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Many-body calculations on the valence photoemission of NiCO and Ni(CO)4
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The valence electron spectra of NiCO and Ni(CO)4 are calculated by the third-order algebraic-
diagrammatic-construction Green's-function method. We obtain fairly good agreement with experi-
ment. It is shown that the quasiparticle picture of 1~ breaks down due to the one-hole/two-
hole-one-particle (1h/2h 1p) charge-transfer (CT) coupling in the bonded system. The dominant
role played by the intraligand relaxation in free CO is replaced by the CT relaxation because of a
drastic decrease of the intraligand 1h /2h 1p coupling strength. The CT relaxation is much stronger
because of much smaller 1h/2hlp energy separations. When the Ni-CO bond length becomes
larger (weak coupling), the intensity increase of the satellite and breakdown of the quasiparticle pic-
ture also occur for 4o. ionization. This is not due to the change in the CT 1h/2hlp coupling
strength but due to the smaller CT 1h/2h 1p energy separations. The present work emphasizes the
importance of 1h 1h and 1h 1p interactions in the 2h 1p states. It is shown that, in the case of 50 and
40. levels, the 1h state is more stable than the 2h lp states. Consequently the main line is interpreted
as the 1h state, where the screening charge resides on the bonding orbital, which is more polarized
toward the ligand than in the ground state. The satellites are dominated by 2h 1p configurations,
where the bonding to antibonding shakeup excitations occur. For 1m ionization the strong mixing
of lh and 2h lp configurations leads to the breakdown of the quasiparticle picture of the ionization,
and thus a distinction between main line and satellite line becomes meaningless. The eft'ects of the
relaxation and screening in the 2hlp states are also discussed. We show the usefulness of the
molecular-orbital Green s-function calculations for understanding ionization in adsorbates.

I. INTRODUCTION

During the past decade there has been a great deal of
experimental effort in characterizing the nature of the
bonding of CO to a metal surface. Different kinds of sur-
face electron spectroscopic techniques are used to elluci-
date the nature of the surface and surface-adsorbate bond
by probing the electronic structure of the systems. How-
ever, the act of probing the electrons perturbs the
ground-state distribution, so that diferent probes mea-
sure different properties. It is fairly important to be able
to interrelate the information obtained from the different
measurement processes. The adsorption of CO onto a
metal surface is one of the systems studied extensively by
photoemission and with various different theoretical ap-
proaches. '

The adsorbate core-hole spectra show a multipeak
structure. ' ' The multipeak structure is interpreted in
terms of the screening of the core hole by the charge-
transfer screening (CTS) from the substrate. ' ' Con-
ventional pictures of the CTS are (a) in a simplified band
picture, the initially nearly unoccupied (2rr) adsorbate
(ligand) level is pulled below the Fermi level by the (core)
hole and becomes partly filled by the electron transfer
from the substrate (metal); (b) while in a molecular-
orbital (MO) picture the bonding combinations of the 2tr
ligand orbital with the metal m. orbital, which has dom-
inant metal character in the ground state, becomes more
CO-like in the (core) ionized state. ' ' Besides a more or
less semantic question, all major works based on different

kinds of theoretical approaches tend to agree to interpret
the low-binding-energy (BE) peak as a "well-screened"
state. The nature of satellites, however, has been contro-
versially discussed in terms of an unscreened final state as
well as a local ligand shakeup transition. " ' Recent
high-resolution core and valence-electron x-ray photo-
emission spectroscopy (XPS) spectra of CO on Ni(100)
surface show a number of newly resolved structures.
These structures are interpreted as the shakeup excita-
tions from the 2m* screening orbital to the antibonding
orbital or Rydberg-like states in the CTS core-hole
state. The broader and asymmetric adsorbate core-level
lines in comparison to the free molecule are interpreted
either as being due to electron-hole pair shakeup excita-
tions within the 2m* resonance or due to vibrational ex-
citations in the final core ionized state, giving broaden-
ings of the order of 2 eV. '

In the case of the valence spectrum, the spectrum looks
more normal than the core hole spectrum; however, there
was an ambiguity concerning the assignments of the 5o.

and 1m levels which are reversed compared to the case of
free CO. These assignments for CO on Ni are by now
well established by angular and photon-energy-dependent
ultraviolet photoemission spectroscopy (UPS) stud-
ies. ' Recently the valence spectrum of CO on
Ni(100) recorded by high-resolution XPS show the satel-
lites which have been observed so far only in the weakly
coupled system. The interpretation of the valence spec-
tra of the adsorbates is still qualitative in a sense that
many authors interpreted the spectra in the same way as

7370 1990 The American Physical Society



42 MANY-BODY CALCULATIONS ON THE VALENCE ~ . . 7371

the core-level spectra without performing sophisticated
theoretical calculations. Even among different kinds of
theoretical calculations performed so far, there is still
disagreement on the interpretation of the spec-
tra. ' ' ' Recently more experimental effort has
been devoted to the understanding of the electronic struc-
ture of the valence levels of the adsorbates and bonding
structures (see references in Ref. 29). Further theoretical
studies on the ionization from the valence levels are thus
in need.

The linear molecule NiCO has been used as a model
system to study the chemisorption of CO on a nickel sur-
face. A Green's-function calculation of the valence and
core spectra of NiCO has been performed within a sem-
iempirical approach, the complete neglect of differential
overlap (CNDO/2). ' ' The Green's-function method it-
self is called the diagonal two-particle-hole Tamm-
Danco6' approximation (d 2ph TDA) Green's-function
method. This simple calculation already shows that the
incorporation of many-particle effects is necessary for
even a qualitative understanding of the photoelectron
spectra of these systems. It is shown that not only the
charge transfer (CT) but also other relaxation mecha-
nisms such as local ligand excitations have to be taken
into account. ' ' It is an advantage of the Green's-
function method in contrast to the self-consistent-field
(SCF) molecular-orbital (MO) approach (SCFMO), such
as the ASCF method, that one can deal simultaneously
with local metal, local ligand, and CT excitations.

The d2ph TDA Green's-function calculations of the
valence and core-hole spectra of NiCO and Ni(CO)4 by
Saddei et al. demonstrate the breakdown of the one-
electron picture. ' ' This phenomenon has been found
to be a general one in atoms, solids, and molecules (see
Refs. 33—38). Saddei et al. used the SCF-MO-CNDO
method. A general problem with the use of a CNDO
basis is the inaccurate description of the Ih l2h ip (here h

denotes a hole and p a particle) coupling strength and en-

ergy separations. This leads to an inaccurate description
of the spectral features such as energy positions and in-
tensities. A dramatic spectral feature such as the break-
down of the one-electron or even quasiparticle picture of
the single or multiple ionizations depends often critically
on the coupling strength and energy separations between
the initial- and final-hole states.

In the present work we calculate the valence ionization
spectra of NiCO and Ni(CO)4 with an ab initio method
using extended basis sets. The many-electron effects are
included via the Green's-function method in the so called
ADC(3) (the third-order algebraic diagrammatic con-
struction, equivalent to the extended 2ph TDA). ' In
the case of model systems such as NiCO, we can compare
only indirectly the theoretical results with the experimen-
tal data from the adsorbates [CO on a Ni(100) surface].
Therefore we also calculate the valence spectrum of
Ni(CO)& and compare the results with experiment to test
the accuracy of the present ADC(3) Green's-function cal-
culations.

The present results give an overall good agreement
with experiment. Our calculations also show the break-
down of the one-electron picture of ionization in the

coordinated systems due to a strong coupling of the
single-hole (Ih) and two-hole —one-particle (2hlp) CT
configurations. The dominant role played by the intrali-
gand excitations in the free CO is replaced in the coordi-
nated system by the metal-ligand CT excitations. We
make an analysis of the spectrum in terms of the 1h and
the 2h 1p CT states instead of the "screened" and "un-
screened" states used in an ambiguous way in the litera-
ture on the CTS model in the interpretation of ionization
spectra of adsorbates, transition-metal compounds, high-
temperature superconductors, etc. In general the CTS
state (2h lp shakedown state) is considered as a screened
state and the Ih state (Koopmans's state) as an un-

screened state. The smaller BE state is a screened state.
However, this state is not necessarily the CTS state. We
show that in the present case the 1h state can be more
stable than the 2h lp CT states and the main (lowest bind-
ing energy) line can be the Ih state and not the 2h Ip CT
state.

