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We have used ab i»itio self-consistent-field w ive functions for 'i Cu&CO cluster to model

the inter;iction of CO with i Cu surf;ice ind to study the x-r'iy photoemission (XPS) from CO

core levels. In order to justify the use of this cluster model of the chemisorption of CO on Cu,
we show that we obtain reasonable v;ilues for the ground-state Cu —CO bond dist ince 'ind bond

strength ind accurate v;ilues for the C(3 core-level ioniz ition potenti ils. An extensive an'ily~is

of the initi il-state chemical bonding;ind the fin;il-stite rel ix;ition processes is given. We show

th'it two types of fin'il C~, or O~, core hole st'ites exist with comp;ir;ible photoioniz'ition intensi-

ties. The lowest st ite is;i shakedown st;ite in which i Cu 4sp v'ilence electron is transferred to

the CO2m level effectively screening the core hole. The higher-lying fin il stite closely resem-

bles a "normal" one-hole core ion in which the rnetil electrons pirticipite in the screening in

only;i very limited way. Our;in;ilysis shows th it the intensity distribution between these two

st;ites is closely related to the extent of 2' b'ickbonding in the unionized ground stite of the

system. We consider ilso the effects of spin coupling of the core hole to the 2m' electron for

the shakedown states. The existence of these two types of rel ixed fin;il st;ites, sh'ikedown;ind

norm'll, is responsible for the broad core-level pe'iks observed in XPS spectr i. This t.onclusion,

b ised on i molecular-orbital inalysis is simil ir to th it re iched by Schonh immer ind (gunn, irs-

son who used a parametrized Anderson-type Hamiltonian to describe the CO —Cu interaction.

I. INTRODUCTION

X-ray photoelectron spectroscopy (XPS) is used to
study the chemical state and to obtain information
about chemical bonding in a wide variety of materi-
als. An especially important application is to the
study of the bonding of chemisorbed species on sur-
faces; here XPS is particularly useful because of its
high surface sensitivity. In general, multiple (or
broad) core-level peaks in XPS spectra have been in-

terpreted as being due to the presence of more than
one chemical state of the element. ' For an adsorbed
species, such different states could arise, for exam-
ple, .from simultaneous molecular and dissociative
chemisorption or from adsorption at different sites on
the surface. However, there is now strong evidence
that the XPS core level spectra of molecules adsorbed
on metal surfaces may be broad. and have a multi-

peak structure even though only one adsorption state
is present.

I"uggle eI a/. ' have compared the adsorbate XPS
core line shapes «nd positions for several molecules
on metal surfaces. Their comparison shows that
weakly chemisorbed species [e.g. , N2 on Ni(100) and
CO on Cu(l00)] have broad and complex spectra
while for physisorbed or strongly chemisorbed
molecules the spectra have a simpler structure and

consist of i dominant peak possibly with weak s itel-
lites. The first theoretical interpretation of this
behavior was given by Schonharnmer and Gunnars-
son' ' (SG) who used an Anderson-type Hamiltonian
to study the final-state response, or relaxation, to the
adsorbate core hole. They ascribed the structure at
lower binding energy to final relaxed states where 'i

metal electron filled an adsorbate level which w is
empty in the initial state. This results in & screening
of the core hole ind a lowering of the total energy.
The structure at higher binding energy is ascribed to
states where the substrate electrons do not p participate
in the core hole screening, "unscreened states. " In
particular, SG have been able to reproduce the mul-
tipeaked C~, structure observed for CQ on Cu(100).'
However, it was necessary for them to use ind to ad-

just empirical parameters to represent the adsorbate-
substrate interaction in both the initial and final
states.

Linear clusters"' NiCO and NiN2, have been used
to model and study the adsorbate core level structure
for CO on Ni and N2 on Ni, Here, the properties of
the adsorbate-substrate interaction were obtained
directly from ab I'»idio molecular-orbital (MO), self-
consistent-field (SCF) wave functions for initi'il
(unionized) and final (core-ionized) states, no adjust-
able parameters were required or used. Two kinds of
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cluster final states were obtained corresponding to the
"screened" and "unscreened" states described by

SG. Moreover, the distribution of intensity between
these two states could, in the cluster model work, be

simply related to the extent of the metal atom 4p to
adsorbate 2m' backbonding. When the backbonding
was small, which occurred at large metal-adsorbate
distances, the intensity of the screened state was

small and that of the higher-binding-energy un-

screened state was large. This corresponds to the
case of physisorption. %'hen the backbonding was

large, corresponding to strong chemisorption, the re-
verse distribution of intensity was found. However,
for these small clusters an excited state was used for
the initial "ground state. "This was necessary in or-
der to have metal valence character which could in-

teract with the adsorbate 2m' level; in other words, in

order to model the backbonding which may actually
occur for the metal surface.

