not in a close one-to-one
correspondence with those of the Tig, cluster.

Finally, it is of interest to investigate the field act-
ing on the local region produced by electrons in oc-
cupied orbitals outside the localized subset. To ex-
plore this question we consider partitioning the total
electronic distribution into an eight-electron local

- subspace and a complementary (external) subspace

defined by the localization transformation. Thus for
Tigy

W=A1d1 * - dabs) ($s5ds - buadar))

where the first parenthetical expression refers to the
local subspace and the second parentheses to the
external, and where this total wave function is ident-
ical to the SCF result since ¢’ is related by ¢ by a
unitary transformation. The orbitals ¢;, which are
the localized orbitals of Fig. 4, no longer diagonalize
the Fock operator, however. A partial diagonaliza-
tion of the Fock operator is now carried out subject
to the constraint that prevents mixing of the local
orbitals (¢; — ¢;) with the external orbitals

(¢5 — ¢4y). The four most localized virtual orbitals
which do not mix with the occupied members are
included as well in the local basis.

Eigenvalues from the local diagonalization of the
Fock operator are shown in Fig. 5 for the different
clusters. The calculation which could equally well
be performed with a larger number of functions de-
fining the local region provides a sensitive test of the
Coulomb and exchange field due to the external
subspace. The most notable difference in comparing
the clusters is the decrease in localized orbital ener-
gies in going from the monolayer to multilayer
structures. Also there is a significant drop in energy
comparing Tiyg with Tiss, but in general the occu-
pied levels in the three-layer structures appear to be
converging. In the virtual space energy variations
are small for two of the levels, but in Tigy a level is
split off toward lower energy. This result can be
traced to the mixing of the first and fourth localized
orbitals and indicates that a virtual component capa-
ble of lowering the energy is missing in the first four
members of Tiyg and Tis.

IV. CONCLUSION

The localization of 4s-band SCF orbitals for Ti
clusters by exchange maximization with a four-atom
site on the Ti(0001) surface produces highly local-
ized orbitals and a complementary set which has
only small contributions from atoms in the localiza-
tion region. For one-, two-, and three-layer clusters
containing 10, 28, 30, 54, and 84 atoms the first
three localized orbitals are always in fairly close
agreement. Orbitals for the three-layer structures
agree more closely and the agreement extends to six
occupied and three virtual orbitals. In contrast,
delocalized SCF solutions show greater sensitivity to
boundary effects arising from the large ratio of sur-
face to interior atoms in the atomic cluster models.
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FIG. 5. Energetics of localized orbitals as a function of cluster size. The Fock operator of the SCF solution is diago-
nalized in the subspace defined by the four most localized occupied and virtual orbitals. The calculation provides a sensi-
tive test of the field acting on the localized electron distribution. Corresponding orbitals of different clusters are connect-
ed. The lowest-energy virtual orbital of Tigs has no precise counterpart in Tis, and Tiyg.

In chemisorption the localized orbitals are pro-
posed as a basis for defining a local region which is
to be treated accurately by the addition of polariza-
tion functions and configuration interaction. The
extension of adsorption effects into the lattice is then
treated by enlarging the local set as needed rather
than by treating the entire system in one computa-
tional step.
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