To see how the spectral features change with an in-
crease of the Ni—CO bond length, we calculate the spec-
tra of NiCO at different bond lengths. The results show
that with an increase of the bond length which leads to a
weaker coupling, the satellite intensities increase. We an-
alyze this effect in terms of the energy separations of the
1h and 2h 1p configurations and show the importance of
the 1h lh and 1h 1p interactions in the 2h 1p states. We
make a comparison of the present results with the CNDO
results and discuss the causes of the discrepancies found
between these two sets of results. Then we discuss the in-
terpretation of the satellites observed recently by different
kinds of spectroscopies. Finally we discuss briefly those
additional relaxation, screening, and the substrate
broadening effects in the 2h 1p states which are neglected
in the present ADC(3) approach and comment on the
core-hole spectra. We conclude that many-body calcula-
tions such as the ADC(3) approach are quite useful for
understanding the hole spectra of adsorbates.

II. THEQRY

In this section we present briefly the outline of the
theoretical approach. We refer the reader to Refs. 38 and
39 for details of the ADC(3) approach. We use the
Green's-function formalism to calculate the IP's (ioniza-
tion potential) and their spectral intensities directly. Us-
ing the spectral representation of the Green's function,
the (vertical-electronic) ionization energies are given by
the negative-pole positions in the Green s function. The
residue provides the pole strength. This is, in the sudden
approximation, a measure for the relative intensities of
the states which derive their intensity from the same or-
bital.

The Green*s function can be calculated by using a
well-established diagrammatic perturbation expansion in
terms of the self-energy. The essence of the perturbation
expansion lies in the renormalization of the self-energy.
In the present work we are concerned with the self-

energy which describes the configuration interaction (CI)
between the initial 1h and final 2h 1p configurations. The
second-order self-energy consists of three terms, each
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describing different many-body effects, namely the non-
hole-hopping relaxation, hole-hopping relaxation, and
ground-state correlation terms. We start with the renor-
malization of these three basic diagrams. The first step of
the renormalization procedure is the third-order self-
energy diagram, describing repulsion between the holes
and attraction between the electron and the holes. We
approximate the 2h 1p interaction by the sum of the 1h 1h
and the 1h 1p interactions. We approximate the 1p lh in-
teraction within the framework of the random-phase ap-
proximation (RPA). Some of the third-order diagrams
are the first in a sequence that constitutes the RPA.
Furthermore, using the ladder approximation for the 2h
interaction, all diagrams appearing in the third order are
summed to infinity by the ADC(3) approach. The ap-
pearance of 1p and 2plh configurations and their cou-
pling with the 1h and 2h 1p configurations in the Dyson
equation introduces the effects of ground-state correla-
tion and leads to the global inclusion of the effects of
higher excitations (3h2p configurations, etc.) on the ionic
states. In the present work we calculate the self-energy
by the ADC(3) scheme.

III. NUMERICAL PROCEDURES

The configuration interaction calculations on NiCO
have shown that the ground state of NiCO is the 'X+
state rather than the 6 state. The 3d ' 4s Ni
configuration gives the dominant contribution to the 'X
state of NiCO.

The optimized Ni-CO distance obtained for the linear
NiCO molecule with the complete active space SCF
(CASSCF) wave function is 3.2 bohrs. The experimen-
tally determined Ni(100)/CO distance is 3.5 bohr, with
the CO sitting vertically on top of the Ni sites. This
distance is close to the Ni-CO distance of a Ni(CO)4
molecular crystal. The C-0 distance in our calculation is
fixed at that of free CO, as the effect on the electronic
structure of NiCO due to a change of the C-0 distance
from free CO (2.132 bohr) to the Ni(CO)& C-0 distance
(2.173 bohr) is quite small. We performed the ADC(3)
calculations at R =3.2 and 3.5 bohr for the NiCO mole-
cule.

We use basis sets of Cartesian Gaussian functions on
the atoms to expand the MO's. The [14s9p5d] basis set
of Wachters for Ni is enlarged by two p-type functions
with exponential parameter a =0.24, 0.08 to describe
the 4p orbital of Ni and the diff'use 3d functions of Hay
(ad=0. 1316). The two s-type functions with small-

est exponential parameters are replaced by functions with
a, =0.32,0.08 to take into account the orbital contrac-
tions upon molecular bonding. The final basis set is
[14s 1 lp6d] contracted to (8s6p4d) (contraction number
of 3 of Wachters) T. he C and 0 basis sets are taken from
Salez and Veillard, [1ls7pld] contracted to (5s3pld).
The exponential parameters of the d-type functions are
ad(C)=0. 6, ad(O)=0. 8. In a second calculation we
added to the Ni basis set a set of three f functions con-
tracted to two f-type functions (af =5.02, 1.72, 0.4).
The resulting basis sets are somewhat too large for
Ni(CO)4 with the given computational resources. For
this molecule we thus used on Ni a [ 14s 1 lp 6d ]/( 7s 5p 3d )

basis and on C and 0 a [9s5pld]/(4s2pld) basis which
is taken from the work of Huzinaga.

In the ADC(3) Green's-function calculations for NiCO
all orbitals except for the core orbitals and their virtual
counterparts were taken into account. This leads to ma-
trices of dimension of around 8000. The eigenvalues and
eigen vectors were extracted with a block Davidson
method. ' For o symmetry about 70 eigenvalues and
eigenvectors were calculated. For Ni(CO)~ all occupied
valence and the lowest 33 virtual orbitals were taken into
account. This leads to matrices of dimension 15000
which were diagonalized with the block Davidson
method to obtain about 100 solutions.

IV. RESULTS AND DISCUSSION

A. Initial-state effect; chemical shift

In Table I we list the orbital energies for free CO and
for NiCO at 8 =3.2 and 3.5. We list also the abinitio re-
sults by Hermann and Bagus and the results of a
CNDO calculation. Strictly speaking, the Hartree-
Fock (HF) orbital energies (II oopmans's approximation)
have no physical relevance because of the neglect of
ground-state and final-state correlation and relaxation in
the final state. However, the eigenvalue shift due to a
change of environment (such as change of bond length or
removal of the Ni atom to infinity) should indicate the
initial-state eff'ect (neglecting the ground-state correlation
energy shift). At R =3.2 bohr the ordering of the 5o and
lm. levels (eigenvalues) is reversed compared to that of a
free CO molecule. The 50. orbital in CO which is direct-
ed towards the Ni atom is shifted by 1.7 eV to higher BE,
whereas the 4cr and 1m orbitals which are predominantly
localized on the oxygen are shifted to smaller BE by 1.0
eV. This indicates the presence of a specific initial-state
interaction between the CO (adsorbate) 5o and the Ni

TABLE I. Ionization energies (eV) for CO and NiCO in Koopmans's approximation (eV), R values in bohr.

NiCO

Level Present work
CO
Ref. 26 CNDO

Present work
R =3.2 R =3.5

Ref. 26
R =3.5

CNDO
R =3.5

5o
177

4o.

30

15.11
17.49
21.89
41.51

15.15
17.12
21.80

17.3
21.1

24.7
45.3

16.81
16.41
21.10
39.84

16.49
16.72
21.42
40.31

18.42
18.26
22.97

19.1
21.4
25.2
45. 1



42 MANY-BODY CALCULATIONS ON THE VALENCE. . . 7373

TABLE II. Theoretical and experimental ionization energies of free CO (eV).

Level
ADC(3)

IP

13.91(0.89)

16.98(0.9 )

d2ph TDA
CNDO'

IP

16.5(0.97)
44.0(0.03)

21.2{0.95)
40.5(0.05)

HF gSCFb
IP

13.53

14.96

SCF-Xcz-SW'
IP

13.9

17.6

Expt.

14.04

-27.0'

20.08(0.79 )

23.00(0. 11)

33.93(0.11)
38.75(0. 17)
39.21(0.30}

39.55(0. 15)

23.2{0.82)
30.2{0.01)
33.9(0.05)
34.5(0.05)
44.7(0.07)

39.2{0.10)
40.0{0.03)
41.7(0.24)
47.2{0.62)

19.87 21.0

34.8

197
-23'

-31"
—36'
38 3'

'Reference 27. The intensities are read from the figure.
Reference 26.

