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Cluster-model study of CO adsorption on the Pt(111) surface

Shuhei Ohnishi
NEC Fundamental Research Laboratories, Miyukigaoka 34, Tsukuba, Ibaraki 305, Japan

Noriko Watari
NEC Scientific Information Systems Development Ltd., KSP R&D Bldg. Sakato 3-2-1, Kawasaki, Kanagawa 213, Japan
(Received 8 February 1993; revised manuscript received 28 December 1993)

Mechanism of CO chemisorption on a metal surface is discussed on the basis of self-consistent local-
density-functional calculations using norm-conserving pseudopotential in the linear-combination-of-
atomic-orbitals method. The CO/Pt(111) system is studied by the cluster model for metal surfaces by in-
troducing a model potential intended to pick up surface states by placing dangling bonds around the
cluster surface. The CO-27 state is found to lie about 2—4 eV above the Fermi level with weak bonding
surface Pt atoms. The donation-back-donation mechanism is found to be unlikely in CO/Pt(111).

I. INTRODUCTION

CO adsorption to metal surface is one of the most in-
tensively studied systems experimentally. Above all, the
adsorption of CO on Pt(111) has been extensively investi-
gated by many experiments such as ultraviolet photoelec-
tron spectroscopy (UPS),'”* inverse ultraviolet photo-
electron spectroscopy,’”’ infrared (IR) spectroscopy,®’®
low-energy electron diffraction,'®!! electron-energy-loss
spectroscopy, '>!*  core-photoionization  spectra, '
Auger spectra,’® and the He-atom scattering experi-
ment.'”'® The mechanism of CO adsorption, however,
has not yet been elucidated: the basic question on the
difference between the dissociative and nondissociative
adsorption was not clarified. The model widely accepted
is the donation—back-donation one proposed by Blyhold-
er,' in which the CO-metal bonding is described as aris-
ing from electron transfer from the CO-50 orbital to
unoccupied metal orbitals accompanied with back-
donation from occupied metal orbitals to CO-27 orbital.
Ishii, Ohno, and Viswanathan,?® however, pointed out
the inadequacy of Blyholder’s model on the basis of re-
cent spectroscopy measurements, which predicted no 27
state below the Fermi level. Theoretical studies focused
on this point have not yet been done thoroughly on the
basis of the first-principles calculation. Semiempirical
analyses for experimental data by various theoretical
models have provided us with information to understand
basic geometrical and electronic structures of the CO/Pt
system.2!~%” The relevant problem associated with the
interaction between CO and transition-metal surfaces
have been extensively discussed by the first-principles cal-
culations by the cluster-model approach for metal sur-
face.?>28733 Computational effort, therefore, has been
mainly devoted to investigating cluster size and shape
dependencies of electronic structures. Post and
Baernds?® performed a series of calculations by changing
the cluster size and site for CO/Cu(100) and CO/Cu(111)
systems with the Cu cluster of up to Cu,. Small cluster-
model calculations, however, gave information on the lo-
cal o bonding but indistinct delocalized nature of the 7
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back-bonding and also site preferences of CO. For the
CO/Cu(100) system, Bagus, Hermann, and Bauschlich-
er” and Hermann, Bagus, and Nelin*® pointed out the
possibility of an electron-transfer mechanism from Cu to
CO-27 back-donation on the basis of the detailed analysis
of the cluster-size dependence with model clusters from
Cus to Cuy;. For the other CO-metal interaction, Allison
and Goddard?! calculated the system of CO at the on-top
site of the Ni(100) surface with the model cluster of Nij,.
They found a weak 7 contribution to the dipole moment
of CO on Ni(100). Pavao et al.* discussed the charge
transfer from Fe to CO by the model cluster of Fe;CO for
the CO/Fe(100) system, which is considered to be related
to the dissociation mechanism. Pacchioni and Bagus®
discussed the adsorption of CO on the bridge site of the
Pd(100) surface with the Pdg cluster. In the Pd(100) case,
the 27 back-donation effect was found to be weaker than
that in the Cu and Ni metal surfaces. Gavezzotti, Tan-
tardini, and Miessner? calculated the Pt,CO cluster us-
ing the optimized relativistic pseudopotential. Their re-
sult supported the charge transfer from Pt to CO-27.
For the CO-Pt surface interaction, theoretical model
studies??* using IR reflection-adsorption spectroscopy
and IR linewidth of the C-O stretching vibration led to
the conclusion that the CO-Pt metal bond is weak and
the dominant contribution comes from the CO-50 orbit-
al. Understanding the experimental data of comprehen-
sive photoelectron spectroscopy, however, requires quan-
titative theoretical data determined by the first-principles
calculation of electronic structures associated with the
donation-back-donation mechanism.