In this paper, we report the results of a larger clus-
ter model study of the XPS spectra for CO on
Cu(100) based on ab initio MO SCF wave functions
for a Cu5CO cluster. CO in a C(2 x 2) overiayer
structure on Cu(100) occupies a head-on adsorption
site ' and the Cu5 cluster was chosen to model this
site. Various properties of the ground state of
Cu5CO, including binding energy and equilibrium
Cu —C distance, are consistent with experimental
values. ' " Moreover, we find that the absolute ioni-

zation potentials (IP's) obtained from SCF calcula-
tions" for Cu5CO are in remarkably good agreement
with values observed for CO on Cu(100).'" This
makes it reasonable to expect that the Cu5CO cluster
is sufficiently large to properly represent the
adsorbate-substrate interaction at a semiquantitative
level or better for some purposes. Here, as for the

one metal atom clusters, ' we find both screened and

unscreened final states. However, for Cu5CO, there
is no need to introduce an artificial ground state. %'e

find that the metal valence (4sp) to CO(2w') back-

bonding which occurs naturally for thc true cluster
ground state is sufficient to give relative final-state
intensities which are in qualitative agreement with ex-
periment. "

The present results provide strong new support
that the origin of the complex adsorbate XPS struc-
ture is indeed due to screened and unscreened final

states. This support is particularly important in that
it is obtained from work which contains no adjustable
parameters and with an approach which is completely
different from that used by SG.3 5

In Sec. II, we describe the geometry of the CuqCO
cluster and give some details of the SCF calculations.
In Sec. III, we summarize some key properties of the
bare, Cu5, and adsorbate, Cu5CO, cluster ground
states. The ground-state results will be presented in

more detail elsewhere. ' A detailed analysis of the
results for the adsorbate core ionized states, including

a description of the electronic structure and the rela-
tive intensities of different final states, is presented
in Sec. IV. Our conclusions are summarized in Sec.
V.

II. COMPUTATIONAL DETAILS

The Cu5 cluster is chosen to model a head-on ad-

sorption site on an unrelaxed and unreconstructed
Cu(100) surface. The first (surface) layer contains
one atom, denoted Cu~, and the second layer the
four equivalent nearest neighbors of Cu~, denoted
Cu2. The Cu~ —Cu2 distance, 4.80 bohrs, is the bulk

crystal distance. ' The point-group symmetry of Cuq

is C4„. CO approaches normal to Cu~ so that the Z
axis of the cluster coincides with the CO internuclear
axis; the point group of Cu5CO is also C4„. The
C—0 distance is fixed at 2.173 bohrs; this is the ex-
perimental value for Ni(CO)4 (Ref. 16) and is also
the distance determined by a low-energy electron dif-

fraction (LEED) analysis'0 for CO on Cu(100)
C(2 x 2). It is also quite close to the equilibrium in-

ternuclear distance in free CO, 2.132~" The Cu —C
distance, R (Cui —C), has been varied between 3.25
and 4.00 bohrs. This range includes the Cu —C dis-

tance determined by LEED to be 3.6+0.2 bohrs. '

The Cu5CO cluster is shown schematically in Fig. 1.
All electron Hartree-Fock SCF wave functions

have been determined for the ground state of the Cu5
and Cu5CO clusters and for several states involving
core level ions of the C and 0 atoms. The SCF cal-
culations were performed using extended basis sets of
contracted Gaussian-type functions, CGTO's. For
Cu, a 12s, 9p, 5d GTO basis set was contracted to

x&
~ CU2

FIG. 1. Schematic representation of the Cu5CO cluster.
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6$, 5p, 3d. In order to reduce the magnitude of the
calculation, the Cu basis set was contracted so that
the Ne core orbitals were represented by 8 minimal

basis. Thc 3$, 3p, 4$, and 4p atomic shells wcfc
represented by a double zeta and the 3J shell by 1 tri-

ple zeta basis. The C and O basis sets were 9$, Sp
contracted to 4$, 3p. ' These basis sets afc

suffic-

ientt to give reasonably accurate SCF results for the
clusters. ' In particular, the tmo 4p basis functions
on Cu are required in order to permit 4p participation
in the Cu "valance band" and in the bonding to CO.
For the Cu~ and Cu5CO ground states, the SCF cal-
culations were performed using C4, symmetry and
with spatial and spin-symmetry equivalencc re-
strictions imposed. '0 For the ionic states, the spatial
cqulvalcAcc fcstfiction was Aot imposed oA tllc MO s:
the reasons for this will be explained in Scc. IV.

III. GROUND-STATE PROPERTIES FOR

Cus AND Cu5CO

The ground state of Cuq mas determined to be 8 'E
state with the configuration

17a 1 1 1 b 12 18e35b22 4a 22

where only the highest occupied MO of each sym-
metry is indicated. The 17a 1 and 18e orbitals arc
composed predominantly of 4$ and 4p orbitals on the
Cu atoms lnd may be regarded as forming the
valence 4$p "band" of the cluster, The 19 MO's-

i' to 16~ 1'. 8&i' to 116' 12e' to 17e'„3b,' to 5t,',
and 30 2 and 40 2

—have pf cdom 1nan tly (I chal actcf
and form the "d band" of the cluster. The ground
state of Cu&CO is also a 'F. state with the configura-
tlOA

15a((3o')16aj2 (4o'2)17a((5o2) ' ' ' 22aj2 ' ' ' 12e4(lm') 19e3

~here me show explicitlly only the MO's derived from
the valence "'band" of the Cu5 cluster and those
derived from the valence levels of free CO. The
22a 1 and 19e MO's are quite similar to the 17a i &nd