'Reference 56.
Reference 84.

'Reference 69.

atom (substrate). A conventional picture of bonding of
NiCO (CO on Ni metal surface) is that the So charge is
donated to the metal (substrate) with a simultaneous
charge backdonation from the metal valence states into
the 2m derived orbital of CO. However, the exact na-
ture of the bonding between CO and metals is still con-
troversial. With an increase of the Ni—CO bond length
(at R =3.5), the chemical shifts of the Scr, ln, and 4cr
levels are 1.4, —0.8, and —0.5 eV, respectively, where
negative values are shifts to lower BE. The eigenvalues
come closer to those of free CO because of an increase of
the bond length. The changes in the chemical shifts from
R =3.2 to 3.5 for the 5', 1m, and 4o. levels are —0.3, 0.3,
and 0.3 eV, respectively. The So. orbital thus is less in-
volved in the bonding at the larger distance.

B. The main line IP of NiCO

In Tables II and III we list the ADC(3) results for free
CO and NiCO. In the case of free CO the ordering of the
IP's is correctly produced by the orbital energies. For Scr

and 1~ the main line takes almost all of the strength
(with a pole strength of 0.9) and the one-electron picture
is valid. For 40 non-negligible strength (0.21) goes to sa-
tellites. For 3o. the intensity is distributed over several
lines and the quasiparticle picture breaks down. In the
case of NiCO the ordering of the main IP's of the 5o. and
1~ levels is reversed compared to that of free CO but is
correctly given by Koopmans*s approximation at
R =3.2. For 5o. and 4o. the main state takes a smaller
amount of the original strength and the remaining
strength is distributed over small satellites. For the 1m

and 3o ionization the quasiparticle picture breaks down.
With an increase of the bond length the quasiparticle pic-

ture for 4o. breaks down as well. The outer valence shell
levels of free CO become inner valence shell levels in the
bonded system due to the presence of high-lying occupied
orbitals on the metal atom. The quasiparticle picture for
lm (and 40 ) breaks down due to the metal-ligand CT
1h/2h 1p coupling which involves the occupied orbitals
of the metal atom. Later we shall discuss in detail this as-
pect of the physics. The d2ph TDA CNDO calculation
also gives intense satellite lines for 1m ionization but they
appear about 8 eV above the main line and the main line
contains still about two-thirds of the original strength.
The picture which emerges is thus quite different from
the ADC(3) calculations.

The present results refer to an isolated NiCO molecule
and solid-state effects associated with CO chemisorbed on
a Ni metal surface are totally neglected. However, it is
interesting to compare the present results with the experi-
mental data from the adsorbate [CO on Ni(100)] to see
whether NiCO can be a suitable model for the adsorbate.
Here a comparison with the theoretical results for the
molecule is made simply by adding the work function
which ranges from 5.5 to 6.3 eV (depending on Refs. 6,
18, 20, 21, 24, and 53), to the binding energy of the ad-
sorbed molecule measured relative to the Fermi level of
the substrate, to bring them to a common reference level.
If we neglect the basis-set truncation error and the in-
complete treatment of the many-body effects, whose mag-
nitude can be quite reliably estimated from the results for
free CO and from genera1 experience, then the discrepan-
cy between the NiCO molecule IP and adsorbate IP is the
part of the adsorbate-free molecule energy shift which
cannot be explained by the present linear molecule mod-
el. The use of the metal work function is not without
problems. Recently Wertheim raised the questions of the
usefulness of the bulk metal work function for the adsor-
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bate.
The present ADC(3) results give a far better agreement

with experiment than the Hartree-Fock b self-
consistent-field (HF-ASCF) method ' and the SCF-
Xa-scattered wave (SW) method. Taking the average
value of the experimental data (7.0, 8.0, and 10.9 eV for

ln, 5o, and 4o levels, respectively) and 6.3 eV as the es-
timated work function, the discrepancy between the
ADC(3) results and experiment still ranges from 0.3 to
1.4 eV. Of these about 0.1 to 0.4 eV can be estimated
from the results for free CO to be due to basis-set errors
and errors due to the incomplete treatment of many-body

TABLE III. Theoretical valence IP of NiCO and experimental values for CO on Ni metal surfaces (of eV).

Level

36/ CT

3d 7T

3d5

30'

R =3.2

8.63(0.92)
9.71(0.91)

10.45(0.93 )

14.29(0.33 )

14.94(0. 14)
15.53(0.14)
16.06(0.07 )

18.34(0.06)
19.51(0.11)

15.01(0.75 )

17.40(0.08 )

20.23(0.03 )

18.6(0.65 )

21.04(0.06)
23.92(0.05 )

33.53(0.08)
34.00(0.11)
37.27(0.20)
37.58(0.09)
37.90(0.03 )

40.06(0.03 )

44.13{0.04)
45.38(0.03)

ADC(3)
R =3.5

7.75(0.91 )

9.36(0.92)
9.68(0.94)

14.14(0.14)
14.78(0.20)
15.44(0. 13 )

15.79(0.10)
17.87(0.05 )

18.76(0.21)

14.65(0.74)
17.20(0.07)
19.27(0.02)

18.62(0.42)
19.27(0. 11)
19.39(0.09)
21.01(0.09)

d2ph TDA
CNDO/2'

R =3.5

6.2
6.8
6.2

15.8(0.61)
24.2(0.04)
27.0(0.23)
27.2{0.06)
40.8(0.03)
45.4(0.03)

15.3(0.70)
23.0(0. 13 )

27.0(0.05)

18.0(0.69)
20.5(0.03)
22.0(0.07)
28.6(0. 10)
33.2(0.03)
36.5(0.07)

37.8{0.50)
41.2(0.03 )

43.5(0.03 )

49.6(0. 18)
49.9(0.26)

HF-b SCF"
R =3.5

16.0

16.4

21.0

SCF-Xa-SW'

9.8
10.6
10.5

16.5

16.3

21 ~ 1

34.9

Expt.

74

12 3'
i3.0'
13.3I'

11.8"
13.5'

13.0'

13 3"
13.8'

13.6'
13.5'
13.8I'

13.6"
14.5'

13.4'

14.5"
13.8

16.6'
is.&'

16.3~

17 1'

16.4'

17 5"

17.0

35 3"
343

'Reference 27. The intensities are read from the figure.
Reference 26.

'Reference 56.
Reference 29 with the estimated work function of 6.3 eV.

'Reference 18.
Reference 21.
Reference 21.

"Reference 20.
'Reference 53.
'Reference 6.
"Reference 24.
'The ionization energies for 3' have been calculated by a pole search method (Ref. 86) which employs configuration selection.
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effects. The HF-ASCF and SCF-Xa-SW methods give
IP's which are -2.0-eV larger than the ADC(3) IP's. As
the relative separations of the 5o. and 4o levels to the
lowest lm. level are independent of the work function, we
also compare these quantities with experiment. The cor-
responding theoretical energy separations are 0.7 and 4.3
eV at R =3.2 and 0.5 and 4.5 eV at R =3.5 by the
ADC(3) method and 0.4 and 5.0 eV by HFb, SCF method,
whereas the averages of the experimental energy separa-
tions are 1.0 and 3.9 eV, respectively. The ordering of
the valence levels as obtained by the ADC(3) method is in
accord with the experimental assignment. The d2ph
TDA CNDO results are in reasonable agreement with
the ADC(3) results; however, the ordering of the lm and
Scr valence levels is different here. This is also the case
for the results by the SCF-Ja-SW method. Later we
shall make a detailed analysis of the causes of the
discrepancies between the ADC(3) and d 2ph TDA
CNDO results.

In the case of free CO we list only the theoretical re-
sults obtained by the methods used for the calculations
on NiCO. The ADC(3), SCF-Xa-SW, and ASCF ap-
proaches give a good agreement with experiment except
that in the case of the 1m level the hSCF method un-
derestimates the IP by as much as 2 eV because of the to-
tal neglect of the correlation energy in both ground and
ionic state. The d2ph TDA CNDO fails badly and
overestimates the IP by as much as 4.3 eV. Later we
shall make a detailed analysis of the cause of this
discrepancy.