In order to study the electronic structure in the local
chemisorption of molecules on the metal surface, howev-
er, the cluster-model approach by the standard linear-
combination-of-atomic-orbitals (LCAO) scheme is the
most effective method to focus on the chemical bonding
between the surface atom and molecule. There are, how-
ever, two difficulties in this approach. One is the problem
associated with the atomic basis function: for a heavy
element like Pt, the straightforward application of the
LCAO scheme does not work well because of too many
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atomic orbitals for basis function and the intractable ra-
dial nodes in the valence orbitals, as shown in Fig. 1(a).
The other one is the termination problem associated with
the cluster-model approach: the small cluster model can-
not simulate the solid surface because of the free bound-
ary condition for the surface of the model cluster. The
first problem is overcome by the introduction of the
norm-conserving pseudopotential®® into the LCAO
scheme, denoted by LCPSAO method® hereafter. It
makes numerical calculation feasible enough to deal with
any atom system because of the effective core potential
determined by solving the Dirac equation self-
consistently and the nodeless feature of radial wave func-
tion. For the second one, we have introduced the
effective model potential,’>*® expressed by V,, for ter-
minating the cluster boundary. The model potential is
constructed by the local potential with the projection
operator by local atomic orbitals, which works to fix the
dangling bonds of peripheral atoms in the cluster surface
to the bulklike states.
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FIG. 1. Radial wave function of Pt. Horizontal lines indicate
eigenvalues. (a) Free atom Pt. Solid and dotted curves are radi-
al wave functions for the norm-conserving pseudopotential and
full relativistic solutions, respectively. (b) Muffin-tin potential
and radial wave functions. Since the 6p state does not have a
bound-state solution, the wave function is given by the solution
at the positive energy close to zero.
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In this work, systems of CO on top site chemisorption
on Pt(111) surface were modeled by clusters of
CO/Pt(3V)s3;. Computational details are discussed in
Sec. II. In Sec. III, electronic structures are discussed on
the basis of the self-consistent calculations within the
local-density-functional scheme® ™% by the LCPSAO
method. Discussions concerning the effects of adsorption
sites, atomic basis functions, and the effective model po-
tential on electronic structures are given in Sec. IV. Site
dependencies are studied by the model clusters of
CO/Pt ¥V pq, and CO/Pt,, ¥y, for bridge and hollow
pocket sites, respectively.

II. MODELS AND CALCULATIONS

A. Method

The LCPSAO-cluster method is characterized by the
introduction of two effective potentials into the standard
LCAO method. One is the norm-conserving pseudopo-
tential for the atomic-core potential. The other one is the
model potential, which is intended to be consistent with
boundary conditions for the cluster. The total Hamil-
tonian for the present system is given by that of the free

cluster under the external model potential ?m,

H=[—1A+Z,VP(—R)+V (0)+ V], (1)

where R; is the atomic site. PP is the effective core po-
tential for atoms located at the site R.