18e orbitals of Cu~. The CO derived levels are some-
what perturbed free CO orbitals'„ the notation ri A, in

parentheses in Eq. (2), indicates the molecular origin

of these levels.
In Table I, we give 8 Mulliken gross population

analysis" for the MO's shown in Eq. (2) except for
3o- which is rather low lying and not involved in the
bonding of CO to Cus. .The population analysis is for
R (Cu, —C) = 3.75 bohrs ciose to both the calculated
and observed'" Cu to C equilibrium distance. It is

clear from Table I, that these levels are indeed rather
similar to the orbitals of the component system CO
or Cuq, from which they are derived. Only two of
the orbitals shown, 5o- and 19e, are involved to any
significant degree in the bonding of CO to Cu&. The
5o- contributes 8 substantial donation of charge to
Cu, mostly to do-. The 19e level shows a reasonable
amount of backbonding into the unoccupied CO
(2rr') level. For the 19e', this backbonding amounts
to 0.08 electrons donated to 2m'. Of the orbitals
which are not shown, only certain of the Cuq derived
do. levels (13a( to 16a~' in Cu5) contribute to the
bonding. They serve to reduce the apparently very
large e donation arising from 5o-. It is worthwhile to
recaii that in Hartree-Fock (HF) theory, the closed
shell canonical HF orbitals do not have 8 unique
physical significance. A set of orbitals yielding an
klcAtlcal wave fUnction CBA bc obtained ffofn thc
canonical HF orbitals by a unitary transformation.
Thus, only a sum over the closed shell orbitals, at
least over those of the same symmetry, has proper
physical significance.

In Table II„we examine the (7 donation and m

backdoAatlon lA 8 way lA kccplAg with thg ldca ex-
pressed above. For CuqCO, we divide the total
Mullikcn gross population of the valence levels of
CO into o- and m character. For the 0- character the
summation is over MO's belonging to the ai
representation of C4„and for m over MO's belonging
to e. (Thc valence o. character is just the tot &1 ~ po-
pulation less 4 for the 1$ cores. ) The results arc
given for;&ll Cui —C distances for which SCF calcula-
tions were performed. It is clear from Table II that
the bonding of CO to Cu~ may be characterized &s

arising from 8 o. donation of -0.1 to 0.2e to Cu~ and
a roughly equal back donation into CO(2m'). As wc
have seen from Table I, most of this back donation
arises from the 4$p-like 18e valence orbital of Cup.
IA fact, wc dcflflc thc 2'7T occupation of CO ln

CuqCO as the m population minus 4 assuming 1 la
occupation of 4. This ch &racterization of the bonding
of CO to 8 model of 8 Cu surface is reasonably simi-
lar to the bonding found from ah irritio SCF calcula-
tions on transition-metal complexes, e.g.„Ni(CO)4.~~

In Table Il, we also give the interaction energy, E;«
of CO with Cu~. From a parabolic fit using the
points at R (Cui —C) =4.0, 3.75, and 3.5, we find the
equilibrium distance to be 3.88 bohrs; this is just out-
side of the error bounds of the value 3.6+0.2 bohrs
dctermlAcd by 8 LEED BAB)ysls fof CO OA Cu(100).
The binding energy of CO with Cu&, 0.45 cV, com-
pares reasonably well with the experimental values
obtained by Tracy" for CO on Cu(100) especially
when the small, five atom, size of the Cu cluster is

considered. Tracy reports binding energies of -0.6
CV for

2
monolayer coverage and -0.7 cV extrapo-1

lated to zero coverage. It is interesting fo note that
for the ground state of the linear NiCO cluster, 2' the
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TABLE I. Mulliken gross population analysis for some of the higher-lying MO's of Cu5CO for R (Cu~ —C) =3.75 bohrs.
Given are the levels derived from the 4o-„5o-, and lm levels of free CO and from the valence 4' levels of the Cu& cluster, see
Eq. (2). The Cu&CO MO's;ire compared with those of the component system for which they ire derived. The populations;ire
decomposed into s, p, and c/character; contributions less th in 0.01 ire neglected.

Cui
Cu5CO

Cu& 0

Component system
(Cu5 or CO)

C 0

40

5o.

p
c/

tot

p
c/

tot

p
c/

tot

0,05

0.15
0.20

0.01

0.28
0.04

0.32

0.34
0.32

0.66

0.25

0,25

0.23
0.45

0.69

0.01
0.15

0.16

0.74

0.74

tot

tot

tot

0.21

0.03

0.23

0.57
0.33

0.91

0.23

0.23

0.24
0.53

0.77

—0.01
0.10

0.09

0.77

0.77

19e

22a)

p
c/

tot

p
d

tot

0, 14

0.14

0.06
0,03

0.09

0, 16
0.05

0.21

0.19
0.03
0.01
0.23

0.02

0.02

0.01

0.01

0.01

0.01

18e

17a

p
c/

tot

p
d

tot

Cui

0.13

0.13

0.18
0.03

0.20

Cu&

0.17
0.05

0.22

0.17

0.02
0.01
0.20

binding energy of CO to Ni is smaller, 0.2 eV, than
for CO to Cu5. The o- donation in NiCO is compar-
able to that in Cu5CO but the m' backdonation is

considerably smaller. It is smaller since the CO m

system cannot, because of symmetry constraints in

the linear cluster, interact with the metal 4p level.

TABLE II. V ilence population of CO in Cu5CO divided

in cJ and m ch;ir;icter for various Cu~ —C distances, R. The
interaction energy of CO with Cu5 Ejqi is also given.