The energy shifts (sum of the relaxation and correla-
tion energy shifts) obtained for lm, 5cr, and 4cr levels of
NiCO by the ADC(3) are 2.1, 1.8, and 2.5 eV at R =3.2
and 2.6, 1.8 and 2.8 eV at R =3.5, respectively, whereas
the relaxation energy shift obtained at R =3.5 by the
bSCF method is 2.3, 2.0, and 2.0 eV, respectively. In the
case of free CO, the energy shifts for the 1~, So., and 4'
levels calculated by the ADC(3) method are 0.5, 1.2, and
1.8 eV, respectively, whereas the relaxation energy shift
obtained by the bSCF approach is 2.2, 1.6, and 1.9 eV,
respectively. The shift for 1n. is considerably too large.

The second-order self-energy diagrams already show
that the energy shift beyond the Koopmans's approxima-
tion can be divided into three contributions, namely the
correlation, non-hole-hopping relaxation, and hole-
hopping relaxation energy shifts. In the case of atomic-
like localized levels, the deeper the level is the more the
non-hole-hopping static relaxation (SR) dominates over
the hole-hopping dynamical relaxation (DR). In the
former relaxation, the initial hole remains in the same or-
bital and acts as a classical static charge, inducing the ra-
dial distortions of the surrounding electrons, i.e., mono-
pole relaxation. However, in the latter relaxation the
hole fluctuates between different orbitals, inducing non-
spherical (angular) distortions of the surrounding charge
densities. The SR in extended systems can be dis-
cussed in terms of ASCF calculations by breaking the
translational symmetry and localizing the hole in an
atomic orbital on a particular atom. However, the DR
and correlation cannot be discussed in terms of ASCF
calculations. In the case of CO and NiCO, the occupied

orbitals are predominantly localized on either nucleus
and all holes are therefore created predominantly on one
nucleus or the other. If for CO and NiCO the DR would
be negligible, or the DR and correlation energy shifts
tend to cancel out, then a hSCF scheme will directly give
the right ordering of the valence hole levels, leading to
binding energies in a reasonable agreement with experi-
ment. This appears at first sight to be the case for the 5o.
and 4o. levels of free CO, but for the 1~ level the correla-
tion is large and the ASCF underestimates the BE by as
much as 2.0 eV. The Koopmans's approximation is actu-
ally in good agreement with experiment only because of
the cancellation of SR and correlation shifts (and negligi-
ble DR energy shift because of fewer possibilities of hole
hopping). As discussed in detail in the Sec. IVC, the
metal-ligand CT relaxation plays in the case of NiCO a
significant role, leading even to the breakdown of the
quasiparticle picture. In this case the hSCF method us-
ing the one-electron picture becomes meaningless.

Brundle et al. discussed the final-state effects for the
valence levels due to a change of environment in terms of
the differences in the relaxation shifts obtained by the
b,SCF method. ' (The relaxation shift defined in the
present work should not be confused with the "final-state
relaxation shift" defined by Hermann and Bagus .)

Brundle et al. concluded that there is no strong final-
state effect because the relative separations of the ASCF
IP's differ from those of the orbital energies by only 0.3
eV. As the So. and 4o. orbitals of CO are localized, these
authors argue that there should not be an appreciable
change in localization upon ionization. Within the ASCF
picture the final-state energy shifts between free CO and
NiCO are very small (0.1 to 0.5 eV) in spite of a change of
environment. However, the ADC(3) results show that
the final-state shifts (the differences of the relaxation and
correlation energy shifts due to a change of environment)
are appreciable. For the So, 1~, and 4o levels they are
0.6, 1.6, and 0.7 eV at R =3.2 and 0.7, 2.0 and 1.0 eV at
R =3.5, respectively. On the whole the final-state effect
is very significant in the 1~ level. The changes in the
final-state shifts with an increase of the bond length are
0.1, 0.4, and 0.3 eV, respectively. These changes in the
final-state shifts are small. The large difference between
the final-state shifts obtained by the ADC(3) and b SCF
methods is due to the total neglect of correlation and DR
by the latter method. As we shall discuss in detail in Sec.
IVC, the character of the dominant relaxation effect
changes drastically from free CO to NiCO. In such a
case a study of the final-state shifts cannot provide useful
information. It is necessary to make a more detailed
analysis of the spectrum.

Before we proceed further to an analysis of the spec-
trum, we would like to comment briefly on the effects of
inclusion of f-type wave functions. In Table IV we list
the IP calculated at R =3.2 by the present ADC(3)
method using the extended basis set of
[14s 1lp6d3f]/(8s6p4d2f). The calculated main-line IP
is slightly shifted toward smaller BE by 0.1 to 0.2 eV.
However, the satellite positions are hardly shifted at all.
The intensities also remain almost unchanged. The effect
of the f-type wave functions is thus small.
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TABLE IV. Theoretical valence IP of NiCO by an extended
basis set with difFuse fwave functions (in units of eV}.

Level

3dO
3d 7T

3d6

ADC(3)
R =3.2

8.42(0.90)
9.84(0.91)

10.34(0.93 )

14.23(0.37)
14.91(0.13 )

15.49(0. 13 )

19.49(0.07)

14.80(0.77 )

17.35(0.06)
20.20(0.03 )

18.43(0.67 )

21.00(0.05 )

C. Intensity of the lines and analysis of the configurations

In this section we make an analysis of the spectrum ob-
tained from the ADC(3) calculations of free CO and
NiCO. First of all we make an analysis of the valence
spectra of free CO and NiCO obtained at R =3.2. (If
weights are given in the following, they refer to the
square of the amplitudes or to their sum. )

l. 5cr level

In free CO, the 5o spectrum consists of one dominant
peak with a pole strength of 0.9. The main line is de-
scribed by the 5o single-hole configuration. In NiCO
the So. main state consists essentially of a single-hole
configuration (pole strength 0.75). The rest consists of
5o. mM 2m, 5o. oI no. , o.

M ~M 2~ configurations
(here M denotes the metal ion). The satellite in NiCO is
dominated (0.9) by the 2h lp configurations. More than
half of the contributions come from 5cr '

rr'2M(n)vr and
the rest mainly from 4o '~M'2(n)vr, o M're'2n
configurations. In contrast to free CO where the 5a level
is the outermost one, in NiCO the 5o. level now belongs
to the inner valence shell due to the presence of high-
lying occupied orbitals derived from the Ni atom. As the
present ADC(3) results show, the 5o. ' configuration in-
teracts strongly with the metal-ligand charge-transfer
2h 1p configurations not only of the non-hole-hopping SR
type (5cr '~5o 'AM'2') but also of the hole hopping
DR type (e.g. , 5o '= =4o 'mM'2m, 5o '~o 'mI'2M').
From this we note that as discussed above the ASCF ap-
proximation cannot really deal with this level because the
DR cannot be treated by the ASCF approximation.

We should emphasize the difference between the static
charge-transfer relaxation and dynamic charge-transfer
relaxation in extended systems. In the former case the
hole remains on the same orbital, including a radial dis-
tortion of the surrounding electron cloud through the
charge transfer from the metal-occupied orbital to the

ligand unoccupied orbital. However, in the latter the
hole charge oscillates between different orbitals and thus
between different spatial regions, leading to varying de-
grees of localization on either nucleus. When a localized
hole charge oscillates between the nuclei together with its
equally localized charge-transfer screening charge
(5o '= ="o 'm~'2n), then the localized hole with its vr

charge-transfer screening cloud which does not reserve
the original symmetry of the MO's will propagate as the
quasihole: dynamical relaxation. If the hole hopping is
very fast and the screening charge cannot follow, then its
hole becomes delocalized. In this case the static relaxa-
tion will be more efficient (see Ref. 33 for a general dis-
cussion in the case of a free molecule}.