PR =P+ V. (r), 2)
vieniry=|1Yavionr(i| 3)

where r=|r|. ¥, is the sum of Coulomb potential V'
and the exchange-correlation potential given by the func-
tional derivative of the exchange energy Ex by the elec-
tron charge density p, as Vyc=0Exc/8p. Exclpl is
given by the standard local-density-functional formal-
ism.37 %0

VialD)=Ve(r)+ Vyc(r) . (4)

The molecular orbital ¥, at the eigenstate v is given by
the linear combination of symmetrized basis functions of
atomic orbitals ¢, (r)=x,(r)Y,,,(6,4). The atomic radi-
al wave function y,(r) and eigenvalue ¢, are given by
solving the Kohn-Sham equation®”*® self-consistently by
introducing the norm-conserving pseudopotential for the
effective core potential instead of solving core electronic
states,

[— LA+ PP(0)+ V(D16 (£)=¢,,,(r) . (5)

Figure 1(a) shows the nodeless feature of the radial
wave function of Pt. The key technique in the LCPSAO
method is the numerical one-center expansion of these
smooth basis functions by applying the efficient Gauss-
type cubature formula for a spherical surface determined
on the basis of the group theoretical treatment,*! ~4

Bitm =im (T —R)=Z &l (DY 1 (0,8) s 7 S Ry )
where £ (r) is given by
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Eir (= [ $um(t—R)Y}, (6,8)d 0 . %)

Matrix elements for the nonlocal potential term are cal-
culated by these partial wave components as

(Birtrm| Vi i)
=3, [ € APAVIPED, (r)P¥dr . (8)

R, is about 2.5 a.u. for AV°". By solving the secular
equation, molecular eigenvalues €,, eigenfunctions ¥,
and the total charge density p=3 f, |V, |* are deter-
mined self-consistently on the basis of the local-density-
functional scheme. f, is the occupation number at the
state v. p is decomposed into the sum of nonspherical
atomlike charge densities, p;,,, (I =4) located at each
atom by the standard numerical-fitting procedure so as to
be able to calculate the Coulomb potential energy accu-
rately, 46730

pO)=2;,py,(r—R;), ©

where the radial part of p,,, (r) is given by all possible
combinations of y,(r) and x;(r) multiplied by an auxili-
ary function to increase the number of fitting basis func-
tions. All calculations have been done by using the
minimal basis sets: 2s2p for C and O, 5d 6s6p for Pt. The
effects of additional basis function on electronic struc-
tures are discussed in Sec. IV. The number of sampling
points is about 10000/atom. The total energy E,, is
given by

Etot=2va8v—%fPVcdr+Exc_fPchdf
+12,,Z,Z;/IR,—R,| . (10)

The last term is the electrostatic energy of the nuclear
charges without core electrons within the frozen-core ap-
proximation. Binding energy —E, is given by subtract-
ing the sum of the total energy of the free surface cluster
and molecule, as

Eb:Etot—(Esurf+Emol) . (11)

B. Effective model potential

The termination problem in the cluster-model ap-
proach is one of the most difficult problems in studying
the localized electronic structures in bulk crystal and sur-
face. Taking bigger cluster size to reduce the influence of
the size effects on the focused region increases free
boundary atoms responsible to cluster surface states,
which induces the wrong energy-level sequence for occu-
pied orbitals. The confinement of the spatial boundary
with proper boundary conditions for wave functions and
the electrostatic potential field causes many calculative
difficulties in the LCAO scheme. The simple potential
field given by superimposed charge densities of surround-
ing atoms cannot provide a correct boundary condition
for the dangling bonds of the cluster surface atoms be-
cause of a lack of information on bonding with atoms
outside of the cluster. Creating an artificial molecule
with atoms to terminate dangling bonds for peripheral
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atoms has been only a symptomatic treatment for avoid-
ing troubles. Instead of setting boundary conditions for
the cluster, we tried to put the cluster in the model poten-
tial, which includes whole local information on an atom-
like electronic state in bulk crystal and surface systems.
The effective model potential®’ ~** P,, is constructed by
the local potential V. with orbitals as