This indicates that the n backdonation contributes
appreciably to the total bond strength of CO to a me-

tal surface.
All in all, the reasonable agreement of the equili-

brium distance and binding energy obtained with the
Cu5CO cluster with experimental results for CO ad-
sorbed on Cu(100) strongly suggests that the bonding
in the cluster is rather close to that which occurs on a
Cu surface.

IV. CO CORE HOLE STATE PROPERTIES

4,00
3.75
3.50
3.25

6
5.90
5.86
5.81
5.77

Co(~)

4
4.09
4.13
4.17
4.22

e,„, (eV)

0
—0.450
—0.448
—0.335
+0.021

A. Electronic structure considerations

In this section, we present the properties of SCF
wave functions for configurations of Cu5CO where
either the C or 0 ls shell contains only one electron.
Since the symmetry equivalence restrictions were
not used for these calculations, we may write the
configurations as

ls' 19e ne '
x y (3)
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Lowest: 4~ = 1s'19ex 1ey'

Second: +&= 1s'19e„2e'

%e emphasize that +~ and P2 are obtained as
separate solutions of the SCF equations. " For the

(4)

where 1s denotes the singly occupied C~, or 0~, shell

and»ey is the singly occupied MO of ey symmetry:
all other MO's are doubly occupied. For each core
hole, 0~, or C~„we have found the two lowest states
of the form of Eq. (3). For the wave functions and
other properties of these states, we adapt the nota-'

tion:

open shell configuration, we have used an energy ex-
pression which corresponds to a weighted average of
the singlet ( —) and triplet (—) couplings of the ls
and»ey open shells. '" VVe shall show later, that for
one state, V2, the singly occupied ey Mo 2ey is very
similar to 19e„while for the other state, %~, the
1ey Mo is dramatically different. Thus we have
chosen to drop the symmetry equivalence restriction,
since in this way states with different »e~ will be
treated in a similar way within the average of confi-
guration formalism'„ i.e., all states are two-open-shell
states.

TABLE III. Mulliken gross and C—0 overlap population ~n ~lysis for selected MO's for CO hole
st ttes of Cu5CO, see Eq. (4); R (Cu~ —C) =3.75 bohrs. The 2n' MO of free CO, see Eq. (5), is

included for comparison with the Cu5CO ley" MO The gross populations are decomposed into s, p,
and cf character; populations less than 0.01;~re neglected.

St &te Orbit &I Cu) Cu2 0 C—0

%~(O~, hole)

0'2(O~, hole)

&2 —Et =562 eV

O~(C~, hole)

19e„

I ey

CO(2m )"'

19e„

2ey

19ex

i/

tot

p
f/

tot

p
(/

tot

p
c/

tot

/)

d
tot

(). 1 6

0.01
0.01
0.02

0, 17

0.01
0.17

0.15

0.01
0.16

0.15

0.15

0.15

0.05

0.20

0.14
0.04

0.19
0.15
0.04

~ ~

0.19

0.15

0.05

0.20

0.04

0.04

0.93

0.93
0.95

0.06

0.06

0.07

0.07

0.02

O.O2

0.04

0.04
0.05

0.0 I

0.01

0.01

0.01

0,02

0.02

—0.01

—0.36
-0.38

—0.04

—0.05

-0.01

1 ey

CO(2m )b

/)

tot
p

0.01
0.66

0.66
0.68

0.33

0,3.3
0.32

—0.45
—0.45

0'2(Ct, hole)

E2 —E~ =6.77 eV 19e„ P
d

tot
S

P
d

tot

0.23

0.23

0,22

0.22

0.14
0.05

0.19
0.15
0.04

0.19

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

-0.02

~ ~ ~

—0.02

'Calcul ited for free CO with an O~, hole. Calculated for free CO with a C~, hole.
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10 l(O )2~230.240-25~21~42~]

Ol

I o' 2o'( C), )3o24o25o'In42rr'' (5)

The similarity between the free CO 2m' for the ap-
propriate core hole and the le~ cluster MO is striking.
Clearly Ie~ is properly described as 2m'. The 2e~
MO„again for either W, (O„hole) or %,(C„hole),
is very similar to the 19e~ MO. Thus to a rather
good approximation, the conformations of Eq. (4)
may be written

+l ——1s'19e'2m", @,= ls'19e' . (6)

Thc state P2 would often bc dcscllbed as thc nol-
mal" hole state since its configuration, Eq. (6), most
nearly resembles that of the ground state, Eq. (2),
with a single core electron removed. The state 0'l
would often be described as a "shake" state'"" since
its conf lguratlon is onc ln which thc 1$ clcctron has
been ionized and a second electron has been moved
or "excited" from 19e to 2m'. In this case, the
shake state lies -6 CV below the normal state. This
is in contrast to the usual notion that shake states
have a higher energy than the normal state because
of the energy required to excite the second electron.
However, for Cu&CO, the energy gained by filling the
2m' level (In the presence of a core hole) is greater
than that paid by removing it from Cu5. The energy
gained by adding an electron to CO+ with a Cl, hole
is, in the equivalent core mode, ' the same as the
ionization potential, IP, of NO, -10 cV. The energy
paid can be estimated from the orbital energy of the