2. 4o level

In free CO, the 4o. main peak is described by a 1h
configuration. The rest of the contribution is from the
5o 'ln '2(n)nconfig. uration which is coupled with the
4a configuration by the DR. The satellite is dominat-
ed (0.8) by the 5cr '1~ '2(n)m 2h lp configuration. The
4o '~5o '1~ '2(n)n DR plays a significant role; a
good agreement of the ASCF result for the 4o. level with
experiment is fortuitous because of a cancellation of
correlation and the DR energy shift. In NiCO the main
4o line consists essentially (pole strength 0.64) of the lh
configuration. The remaining dominant contribution is
4o 'm.M'2(n)mThe ..first satellite (21.04 eV with a pole
strength of 0.06) is mainly dominated by the 2hlp
configurations. Not only 4o 'mM'2(n)m but also
o M'mM'2(n)a and 5o 'ln '2m contribute substantially.
The second satellite (23.92 eV with a pole strength of
0.05) consists of several 2h lp configurations. A substan-
tial contribution (0.3) comes from M cr(n. )-type
configurations (here M denotes m.M or o M ). For 4o ion-
ization we thus note a remarkable difference between free
CO and NiCO. In NiCO the 4o. ':~o 'AM'2a SR pro-
cess (which is a charge-transfer process) dominates rather
than the 4o '~5cr '1~ '2m local ligand DR process,
whereas in free CO the DR process dominates.

3. 1~ level

In free CO the 1vr spectrum consists of one prominent
peak with a pole strength of 0.9. The dominant
configuration is the 1~ ' configuration and the rest is the
1m 2m2h 1p configuration. In contrast to free CO the
lm ionization in the NiCO spectrum shows a dramatic
effect; the spectral strength is now distributed over
several peaks, the intensities of which are comparable.
The lowest line has only one-third of the original
strength. In addition to the 1~ ' configuration contribu-
tion is from the lr~. 'vrM'2(n)vr2h lp configuration. The
second, third, and fourth peaks (14.94, 15.53, 16.06 eV}
consist mainly (0.8 —0.9) of 2h lp configurations, the dom-
inant role is played by the l~ 'mM'2(n)vr configuration.
The fifth state (18.34 eV) consists mainly of
~ o.

M no2h 1p configurations and the state at 19.51 eV
of 1m 'm M'2~ and 1m 'o.~'n o. configurations. The
quasipartiele picture for the 1~ level breaks down due to
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the strong dynamic charge-transfer coupling between the
1m

' and 1m 'm~'2~ configurations.

4. 3o level

In both free CO and NiCO, the quasiparticle picture of
the 3o. hole breaks down completely due to strong
1h/2h 1p CI. In the case of free CO in addition to the
3o. ' configuration, the major contribution to the first
peak (33.93 eV) comes from the 4u 'l~ '2(n)m and
5o. no. , those to the second, third, and fourth peaks
(38.74, 39.21, and 39.55 eV) from the 40 '50 'ncr
configuration. These 2h 1p configurations document a
strong hole hopping DR. In the case of NiCO, the quasi-
particle picture of 3o hole breaks down as well and the
intensities are distributed over several lines over a wide
energy range. There is no particular dominating 2hlp
configuration. For the 3o level of CO/Ni(100), one ex-
pects a smeared out continuumlike spectrum. To our
knowledge, the experimental data available for the 3o ex-
citations are the measurements by Norton and co-
workers and Nilsson and Mkrtensson. These groups
observed a broad band [10—12 eV FWHM (full width at
half maximum)] centered at around 34.3 or 35.3 eV [with
respect to the vacuum, shifted by an estimated work
function of 6.3 eV (Ref. 53)]. Our theoretical prediction
agrees rather well with this experimental observation.

Let us now analyze the valence spectrum of NiCO at
R =3.5 to study the changes in the spectral features.
With an increase of the bond length, the IP of the main
line does not change much (0.4, 0.2, and 0.0 eV for 5o,
1 n, and 40, respectively). The main-line —satellite-line
energy separation also changes very little except for the
case of the 4o level.

(i) 50 level. With an increase of the bonding distance,
the character of the main line hardly changes. The con-
tribution of the 2h 1p configuration to the satellite in-
creases slightly.

(ii) 4cr level. For the lowest-energy line the contribu-
tion of the 1h configuration decreases substantially (from
a pole strength of 0.64 to 0.42). The dominant contribu-
tion comes from several 2h 1p configurations, e.g. ,
4o 'nM'2n. , lm 'mM'no, 5u 'M 'nn(cr), I m(o ).
The second and third states deriving from 4o- ionization
consist dominantly of 2h 1p configurations like
1m 'm~'no and 5o. 'o.~'na. The fourth state also con-
sists of several 2h lp configurations like 4o. 'AM'2m. ,
o.~'m.M'2', and Sa '1m '2m, etc. With an increase of
the bond length the quasiparticle picture of 4o. starts to
break down. The main reason for this is the increased
importance of dynamic charge-transfer relaxation. The
detailed explanation will be given later.

(iii) 1m. level. As is the case for R =3.2, all states are
dominated by the 2h 1p configurations. The quasiparticle
picture of 1m. ionization breaks down. There are no quali-
tative differences to the case at R =3.2 bohr, but only
quantitative ones. The intensity redistribution is some-
what larger at R =3.5 bohr than at R =3.2 bohr.

The ADC(3) calculation for NiCO shows that at least
for 5o. and 4o. , the 1h state is more stable than the 2h 1p
state. The lowest-energy states deriving from the So and
4o. ionization consist mainly of the 1h configuration

where the screening charge resides on the bonding orbital
which is more polarized toward the ligand than in the
ground state. The satellites are dominated by 2h 1p
configurations where the bonding to antibonding shakeup
excitations occur (strong polarization toward CO). We
note that in the present work we define the shakeup with
respect to the neutral ground-state configuration. The
state from where the excitations originate is the neutral
ground state (one-step model used by the present ap-
proach) not the relaxed hole state (two-step model used
by a CI method).

We proceed to a further analysis of main line and satel-
lites. Why is the 1h state more stable than the 2hlp
states in the case of the 5o and 4o. levels? We make an
analysis similar to that by Saddei et al. ' As we shall dis-
cuss in detail later, the present results show that the
metal-ligand charge-transfer relaxation is more dominant
than the intraligand relaxation. We focus on the static
and dynamic charge-transfer relaxation. The ADC(3)
method sums the bare ladder and bubble 1h lh and 1h 1p
Coulomb interactions among the two holes and the excit-
ed electron in the intermediate 2h 1p state of the self-
energy to infinite order. For the sake of simplicity we
consider these interactions within the framework of the
d2ph TDA scheme. The denominator of the self-energy
includes the following interaction terms:

s„—( E, —Fd + V„d,d
—v„„—V,d,d ) . (1)

Here a term V„„describes the bare Coulomb interaction
(including the exchange term) between a valence hole (v)
and the acceptor (adsorbate) level (a) in the ligand, V,d„d
between a valence hole and the donor level in the metal
(d), and V,d,d between the transferred electron (a) with
the remaining hole (d). The numerical analysis shows
that for all valence levels of interest now, the term inside
the parentheses in Eq. (1) (shakeup energy) is still posi-
tive. This excludes the possibility of the shakedown state
as the lowest ionic state. A stabilization of an unoccu-
pied ligand orbital below the Fermi level due to the pres-
ence of a valence hole does not occur within this model.
This is in accord with the present ADC(3) results. It
should be emphasized that the numerical studies show
that all three interactions V,d„d, V„„,and V,d,d are of
the same magnitude and it is incorrect to consider only
the V„„ term, the valence hole-acceptor interaction.
These three interactions will equally govern the changes
of the main and satellite lines and their energy separa-
tion. A similar physics was also discussed by Domcke
et al. who studied theoretically the multipeak structure
in the nitrogen E-shell spectra of nitroaniline and related
highly polar aromatic compounds. They showed that
the mechanism leading to the multipeak structure is
indeed related to the screening mechanism of the adsor-
bate spectra proposed by Schonhammer and Gun-
narsson. " In addition to the Anderson-Newns Hamil-
tonian of chemisorption, Domcke et al. -' included the
terms V,d„d and V,d,d. Schonhammer and Gunnarsson
claimed that these terms can be approximately incor-
porated into their theory by a renormalization of the
original Hamiltonian.