Vloc,i |(I>x,i )<¢K,i I Vloc,i

Py=3 ,
M “ <q)K,i|Vloc,ilq)K,i>

(12)

where subscript i denotes the site of the local potential.
In the present paper, the muffin-tin-type potential com-
posed by superimposing atomic charge densities is em-
ployed for V... The local wave function ®,, therefore, is
given by the linear combination of the so-called phi and
phi-dot as the eigenfunction of the isolated muffin-tin po-
tential with k=1Im.3>365%55 Figure 1(b) shows V,, and
®,. Matrix elements for f?M are calculated by the same
way as those for ¥/°" in Eq. (8), using Eq. (6). Since this
model potential includes information of the bulklike po-
tential field and bonding property, boundary atoms of
cluster having relevance to the bulk crystal are enforced
to form a bulklike bond with the model potential, which
allows us to pick up surface states within the cluster
model.

C. Model

Figure 2 shows the geometrical configuration of the
model cluster of CO/Pt;;V).;; for CO/Pt(111). The
molecular axis of CO located on the top site of the center
Pt atom is normal to Pt(111).%*!2 The 13 black spheres
represent Pt and the 37 gray ones surrounding them are
V- Pt-Pt, Pt-V,,, and V),-V,, distances are kept fixed
at the Pt bulk value, 5.2423 a.u. The local density of
states (LDOS) of clean Pt accumulated for 13 Pt sites and

FIG. 2. Pt;3¥)437,-CO model cluster for CO/Pt(111). V§; and
Vu are the model potentials given by Eq. (12). Vj; indicates the
model potential at the surface sites, which is discussed in Sec.
IV C as shown in Fig. 11.
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FIG. 3. Total density of states of Pt;3V,3; cluster and UPS of
Pt(111). UPS data are given by Ref. 2. Full curves are obtained
by assuming a Lorentzian line shape with 0.5-eV half-width for
each line shown in the upper panel.

37 cluster sites for the model potential is shown in Fig. 3,
together with the experimental surface (UPS) data. ! The
peak around the Fermi level of the LDOS and UPS are in
good agreement, which indicates our model potential V),
works to pick up surface states effectively. Figure 4
shows the total energy change of Pt;;CO vs Pt-C dis-
tance, where the C-O bond length is fixed to 2.132 a.u.
The equilibrium distance is about 3.95 a.u. [the metalor-
ganic clusters range is from 3.6 to 3.9 a.u. (Refs. 18 and
21)]. The binding energy at the equilibrium position is
about 0.035 hartree given by Eq. (11), where
E (Pt;3Vy;7) and E (CO) are —366.858 and
—21.420 hartree, respectively. The calculated value is
smaller than the experimental data, 0.053 hartree, mea-
sured by thermal desorption,’ which is reasonable be-
cause the elongation of the C-O distance increases the
binding energy as is discussed in Sec. III A. The stretch-
ing frequency given by the curvature of the total energy
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FIG. 4. Binding energy of Pt;;CO cluster vs Pt-C distance.
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curve is about 494 cm !, which agrees quite well with the
experimental value 468 cm 1. %3

III. ELECTRONIC STRUCTURE

A. Comparison with experiments

Figures 5(a) and 5(b) show the LDOS at Pt and C sites
together with the experimental UPS.! In this case, Pt-C
and C-O distances are kept to be 3.95 and 2.132 a.u., re-
spectively. The contour plots for each molecular orbital
on the plane perpendicular to the Pt surface are shown in
Figs. 6(a)-6(e). Comparing with those of the free CO al-
lows us to make an assignment of energy levels in the
LDOS, as indicated in Fig. 5(b). The global feature of
calculated energy levels at both Pt and C sites shown in
Figs. 5(a) and 5(b) are in good agreement with the UPS
peaks, except the CO-17 orbital, which is deeper than the
50 one. The angle-resolved UPS data,* however, decom-
posed the broad UPS peak of CO-50 + 17 to deeper So
and shallower 17 states. The reversal of So and 7 that
appeared in the UPS on group-III and Cu metals is due
to the elongation of the C-O bond length.?’ Changing
the C-O distance into 2.3 a.u. induces the reversal of
these levels. Figure 7(a) shows total energy change
against the C-O distance, in which the Pt-C distance is
kept constant to the equilibrium value, 3.95 a.u. The in-
duced binding-energy increase, being about 0.045 hartree,