The properties of these two states are characterized
by the data given in Tables III and IV. For both
tables, the results are for thc representative distance
R (Cu~ —C) =3.75 bohrs. In Table III, we give Mul-
liken population analyses for the 19e and we~ MO's
including the C-O overlap population. 2' %e also
give the energy separation, AF. =62 —F. l, between
the two states. This separation is -6 eV which is
close to the width observed in the XPS spectra for
CO on Cu [both Cu(100) and polycrystalline Cu
films] of the C~, (Refs. 2 and 25) and O~, (Refs. 25
and 26) levels. For all four states, qr~ and %'2 for Oi,
and Cl, holes, the 19e„MO resembles the bare clus-
ter lge or ground state CusCO 19e MO (see Table I).
It is a predominantly Cu 4sp level and the CO contri-
bution is always small; the largest is 6"/o for 0'2(O],
hole). The ler MO for V~ (O~, hole) or for qr, (C~,
hole) is essentially a pure CO level and the large neg-
ative C—O overlap population shows that it is clearly
antibonding between C and O. Also sho~n in Table
III are population analyses for the 2m' MO for free
CO with Ol, or Cl, holes:

TABLE fV. Valence population of CO in Cu&CO divided
into o. and m character for the ground and various CO core
hole states; R(Cul —C) =3.75 bohrs. The tot&l charge on
CO, Q, is also given.

Ground state

]s hoe

+2(O], hole)

P](Cl, hole)

'P2(Cl, hole)

5.86

5.88

6.00

5.91

4. 13

5.09

—0.0 l

+0.03

19e(MO) in CuqCO, s(19e) —5 eV. In band-
structure terminology, the presence of a core hole
has pulled 2m' below Fi.' ' Thus, we can reasonably
describe 0] as a shake-down state.

In Table IV, we give the valence population of CO
decomposed into o. and m character in a similar way
as described above for the ground state. For O'I, for
either a C], or 0], hole, the m population of 5.1e in-
dicates a 2m' occupation of -1 electron. (No partic-
ular significance should be given to the population of
1.1 as opposed to 1 since a Mulliken population
analysis gives only a qualitative guide to the distribu-
tion of charge. Artifacts, especially for the extended
basis sets used in this work, can be expected to
arise. ' The o- donation is approximately the same,
-O. le, for the shakedown hole states as for the clus-
ter ground state. Clearly these states are the MO
analogs of the fully screened final states described by
SG.3 ' For the "normal" hole states, +2 the 2m' po-
pulation has also increased over that for the ground
state but is much smaller than the 4] 2m' popula-
tion. There also appears to be some reduction of the
donation in 0"q compared to the ground state so that
there may be a small o- contribution to the screening
of the core hole. Although, this population decorn-
position does suggest some 0. and m screening of the
core hole, it is reasonable to think of at least part of
this as being more like a polarization of charge on
Cu5 rather than an actual charge transfer from Cu5 to
CO. The apparent charge transfer in the 0'2 states is,
in part, an artifact of the population analysis. If we
were to estimate the many-electron overlap integral
(9', ~%,) from the populations of 2m' given in Table
IV, we would expect it to be reasonably large, -0.5.
However, as we shall show' below the overlap is, in
fact, rather small. Clearly then, the normal hole
states, 4'2 are the MO analogs of the SG "un-
screened" final states.
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B. Relative XPS intensities
of the hole states

P) =3I), P2= Ip (8)

The factor 3 is required because any one of the 3 19e
electrons can be excited to an appropriate le(2n')
MO." In order to evaluate I;, we have chosen to use
wave functions in which the open shells have an ex-
plicit coupling to either singlet or triplet spin states,
see Eq. (4). Either choice leads to the same value
for I;. The resultant P; are the sum of the intensities
for ionization leading to either %'f' (/ (singlet) or to
4f;„„.~/ (triplet). We consider this sum of intensities,

P/, since the total spins of the various states of
Cu5CO are clearly cluster artifacts. Ho~ever, the fact
that the 1e~(2m') electron and 1s hole for the shake-
down state %~, may couple to form singlets and trip-

lets is a real physical effect. Possible consequences of
this coupling will be discussed below.

In Table V, we list values of P; for O~, and C~,
core holes for R (Cul —C) =3.75 bohrs which is close
to the equilibrium Cu —C distance and for
R (Cu~ —C) = 3.25 bohrs where the distance has been
shortened somewhat. Clearly, the "shakedown"
state always has substantial intensity. Even in the
case where P~ is smallest, C&, hole at R(Cu~ —C)
=3.75, it is still greater than 20% of the intensity of
P2. The intensity of Pt increases and that of P2 de-
creases as the Cu~ —C distance is decreased. This is
consistent with the interpretation that the intensity of
P~ has a major origin due to the m' backbonding in

It is necessary to know the relative photoionization
intensities for the two final hole states, 'P~ and 42, in

order to make t meaningful comparison with the XPS
spectra for CO on Cu, It is not sufficient that the
"shakedown" states lie below the "normal. " hole
states. Unless both kinds of states have substantial
intensity, they will not be easily observed and, thus,
cannot be the origin of the broad XPS struc-
tures. "" In order to compute the relative intensi-
ties, we use the sudden approximation (SA)." This
approximation is suitable for the high energy, —

1

keV, CO core electrons ionized by Mg or Al Ko. radi-
ation. For the present case, we require the integrals
I/,

/I = (+final, f I +init&sl)

where 0't-;„,„~/ is one of the SCF wave functions of Eq.
(4) and P;„';,';„.