The present ADC(3) results for NiCQ show that the
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dominant relaxation is the charge-transfer relaxation
rather than the intralig and relaxation, such as
i '~i '1m 2~, which in the case of free CO plays a
significant role. Why does the character of the dominant
relaxation effects change from free CO to NiCO? The
question can be answered by studying the variations in
the 1h/2h lp coupling strength and energy separations,
because these quantities essentially determine the spectral
features. From free CO to NiCO, the lh/2h Ip energy
separations for the intraligand excitations do not increase
much (3.7, 3.7, and 1.2 eV for 5o, 4cr, and lm levels, re-
spectively). However, the magnitude of the correspond-
ing lh/2h lp coupling matrix element decreases by as
much as a factor of 2 to 3. Consequently, the intraligand
relaxation plays a minor role. On the other hand, in the
case of the valence orbitals of NiCO the lh /2h Ip metal-
ligand charge-transfer coupling is as strong as the intrali-
gand excitation one. However, the Ih/2h Ip CT energy
separation is much smaller than in the case of intraligand
excitation (by as much as -17 eV). Thus in the NiCO
one expects that the CT relaxation plays a dominant role.
For the 4o and lm levels of NiCO, the lb /2h Ip CT ener-

gy separation is much smaller (by -4 eV) and the magni-
tude of the metal-ligand CT lh/2h lp coupling matrix
element is more than twice larger than what is found for
5'. This explains why the 4o. and 1m. spectra of NiCO
show the appearance of strong satellite lines. With an in-
crease of the bond length, the 1h/2h Ip energy separa-
tions for the intraligand excitations do not change at all
and the corresponding Ih /2h Ip coupling matrix element
increases by about 20% as the ligand looks more like a
free CO molecule. The intraligand relaxation is still
small in comparison to the CT relaxation.

With an increase of the bond length, the 4a main-line
intensity decreases very much and the satellite intensity
increases. This tendency is in accord with the experimen-
tal observation of the strong 4cr satellite in the weak-
coupling system CO/Cu, compared to the strong-
coupling system CO/Ni. This is conventionally inter-
preted as due to a smaller degree of CT in the ground
state, resulting in a reduced intensity of the main line
which is interpreted as the CTS state. ' However, in the
present case the main lines of the 5cr and 4' levels are in-
terpreted as 1h state.

How can we then explain the 40. satellite-intensity in-
crease with an increase of the bond length? We consider
the lh/2h lp charge-transfer CI. With an increase of the
bond length V,d,d and V,d,d, which depend on the over-
lap between the adsorbate and the substrate, decrease.
However, V„„increases because the CO ligand becomes
similar to free CO. In the case of the 5o and 4o. levels
this results in a much smaller (although still positive)
lh/2h lp CT energy separation. In general, with an in-
crease of the bond length, the magnitude of the CT
lh/2h 1p coupling-matrix element decreases. The small-
er the lh/2h lp energy separation becomes, the more
effective is the dynamical CT relaxation. This leads to a
breakdown of the quasiparticle picture for the 4o. ioniza-
tion. This explanation is in accord with the well-known
rule of thumb for the breakdown of the one-electron pic-
ture of single- or multiple-hole excitations in atoms, mol-

ecules, and solids which have been tested by a large num-
ber of Green's-function calculations of XPS, x-ray emis-
sion spectroscopy (XES), and Auger electron spectrosco-
py (AES) spectra. ' ' When the initial- and final-
hole states are strongly coupled and/or nearly degen-
erate, the one-electron picture and/or quasiparticle pic-
ture in general breaks down.

In the present case the bond length governs not only
the lh/2h Ip coupling strength but also energy separa-
tions through the changes in the strength of the 1h lh and
lh lp interactions in the 2h lp configuration. In the
present case the latter is much more influenced than the
former by the bond length and causes the breakdown of
the one-electron and/or quasiparticle picture of the hole
excitation in NiCO. The present results show that it is
not correct to consider only the influence of the coupling
strength when we consider the changes in the spectrum.
It is important to take into account the lb lb and 1hlp
interactions in the 2h lp states which govern the lh /2h lp
energy separations. In the present case the weak-
coupling system shows a more dramatic effect than the
strong-coupling case. This is analogous to the well-
known breakdown of the quasiparticle picture of a 4p
hole level in the atomic elements from Cd(Z =46) to
Yb(Z =70). The 4p hole spectra of these elements were
interpreted in terms of a discrete initial-hole level in-
teracting with a continuum band of finite width. The
strength of the coupling, the shape of the band, and the
position of the unperturbed discrete levels relative to the
band are varied indirectly by the atomic number. The
weaker the coupling is (smaller atomic number), the more
pronounced is the breakdown of the quasiparticle pic-

33j 35$ 36$ 627 63

D. Comparison with the d 2ph TDA CNDO/2 results

There are discrepancies between the CNDO and the
present results. The diagrams considered by the d2ph
TDA scheme are identical to those by the ADC(3) except
for neglect of some diagrams in the former method. The
ADC(3) method includes more ground-state correlation
which leads among others things to an improved treat-
ment of 1h states. ' The main differences between the
ADC(3) and the d ah TDA results are, however, expect-
ed to arise from the basis sets used.

As pointed out already, the CNDO results obtained for
free CO and NiCO show this fact; in comparison to the
ab initio results, the CNDO eigenvalues are shifted to
higher BE by 2 to 4 eV for free CO and 3 to 5 eV for
NiCO. For free CO the IP obtained by (d2ph TDA)
CNDO deviates by as much as 4.3 eV from experiment
and the ADC(3) results. For NiCO, on the other hand,
the calculated IP agrees well with the ADC(3) results ex-
cept for the 1~ level. The level ordering is the same as
that found in Koopmans's approximation. However, this
ordering contradicts the experimental assignment and the
calculated relaxation and correlation energy shifts and
the main-line —satellite-line energy separations are overes-
timated very much in comparison to the ADC(3) results.

How does the poor CNDO basis set then influence the
spectral features? The main features of the spectrum are
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determined essentially by the 1h/2h lp energy separation
and the coupling strength. In the case of free CO the
2h 1p energy and the coupling strength obtained by the
CNDO and the ab initio method agree rather well. The
energy shift for the main line is also similar. Then the
discrepancies between ADC(3) and CNDO are due to the
CNDO Koopmans's energy used as the unperturbed en-

ergy for the Dyson equation. By using the ab initio orbit-
al energies and energy shifts calculated by d2ph TDA
CNDO, we obtain 14.3, 17.4, and 20.4 eV for the Scr, 1m,

and 4' levels which agree well with experiment. The 1h
state solution can be simply obtained by performing such
a shifting because of a smooth behavior of the real part of
the self-energy in the energy region of the solution. How-
ever, the satellite (2h lp state) cannot be shifted in this
way because of a singularity of the real part of the self-
energy. Because of the smaller 1h/2h lp energy separa-
tion in the case of the CNDO calculation compared to
the ab initio one, the satellite lines appear at higher ener-
gies in the former calculation.

In the case of NiCO the metal-ligand CT and intrali-
gand 2A lp excitation energies calculated by CNDO agree
well with the corresponding ab initio results. However,
the corresponding lh/2h lp energy separations calculat-
ed by CNDO become much smaller because of the much
larger Koopmans's energies. The magnitude of lh/2h lp
coupling-matrix elements for the intraligand excitations
are well approximated by CNDO, whereas for the CT ex-
citations they are overestimated by a factor of about 2 or
more. These factors increase the strength of the intrali-
gand and metal-ligand CT relaxation compared to the ab
initio results. This explains also why the intraligand re-
laxation is more significant in the case of the CNDO re-
sults than in the case of the ab initio results. The main-
line-satellite-line energy separations and the relaxation
energy shifts are overestimated because of an overes-
timated CT coupling strength.

E. Interpretation of the satellites

Satellites in the valence photoemission spectrum of CO
on Ni have been observed by several techniques. Recent-
ly Nilsson and Mkrtensson (NM) observed the satellites
at 15 and 22 eV as well as the extended 30 band in the
valence spectrum of CO on a Ni(100) surface by high-
resolution XPS. In this paragraph we define the ener-
gies with respect to the Fermi level unless otherwise not-
ed. The angle-resolved C 1s and 0 1s autoionization
spectra of CO/Ni(110) also show the structures at
—13.5, 20, and 23 eV. NM interpreted the 15- and 22-
eV satellites to be the same as the 13.5- and 23-eV struc-
tures in the autoionization spectrum. Freund and co-
workers interpreted the 13.5-eV peak [274.5 eV in ki-
netic energy (KE); peak 1 in Fig. 21 of Ref. 64] as the au-
toionization of a 5' "one-hole shakeup" state (these au-
thors defined the shakeup with respect to the 2h lp CTS
main-line state) and the 20- and 23-eV (268 and 265 eV
KE) peaks as arising from 5o 'lrr '2m, lm 2m. , and
4o. '5o. '2~ configurations. However, NM interpreted
the 15-eV satellite also as two outer-valence-hole-one ex-
cited 2~* electron state. The interpretation is based on

the assumption that autoionization decay and valence

photoemission measure exactly the same final state.
However, the question whether this is true in the case of
adsorbates has been studied experimentally.