Energy (eV)

total | s p d

Energy (eV)

|
l
[

FIG. 5. Same as Fig. 3 for Pt;3CO cluster together with UPS
of CO on Pt(111) (Ref. 1). (a) On Pt site, (b) on C site.
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is two times larger than the expected value estimated
from the experimental data, as was discussed in Sec. IT C.
The stretching frequency of C-O on Pt given by the cur-
vature is 1830 cm ™!, which is close to the experimental
data, being 1870-2110 cm~'.%* Although the binding
energy in the present system is very sensitive to fine de-
tails of several factors, such as the numerical errors, the
local-density-functional approximation, and basis-set
effects, our calculated results are reasonable enough to
discuss electronic structures of CO/Pt(111).

The LDOS at the C site with the C-O distance 2.4 a.u.
is shown in Fig. 7(b). Calculated energy levels agree very
well with the UPS peaks. The CO-50 and 17 states are
found to be very sensitive to the C-O distance. By com-
paring the LDOS of the Pt site with that of the C site, the
character of CO-metal bonding can be comprehended.
The LDOS peaks existing below the Fermi level on both
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sites are CO-50 and CO-40. The unoccupied CO-27 lies
about 2-4 eV above the Fermi level, which was not
influenced by the Pt-C distance. With adsorbed CO, the
2m-derived level has been reported by bremsstrahlung iso-
chromat spectroscopy to be placed above the Fermi level
at 2.7 eV (Ni), 3.4 eV (Cu), and 4.8 eV (Pd), and also re-
ported by the inverse photoemission at 4.3 eV (Pt), 4.6 eV
(Pd), and 0.9 eV (Ru).’”". The calculated 27 level is
closer to the Fermi level than these data generally. How-
ever, it is certain that the Pt-C bond is formed by the in-
teraction between CO-40, 50, and Pt-5d, 6s. Co-27 does
not contribute to the bonding. Our calculation did not
support Blyholder’s donation—back-donation model.
Table I shows Mulliken charges of C, O, and the center
Pt sites of a Pt;3CO cluster with varied Pt-C distances.
The CO molecule is almost electrically neutral. This also
supports the absence of the charge back-donation to CO

FIG. 6. Molecular orbital of Pt;3CO and free CO. Solid and dotted lines are positive and negative values, respectively. (a) 2, (b)

1m, (¢) 50, (d) 40, (e) 30.
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FIG. 7. (a) Total energy curve of Pt;;CO cluster vs C-O dis-
tance. (b) LDOS of C site of Pt;;CO when C-O bond length is
elongated. The others are the same as Fig. 3.

from Pt. The LDOS and the UPS indicate that no prom-
inent state exists around the Fermi level of CO adsorbed
on the Pt surface. The characteristic molecular orbital of
free CO, 2, 50, 1m, 40, and 30, maintain their original
shapes of wave function when CO adsorbs onto Pt. The
primary factor of the weak, delicate Pt-CO bond is Pt-5d
electrons, since the great portion around the Fermi-level
states is constructed from them. The mechanism of ad-

TABLE 1. Mulliken charge, the number of electrons to be as-
sociated with the center Pt, C, and O site of Pt;;CO cluster with
varied Pt-C distance (noted by R). R (Pt-C) bond distances are
in atomic units. C+O means the sum of the C site and the O
site.

R Charge of site

Pt-C (a.u.) Pt C (6] C+0O
3.6 9.88 3.86 6.23 10.09
3.8 9.92 3.82 6.22 10.05
4.0 9.94 3.78 6.22 10.00
4.2 9.95 3.76 6.22 9.98

4.4 9.93 3.73 6.23 9.96

SHUHEI OHNISHI AND NORIKO WATARI 49

sorption, unlike a general covalent bond of a molecule,
seems not to be illustrated with a simple model such as
the donation-back-donation one.