~
is the ground-state wave function, Eq.

(2), with a CO ls electron removed. It is important
to emphasize that I; is a many-electron integral
between Slater determinants constructed from two
different (nonorthogonal) sets of MO's, the final-
ion-state SCF orbitals for Ot-;„„.

~
and the ground-state

SCF orbitals for %';„';,';„, ~.
' The relative probability P;,

of a photoionization event leading to 'P/ is

TABLE V. Rel ~tive intensities, P, „ for the CO core hole

st ites of Cu&CO computed in the sudden approximation, see
Eqs. (7) «nd (8). The many-electron overlap integr;&1

between the sh ~kedown hand norm ~l fin ~l hole states,
(0 l ~ 0&), is also given.

Ecole

R(Cu, -C)
bohrs P) P2 Plt P2 ~+ I/4 2~

Oi 3 ~ 75 0.16 0.38 0.42 0.13

ops

C),

C),

3.25

3.75

3.25

0.29 0.16

0.12 0.54

0.21 0.43

1.82

0.22

0.48

0.16

0.07

0.09

if(x) = (l9e„(g.s. ) (l9e„(off))

if(y) = (19e,( s g)Ile~(+f)).

the initial, unionized, state. As may be seen in Table
II, this backbonding increases as the Cu~ —C distance
decreases. The large values for the ratio P, /P, , par-
ticularly for R (Cul —C) = 3.25, are consistent with

the observed XPS spectra for the C~, and O~, levels
for CO adsorbed on a Cu surface. "" They indi-
cate that the considerable intensity will be observed
for both O~ and %'2 which are separated by about 6
eV and, indeed, the XPS spectra for CO on Cu show
broad peaks over a comparable energy range. Since
the cluster clearly gives t limited representation of
the surface valence sp band, it seems reasonable to
consider modest variations of the cluster Cu~ —C dis-
tance about equilibrium in order to obtain a ratio
Pl/P2 which, in some sense, compensates for this
limitation. s' Values of Pl/P2 computed for
R (Cul —C) near 3.25 do coinpare reasonably with ex-
periment.

For CO, using the same C and 0 basis sets as in

the cluster, the relative intensity for the normal O~,
hole is 0.76 and for the normal C~,. hole 0.81. The
remaining intensity, 24% for O~, and 19% for C~, ,
goes to shakeup and shakeoff states.

We present now an analysis to obtain a better
understanding of the origin of the intensity P~ and of
how the shakedown state V~ gains intensity at the ex-
pense of the normal state O2. In' this analysis, we
consider the contribution to P; from the highest-lying
e orbitals, These are the MO's denoted 19e (19e„
and I9e~), Ie~ and 2e~ in Eqs. (2) and (4). e de-
fine the following integrals:
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Here the subscript 1 denotes the finai ionic state (I
for the shakedown state and 2 for the normal state);
19e (g.s. ) is the SCF orbital determined for the
ground state, Eq. (2); and 19e„(%1)and Ie~(%'I) are
SCF orbitals determined for the final states of Eq.
(4). The partial contributions to P, denoted P, from
these integrals are'

P~ = 3 [i, {x)/'/i, ( y) f', P2 = II2(x) I'II2( y) I' . (10)

Values for the quantities in Eqs. (9) and (10) for
R (Cu —C) =3.75 bohrs are given in Table VI. For
the shakedown state, for both O„or C~, holes, i ~(x)
is nearly I indicating that 19e(g.s. ) and 19e„(%~)are
very similar MO's. This is also suggested by the po-
pulation analysis in Tables I and III. The key factor
in determining P~ (and also P, ) is i ~(y). This in-

tegral is between an MO which is predominantly Cu5
with some 2n" backbonding character, 19e(g.s.), and
one which is essentially 2m', le~('P~). This integral
is different from zero because the 19e(g.s. )MO con-
tains 2m" backbonding character. If it were a pure
Cuq orbital, i~(y) would be very much smaller.
Indeed, it is not large compared to 1 especially con-
sidering that it enters the expression for P~ as
~i~(y) ~'. It is, however, sufficiently large to lead to
substantial value for P~ compared to P2. For the
second, normal hole, state, i2(x) = i 2(y) indicating
that the l9e„(+2) and 2e~(+2) MO's are quite simi-

lar. This is gratifying since it means that the effect of
dropping the symmetry equivalence restriction for
this ionic state is not great; compare Eqs. (4) and (6)
for Vz. The values of iz(x) and i2(y) are somewhat
less than 1, -0.9—0.95, but this is sufficient to
reduce P2 to a value substantially less than 1; see Eq.
(10). These integrals are reduced from I because the
19e„and 19e~ MO's for IIf2 are somewhat polarized
toward CO in response to the presence of the CO
core hole. This polarization is seen in the population
analysis as a shift of charge away from Cu2 to Cu~ for

TABLE VI. Analysis of the contributions of the highest-

lying MO's of e symmetry to the relative intensities of' the
CO core hole st ates of Cu~CO for 8 (Cu~ —C) =3.75 bohrs.
The integrals over the MO's are denoted by ii(x) and ii( y)
and the intensity contributions by Pi„see Eqs. (9) &nd (10)
for definitions of these quantities.