Recent experimental studies of the 1s to 2m. excitation
for strongly coupled adsorbates by resonant photoelec-
tron spectroscopy (RESPES) show that the initial-hole
state for both the autoionization and Auger decay pro-
cess are identical and they are the same as the XPS 1s
core-hole state. In other words, the 1s to 2~ reso-
nantly excited state relaxes to the 1s core-hole state be-
fore the Auger decay starts. In contrast to the case of a
free molecule, the distinction between Auger and au-
toionization processes becomes meaningless in the case of
strongly coupled adsorbates. NM commented that two
RESPES studies of CO adsorbed on Cu(100) by Refs. 65
and 66 show the discrepancy in the energy calibration of
the spectra, namely about a 4-eV difference in kinetic-
energy scales. However, this energy difference is due to
the different reference levels, namely to the Fermi level in
Ref. 66 and to the vacuum level in Ref. 65 as stated clear-
ly in the respective articles. Therefore we do not see any
inconsistency between these two data. The groups of
Refs. 64, 65, and 66 seem to have observed the same
structure and Refs. 64 and 66 seem to give a similar inter-
pretation. The authors of Ref. 65 interpreted the Auger
back-bonding structure in CO on a Cu(100) surface as the
UPS main-line state. Wurth et a1. concluded that the
back-bonding structures observed for CO on Ni(111) at
274.4 eV KE, 519 eV KE [peak 6 in Fig. 4 of Ref. 66(b)],
and 515 eV KE [peak 5 in Fig. 3 of Ref. 66(b)] are not
UPS main-line states (which are CTS states) but UPS
shakeup states. Their interpretation for the lines is as fol-
lows: one hole in the 5o., lvr, and 40, respectively, one
2m. hole and screening electron at the Fermi level. This
state is defined with respect to the 2h 1p CTS main-line
state, but not with respect to the ground state. If we
define this state with respect to the ground state, it would
be one valence hole, one hole in the metal orbital, and
one screening electron. In Ref. 66 the XPS core-hole
(CTS) state is considered as the initial-hole state, thus
11.1 eV is obtained as the binding energy. In Ref. 64 the
1s to 2m. resonantly excited state is considered as the
initial-hole state, and thus 13.5 eV is obtained as the
binding energy. We note that the experimental data are
measured on different surfaces, namely Ni(110) and
Ni(111). The kinetic energies measured may differ be-
cause of different binding; CO on Ni(100) is terminally
bonded while CO on Ni(111) is predominantly bridge
bonded. The 15-eV satellite in the XPS spectrum may
correspond to the 13.5-eV peak in the autoionization
spectrum if the normal autoionization picture is applic-
able also for strongly coupled adsorbates. Then the inter-
pretation of the 15-eV satellite will be the 5o satellite [ei-
ther a 5o one-hole shakeup or 5o 'i '2n (Ref. 29)].
However, if the resonantly excited state relaxes to the
XPS core-hole state before the Auger decay starts, then
the 13.5-eV peak has to be interpreted as the 11.1-eV
peak and it is improbable that the 15-eV XPS satellite is
to be associated with this structure. The interpretation is
then probably that the 515-eV Auger peak (16.1 eV ac-
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TABLE V. Summary of interpretation of valence ionic states. V is the valence orbital, M is the met-

al orbital, and S is the screening orbital other than 2~.

Reference No.

64 (autoionization)
29 (XPS)
66 (Auger)
This work

1st state

V 'M '2m

V '+ screening
not observable
V '+CTS CI

2nd state

V
—1

not identified
M

—1V—lg1a

V 'M '2~+ CI

3rd state

V ' V' '2m

V ' V' '2m.

M 'V 'V' '2m.

strong CI

'The configuration M ' V 'S' is taken with respect to the ground state. With respect to the CT state it

would be V '2m. 'S'.
Dominant configurations are given. The other contributions are given as "CI".

cording to the binding-energy scale by the authors of Ref.
66), which was interpreted as the 4o satellite, may corre-
spond to the 15-eV XPS satellite. The same structure
was seen in CO on Cu(110).

The peaks at 20 and 23 eV (peak 2 and 3 in Fig. 21 of
Ref. 64) in the autoionization spectrum could be inter-
preted as the Auger decay from the CTS core-hole state.
Umbach studied the E-VV Auger spectra of CO on
Ni(100) and interpreted these peaks as the ln2n a.nd
40. '1m. '2~ states. This interpretation is similar to that
of the autoionization spectrum by Fr eund and co-
workers except for the different initial-hole states refer-
enced to and the different binding-energy scale. The 22-
eV satellite in the XPS spectrum may correspond to the
23-eV (or 21 eV if the reference is chosen as in Ref. 66)
structure as NM already suggested.

According to the present ADC(3) calculations, we ob-
tain the satellites at —11, 16, and 27 to 38 eV for the 5o.,
40, and 3o levels, respectively. The 11-eV satellite could
be hidden in the tail of the 15-eV satellite observed in the
XPS spectrum. The 16-eV satellite corresponds to the

15-eV XPS satellite. The satellites at 27 to 38 eV corre-
spond qualitatively to the 30. XPS broad band. The
ADC(3) method is expected to be able to describe the
lowest one or two satellites reasonably well. The general
shape and width of the 3' spectrum is qualitatively well
described by the ADC(3) method. There is a possible ex-
planation for the 22-eV satellite observed in the XPS
spectrum if we refer to the spectrum of free CO. At
about 25-30-eV binding energy with respect to the vacu-
um level there are satellites which have been assigned as
1~ satellites. The calculations (see also Refs. 70 and 71)
give satellites here, obtaining intensity from 1~, 40., and
3o ionization, but their intensities are too small. In
NiCO the quasiparticle picture of the 1m ionization
breaks down and one cannot expect a one-to-one
correspondence between the free CO and NiCO spectra
for the assignments of the satellites.

The authors of the aforementioned experimental
works ' interpreted the satellite as the shakeup from
the bonding orbital to the antibonding orbital in the 2h 1p
CTS state; however, the satellites obtained by the ADC(3)

TABLE VI. Theoretical and experimental IP of gas-phase Ni(CO)4 (eV).

Level

9t2
2e
8t2
1t1

7t2

le

8a,

6t2

701

KT'

10.60
12.69
17.56
17.80

18.06

18.16

19.06

21.88

22.38

ADC(3)

9.15(0.92)
11.52(0.92)
14.61(0.83 )

14.95(0.71 )

21.37(0.07)
15.16(0.68 )

21.29(0.06)
15.27(0.68 )

22.11(0.02)
15.78(0.72)
18.73(0.08 )

18.91(0.68 )

19.41(0.05 )

18.73(0.15 )

19.35(0.49)

d2ph TDA CNDO

5.1(0.81)
7.1(0.8)

13.5(0.65 )

16.5(0.64)
17.7(0. 1 )

16.6(0.5)
17.9(0.07 )

16.8(0.57)
18.1(0.05 )

15.9(0.59 )

18.4(0.06)
18.4(0.39)
20.5(0. 15)
23.4(0. 1)
24.3(0.1)

HF-ASCF'

5.1

5.8

17.3

18.4

SCF-S'

11.7
13.0
17.0
16.7

17.0

17.0

17.6

19.3

20.4

SCF-DV-Xa'

9.3
10.3
14.6
14.1

15.0

15.0

15.1

16.5

17.2

LCGTO-Xa'

8.86
10.3
13.53

Expt. g

8.7
9.7

14.7
14.0

15.4

16.1

16.8

18.3

19.6

'Koopmans' "theorem, "present work.
Reference 27.

'Reference 72.
Reference 75.