B. Spin-orbit coupling

In discussions of the energy levels of heavy metal sys-
tems like the Pt surface, the spin-orbit effects cannot be
ignored. The nonlocal angular-momentum-dependent
potential ¥;°"(r) in Eq. (2) is defined as an average pseu-
dopotential of the different j=I/=+1 states, and the spin-
orbit-interaction potential Vj° is given by the difference
of the j-dependent potentials.>* Applying the parameters
of Bachelet, Hamann, and Schluter,?* we can evaluate
effects of the spin-orbit interaction on Pt surface states
using the same calculation method as Egs. (6) and (7) by
the augmentation of the molecular orbital ¥,

Pvi,[m(ri):f\yv(r)Ylm(ri)dQ’i ’ |ri‘§Rmax ’ (13)

where the subscript i indicates the atomic site on which
the pseudopotential is located. r,=r—R,. r,=|r;|.
R 1y is the same as the case of ¥,°" in Eq. (6). C-O and
C-Pt bond lengths are fixed at 2.132 and 4.0 a.u., respec-
tively. The maximum spin-orbit splitting £, of each
molecular orbital v is calculated by the same treatment as
Eq. (8). The main contribution comes from the Pt 5d
state,

ey 1 =20 [ Py im(PVP(PP,, 1 (rrdr (14)
é-vl:zievi,l . (15)

Table II shows the values of &, for eigenstates around
the Fermi level. There are 12 eigenstates between the or-

TABLE II. The estimation of spin-orbit interaction strength
§vd .

Energy v Eva

(hartree) (No. of orbital) (hartree)
—0.38119 41,42 2m) 0.01009
—0.38955 43 0.023 50
—0.39611 44 45 0.01429
—0.41487 46 0.022 16
—0.43429 47 0.01690
—0.43794 48 0.02353
—0.44602 49 0.022 81
—0.449 25 50 0.022 81
—0.449 88 51,52 0.019 89
—0.45492 53,54 (LUMO) 0.019 15
—0.45642 55,56 (HOMO) 0.02071
—0.45899 57 0.02124
—0.46092 58,59 0.021 30
—0.46108 60 0.02193
—0.463 39 61 0.02155
—0.46611 62,63 0.02128
—0.47279 64,65 0.02098
—0.47580 66,67 0.01909
—0.47652 68,69 0.02024
—0.480 54 70 0.02022
—0.48218 71,72 0.02002
—0.48535 73,74 0.02028
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bital number 49 and 61, of which the energy difference is
0.0174 hartree, while the average of the strength of spin-
orbit splitting is 0.02 hartree. It obviously leads to
switching highest-occupied molecular orbitals (HOMO)
and lowest-unoccupied molecular orbitals (LUMO).
However, the 27 level of CO adsorbed on Pt, which lies
at 0.075 hartree above HOMO, is split by 0.01 hartree,
namely, half of the others because of the orbital localiza-
tion on CO sites. It implies that the CO-27 state cannot
sink under the Fermi level when spin-orbit effects are in-
cluded.

IV. DISCUSSIONS

Since our calculated result indicates that there is al-
most no interaction between the CO-27 orbital on the top
site of the Pt(111) surface, it is of importance to investi-
gate other possible factors that may affect the bonding
nature between CO and Pt surface atoms.

FIG. 8. (a) Pt,,¥};5,-CO model cluster for bridge-site adsorp-
tion. (b) Pt;g¥,4,-CO model cluster for hollow pocket-site ad-
sorption.
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A. Site dependence

Since the o bonding may be strong enough to dominate
the whole bonding nature in the case of the top-site ad-
sorption, the size dependence of electronic structures are
studied for the bridge and hollow pocket sites with model
clusters of Pt,, Vs, and Pt gV 4, as shown in Figs. 8(a)
and 8(b), respectively. Figure 9 shows LDOS’s at the C
site for three cases. It is striking that the Fermi levels in
the three model clusters were not essentially changed,
which indicates that the present effective-model-potential
approach overcomes the difficulties of both size and
geometry dependencies in the cluster-model study in this
subject. The main CO-27 peak is not affected by the
change of the adsorption site. In the bridge-site case,
splitting of the 27 orbital occurs because of the bonding
with two Pt surface atoms, as expected. The binding en-
ergy of the bridge-site case is about 0.04 hartree at the
equilibrium distance 2.8 a.u., while that of the pocket-site
case is negative at the Pt-C distance 3.2 a.u. CO is not
bound at the pocket site as expected.