Hole i &(x) i &( v) P~ i2(x) i2(y) Pp P)/P2

0), 0.99 0.26 0.20 0.91 0.90 0. 0. 6

s 0'99 0.21 0.13 0.95 0.95 0.75 0.17

19e (4', ) compared to 19e (g.s.); see Tables I and II.
It is also seen in the change in the (Z ) for 19e
between the ground state and I'2. The values of P;
are larger than those for P;; this is necessary since
the orbitals not considered in P~ relax in the final
states and lead to a smaller value for the all electron
intensity, P;.'" However, the relative values of P; are
rather similar to those of P;.

This analysis clearly shows that the m' backbonding
in the 19e MO ot the cluster ground state is the pri-
mary reason that the intensity of the shakedown
state, P~, is reasonably large. It also shows that the
polarization of'the 19e MO in the normal final states,
II2, leads to a substantial loss of intensity for these

states.
The many-electron overlap integrals between the

shakedown and normal final states, (4'~ 1+2), are, as
may be seen from Table V, small. As we mentioned
above, they are much smaller than one would expect
from the CO(n ) populations of V~ and F2 shown in

Table IV; however, they are certainly not zero. One
way to estimate the effect of the nonzero overlap on
the relative SA intensities P; is to construct a O2
orthogonal to O~ by Schmidt orthogonalization,

The SA intensity P2 may then be evaluated for %2.
If this is done, for example, for the O~, hole for
R (Cu —C) =3.75 bohrs, P2 =0.35, 10% smailer than

P2. Thus, the lack of orthogonality between W~ and

O2 will affect some~hat the values of P~ and P2.
However, it will not, for the small values of the over-
lap that we find here, affect the general features of
the intensity distribution shown in Table V.

C. Comparison with XPS spectra for CO on Cu

As we have discussed above the energy separation
and the intensity distribution between the shakedown
and normal final states is consistent with the ob-
served width and intensity distribution for the CO
core level XPS spectra for CO on Cu. It is not possi-
ble for us, however, to make a comparison between
our cluster results and the detailed shape of the XPS
spectra. We have computed two sharp peaks while
broad continuous spectra are observed. In Cu5CO,
there is only one level, 19e, which may couple or in-

teract with CO(2m'). On the Cu surface, there are a
range of levels in the sp band which can interact in

this way. ' ' The effect of this will be to broaden the
two single lines which we have computed in a way
which reflects the nature of the valence sp band at
the Cu surface. Furthermore, we have not con-
sidered here shake states which arise from a Cu dm

electron being transferred to CO(2m'). Such states
have been investigated for a linear NiCO cluster. " It
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was found that these are also shakedown states but
that they have rather less intensity than the valence

sp to 2m' shake states considered here. However, the
effect of such d'm to 2m" states will be to add intensi-

ty to the shake (or fuily screened) XPS region and to
further broaden it.

Finally, we have, in the shakedown state, Oi„
neglected the spin coupling of the 2m' electron with

the core hole. For free CO with the configurations of
Eq. (5), we have obtained SCF wave functions for
both the singlet and triplet couplings of 1s with 2m'.

For the Ci, hole, the energy difference of these two

states is AEsI = 1.4 eV; for an Oi, hole, AE, , = 0.3 eV,
The larger d E,, for the Ci, hole is due to the fact
that 2m' for both Ci, and Oi, ho)e states has its larg-

est density about the C atom; see Table III. Clearly
the exchange integral K(ls, 2m') will be larger for

C~, than for O~, . Since EE,t = 2K ( i s, 2m'), it is

larger for Ci, . It is worth noting that, for CO on Cu,
the Ci, XPS spectra is somewhat broader than that
for Oi, and that it has a somewhat more complex
structure. '" It is quite possible that the greater im-

portance of the ls-hole —2m' electron coupling for Ci,
is, at least in part, responsible for these observed
differences.

We have not yet considered the absolute values of
our calculated CO core level ionization potentials, Eip.
These IP's for CuqCO and for free CO, are compared
with experimental values in Table VII. The calculat-
ed IP's are obtained by taking differences of the total
SCF energies of the initial ground state and the final
ionic state. ' Etp(calc) = EscF(ground state)
—Escp(core-hole ion). We consider first the results
for free CO. Here, the calculated and experimental
values agree to within about 3 eV. The errors in the
calculation will arise principally because a limited
basis set is used; because of different correlation er-
rors for the ground state and ionic states; and from
relativisitic corrections (-0.4 eV for Ot, and smaller
for Ct, ).2s " In Table VII,"we have included calcu-

lated IP's for CO which use a large basis set and give

Hartree-Fock limit results. '" It is clear that the larg-

est part of the error of the CO IP's calculated with

the present basis, -2 eV, is due to limitations of this
basis set.

For Cu~CO, the calculated IP's given in Table VII
are those for ionization to the lowest shakedown,
state V~ for R (Cu~ —C) =3.75 bohrs. (However,
between R =3.75 and 3.25, the change of the IP's is

quite sm tll; less than 0.2 eV.) F' or CO on Cu(100),
the experimental values are taken as the position of
the first, lowest apparent binding energy, maximum
in the XPS spectra. These values measured relative
to E& are adjusted by the Cu work function to give
IP's relative to vacuum in order to have an appropri-
ate comparison with the IP's calculated for Cu5CO.
The agreement between the IP's for Cu5CO tnd CO
on Cu(100) is very good, We may estimate the
correction for the limitations in the basis set by as-

suming that they lead to the same error in the calcu-
lated IP's for Cu5CO as for free CO. Making this
correction does not significantly change the quality of
agreement between theory and experiment: the
differences, corrected in this way, are still -1 eV.

This agreement gives strong support to our assign-
ment of the lowest observed levels in the CO on Cu
XPS spectra to sh ~kedown states which have large in-

tensity. It also demonstrates that a rather small met-
al cluster of five atoms is sufficiently large to give ab-
solute IP's in remarkable agreement with the core lev-

el XPS IP's for CO chemisorbed on a Cu surface. At
first, this would seem rather surprising since the clus-
ter is much too small to fully include the final state
relaxation (response) of the metal to the CO core
hole. However, the response that we have neglected,
that due to distant metal atoms, is most likely to oc-
cur on a time scale which is long compared to the
time required for the high-energy photoelectron to be
emitted. '" Thus, it will contribute to the tail to lower
binding energy which is observed in the XPS spec-
tra' "; however, it is not very likely that it will

greatly shift the position of the peak maximum.

TABLE Vll. Theoretical and experiment~1 ionization potentials, in eV, for the free CO
molecule, Cu&CO and CO on Cu(100). For free CO, the Hartree-1 ock limit results, see Ref. 34,
ire given in pirenthesis. For Cu5CO, the IP's are for R (Cu& —C) =3.75 bohrs,

Hole

CO

Ex pt"' Theory 5 (Expt —Theory)
CO on Cu(100)

Expt'
Cu5CO
Theory (Expt —Theory)

Cis

Ois

296.2

542.3

298,7

(296.9)
539.1

(541.6)

—2.5
{—0.7)
+ 3.2

(+0.7)

292. 1

539. 1

292 ~ 8

538.0

—0.7

+ 1.1

"See Ref. 35.
Corrected for the v icuum level is the zero of energy, see Ref. 26.
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V. CONCLUSIONS

We have used ah initio SCF wave functions for a
Cu&CO cluster to model the interaction and x-ray
photoionization processes for CO adsorbed on a Cu
surface. We have shown that these wave functions
lead to reasonable results for properties related to the
interaction in the ground state; in particular for the
Cu to CO bond distance and for the chemisorption
bond strength. Further, the absolute values of the
cluster IF's for CO core ionization are in excellent
agreement with the observed XFS IP's for CO on
Cu(100). This is strong evidence that the present
theoretical approach, including both choice of cluster
and the use of SCF wave functions, provides quite a
good (realistic) representation for the behavior of CO
on a real Cu surface.

This is quite important in itself. However, it also
means that cluster results should be reliable as well

for the interpretation of the origin of the broad and
complex structure of the adsorbate core level XPS
spectra observed for CO on Cu and for other weakly

bound adsorbate-metal systems. ' This interpretation
is, indeed, the major objective of this work, Our
results lead to the conclusion that the broad spectra
arises from the fact that two distinctly different kinds
of final, core hole, states exist. Each kind has sub-
stantial intensity in the XPS spectra of CO on Cu
and, most likely, for other weakly chemisorbed
molecules. ' On a real surface, there will be a large
number (band) of final states of each kind. 3 5 With
our CuqCO cluster, we have represented each of
these two bands by a single state. The lower state
can be described as a "shakedown" state where the
metal has contributed an electron from a valence 4sp
level to the CO(2n ) in order to screen the CO core
hole. The second state, -6 eV higher in energy, is a
"normal" single hole state where the CO core hole is

not substantially screened. The relative XPS intensi-

ty of these two states, computed in the sudden ap-
proximation, is shown to depend very strongly on the
fact that there is significant metal valence (4sp) to
2m' backbonding in the ground state of the system.

The separation of these two states and their relative
intensities for Cu to CO distances near equilibrium
separation are qualitatively consistent with the ob-
served XPS spectra for CO on Cu. We have also
considered the spin coupling of the 2'' electron and
core hole and conclude that the effect of this cou-
pling will be negligible for an O~, hole and may lead
to a broadening of —1.5 eV for the C~, spectra. This
hole-electron coupling effect, together with the fact
that the separation of the shakedown and normal
states is -1 eV larger for C~, than O~, holes, is con-
sistent with the observation that the XPS C~, spectra
is broader than that for O~, .

Our conclusion concerning the origin of the adsor-
bate core level spectra is similar to the one arrived at

by Schonhammer and Gunnarsson' ' whose work is

based on the use of a parametrized Anderson-type
Hamiltonian. They were able, with this Hamiltonian„
to take explicit account of the metal band structure
but had to use, and in certain cases to adjust, empiri-
cal parameters to represent the CO—Cu surface in-

teraction and the position of the 2m' level. In our
work, by contrast, we have an obviously very limited
representation of the surface band structure with the
CuqCO cluster, but we have treated the interaction
and energetics without empirical or adjustable param-
eters. If any further evidence were needed for the
correctness of the interpretation of the role of
screened (shakedown) and unscreened (normal)
states in the XPS spectra, the similarity of our con-
clusions with these of SG should provide it. We
have used entirely different theoretical approaches
which emphasize different aspects of the problem,
yet we, both, come to the same physical model.
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