B. Basis sets

In the norm-conserving pseudopotential scheme, it is
not so easy to create additional atomic basis functions by
a conventional way, such as the introduction of excited
states or external spherical potential well into single
atomic-state calculation, which always requires basic
modification for VF® because of the self-consistent deter-
mination of atomic-core states. We fitted radial wave
functions to analytical Slater-type ones in order to intro-
duce additional atomic orbitals for the basis function,

X*(r)=Z;=y,c;8(r),
5 (16)
gi(r=Z_13(A;+rd; ;+r°A4; cexp(—a;r) .

Eigenvalues are reproduced to an accuracy of the order
of a percent for the relative error. Additional 2s* and
2p* are easily constructed by the Schmidt orthogonaliza-
tion method by changing coefficient c; while keeping
g;(r) unchanged. Using these 2s* and 2p* orbitals, we
have calculated electronic structures of CO/Pt(111) with
the same C-Pt distance as the on-top-site case. Figure 10
compares two electronic structures by minimal and dou-

0 total| s| p| dF total| s} p| df total| s p| d
- r
L
[ "E F -
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- L E k
Bl | B L b |t
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L C T -
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FIG. 9. LDOS’s on C sites of Pt-CO clusters for the on-top
site, pocket site, and bridge site.
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FIG. 10. LDOS’s on C site of Pt;;CO cluster calculated by
minimal and minimal plus additional basis sets.

ble basis functions for CO. 27 orbitals are not so affected
by the basis functions while 50 state splits, which agrees
well with the experiments.

C. Model potential

Since the effective model potential f/\'M used so far is
the muffin-tin-type one of bulk property, the Pt 6p state
essentially does not contribute to the projection of molec-
ular orbitals of CO and Pt atoms at the surface. In order
to examine the delocalized nature of the CO-2m, 12 V),’s
at the surface region shown in Fig. 2, are replaced with
the atom model potential constructed by using the atom
potential given in Eq. (5) for V.. as

Vloczzl VPS(r)+ Vval(r) . (17)

Vioc now has the 6p open channel for the bound state.
Figure 11 shows the LDOS for CO/Pt 3V 3,V 125 cluster.
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FIG. 11. LDOS’s on C site of Pt;CO cluster using muffin tin
and atom potential for V). for cluster sites at the surface re-
gion, as shown in Fig. 2.

Since superimposing the atomic potential energy induces
an overestimate of the exchange-correlation potential
part, V}; introduces the strongest outside potential field
into the cluster so that the Fermi level is shifted down by
about 5 eV. The CO-27 levels, however, are essentially
unchanged by the potential field active for the 6p state
outside the cluster.

V. CONCLUSION

The LCPSAO-cluster method with the effective model
potential for cluster boundary succeeded in picking up
the local electronic structure of the CO/Pt(111) system.
The calculated CO energy levels on the Pt(111) surface
are in good agreement with the UPS data. Since the CO-
21 orbital lies above the Fermi level, the back-donation
mechanism does not work for CO-Pt bonding.
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FIG. 2. Pt;;¥37;-CO model cluster for CO/Pt(111). Vj; and
V) are the model potentials given by Eq. (12). V§; indicates the
model potential at the surface sites, which is discussed in Sec.
IV C as shown in Fig. 11.



(b)

FIG. 8. (a) Pt;,¥j5;-CO model cluster for bridge-site adsorp-
tion. (b) Pt;g¥y4,-CO model cluster for hollow pocket-site ad-
sorption.