'Reference 73.
'Reference 74.
Reference 85.
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method are interpreted as the shakeup from the bonding
to the antibonding orbital in the Ih state. These interpre-
tations, at first glance, appear to be different. However,
the difference is a matter of how much the bonding orbit-
al is polarized toward the CO molecule in the presence of
a hole. We find this polarization to be small. As a sum-

mary we present the different interpretations of the satel-
lite lines in Table V. We have attempted to find a com-
mon language and used ground-state orbitals which are
appropriate for valence states and satellites.

F. Ni(CO)4

For the ADC(3) calculation on Ni(CO)~ a somewhat
smaller basis set was used as mentioned in Sec. III. The
ionic states of this molecule have previously been calcu-
1ated by CI and Green's-function methods by Smith
et al. But the basis sets did not contain polarization
functions on the C and 0 atoms. This deficiency is
amended in the present work. The ADC(3) results are
listed together with results by other methods in Table VI.
The SCF discrete variational (DV) -Xa (Ref. 73) and
linear combination of Gaussian-type orbitals (LCGTO)
Xa-hSCF results are rather similar. The former
method gives good agreement with experiment for the
first five levels; however, for the inner-valence-shell orbit-
als the deviation between theory and experiment in-
creases up to 2.4 eV. On the other hand, the SCF Slater
transition-state technique gives better agreement with ex-
periment for the inner-valence-shell but not for the
outer-valence-shell orbitals. In comparison with the
ADC(3) results, these results deviate from experiment
randomly. The ASCF results deviate from experiment by
as much as 3.3 eV. This shows that the hole-hopping
DR and correlation energy shifts are far from negligible.
The ASCF energy shifts for the 1t, and 8a, levels are
very small (0.5 eV). In contrast to the b,SCF method, the
ADC(3) method gives a fairly good agreement with ex-
periment except for the 2e levels. The errors in general
amount to 0.1 to 1.0 eV except for the 2e level (error 1.8
eV). The dominant cause of the errors is expected to be
the orbital basis truncation. This was done in Ni(CO)~
but not in NiCO. The errors obtained for Ni(CO)4 are
thus expected to be larger than those for NiCO.

The one-electron picture breaks down except for the
912, 2e, and 8tz levels. The main line has, in general, or-
der of two-thirds of the strength. Satellites close to the
energies of the main lines which have non-negligible in-
tensities are obtained for the 1t&, le, 8a&, 6t2, and 7a,
levels. These satellites consist dominantly of 2h 1p
configurations which are coupled by the hole-hopping
DR, inducing the shakeup excitations from the bonding
to the antibonding orbital. We note that a significant
contribution comes from 2h 1p configurations where the
holes are created in the same orbital (e.g., 9t2 3e for the
8a&

' satellite). This is analogous to a very strong DR
found in the localized atomic levels in solids, e.g., the
super-Coster-Kronig transition. This explains why
the ASCF method fails.

The So derived orbitals in Ni(CO)4 are 8t2, 8a&, the lvr

derived orbitals are 1t&, 7t2, and le, and the 4o derived

orbitals are 6t~ and 7a, . The relaxation and correlation
energy shifts for Ni(CO)4 given by the ADC(3) calcula-
tions are 2.9 eV for 8t2, 1t„7t2, 1e, 3.3 eV for 8a, , and
3.0 eV for 7a& and 6tz. The energy shifts for the 5o, 1~,
and 4o. levels of NiCO obtained at R =3.5 by the
ADC(3) method are 1.8, 2.6, and 2.8 eV. For the 4o and
lm levels the energy shifts in Ni(CO)4 are almost the same
as those in NiCO; however, for the 50. level, the shift is
about 1.1-eV larger. This shows a difference in the degree
of involvement of 5o derived orbitals in the bonding in
Ni(CO)4 and NiCO. As is the case in NiCO at R =3.5

the satellite intensity for the 4o- and 1m-derived levels is
not negligible, reflecting the dynamics of the weakly cou-
pled system. The CNDO results also show the same ten-
dency; however, the agreement with experiment is not as
good as in the case of NiCO. The valence spectra of the
transition-metal carbonyl complexes show prominent sa-
tellites which are interpreted as shakeup satellites (here
shakeup is defined with respect to the CTS hole state).
The present results for Ni(CO)~ show the reliability and
accuracy of the present approach.

G. Screening, relaxation, and substrate band broadening eft'ects

in the 2h lp states

So far the present interpretation of the valence-hole
spectrum of NiCO is based on the results of the ADC(3)
approach. The first effects of relaxation and screening in
the ionic excited 2h 1p states, which are totally neglected
in the ADC(3) scheme, enter in fourth order. We already
emphasized that the features of the spectrum are strongly
governed by the 1h/2h lp energy separations and cou-
pling strengths. The screening effects and relaxation in
the 2h lp ionic state may shift the 2h lp energy. Ab initio
extended random-phase-approximation exchange (RPAE)
Green s-function calculations of the ionization spectra of
atoms and solids as well as ADC(3) calculations of molec-
ular ionization spectra which include such effects show
that the energy position of the 1h state is less sensitive to
the 2h 1p energy but the satellites and the line profiles can
be influenced considerably. ' ' ' lt is necessary to
estimate these effects without performing the ADC(4) cal-
culation. It should, however, be noted here that the
lowest satellite lines are quite reasonably calculated by
the ADC(3) method and the effects mentioned above be-
come important mainly for the higher-energy satellites.

Here we estimate the energy shifts by a simple approxi-
mate scheme. Starting with Eq. (1), we calculate the
2h 1p energies by approximating the screening of the
1h 1h and Ih lp interaction in terms of the 1h ( lp) relaxa-
tion shift. We refer to Ref. 77 for a detailed account of
this scheme. We note that strictly speaking this scheme
is valid only for localized holes. The 2h 1p CT excitation
{i 'm~'2~) energies calculated by this scheme are almost
the same as the 82ph TDA results.

In order to examine the accuracy of the scheme we
consider the case of the final 2h energy of the C-VV
Auger transition from the adsorbate [e.g., CO on Ni(100)
surface]. The effective Ih Ih interaction U is almost zero
because of the screening of one of the two holes by a 2~
CTS e1ectron provided from the substrate when the initial
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hole is created. ' ' ' Then we should be able to obtain
U approximately by calculating the 2h 1p energy where

1p is 2m and 2h are two valence holes. By estimating the
relaxation shift of the 2n level ( —2 eV), the calculated U
ranges from about 2 eV for 5o. 'i ', 4 eV for 5o to 8

eV for 4o. 'i ', the tendency of which coincides with the
experimental observation that U is about 4.5 eV for the
double 4o hole and almost zero for the double hole in the
5o. orbital. This tendency is interpreted as due to the
delocalization and localization of the double holes. In
the present calculation of the Auger final-state energy we
neglect the presence of a hole in the substrate which the
CTS electron has left. Inclusion of such a hole, namely
calculating the 3h 1p energy leads to a very large U. This
may arise from the fact that the 1s to 2' resonantly excit-
ed (lh lp) state will relax to the ls XPS CTS core-hole
(2hlp) state; the hole left in the substrate by the
CTS does not play a significant role because the hole will
be screened by the metallic screening or will be delocal-
ized.

To conclude, within the present scheme we expect that
the 1h/2h 1p energy separations will not be changed
much by the relaxation and screening effects. However,
we do not know how these effects will modify the
lh /2h lp coupling. Because of screening the 2h lp energy
becomes nearly equal to a linear sum of single-hole ener-
gies. This situation is also found in the 4d 4f
configuration of the Ba atom where a 4f electron local-
ized in the region of a 4d hole acts as the screening elec-
tron and screens out one of the 4d holes.

It was proposed that the localized valence orbitals of
the adsorbate strongly hybridize with the broad substrate
band and this leads to resonances. Such adsorbate-
derived resonance states lying below the Fermi level are
considered to appear above the bottom of the d band in
contrast to the MO picture where the bonding orbital is
likely to appear below the bottom of the d band.
Gumhalter et al. argued that the valence UPS spectra
of CO on Ni(111) and CO on Ni(100) (Ref. 80) show such
a structure. However, there is no indication of 2m*-
derived states at the Fermi level, neither in the recent
high-resolution XPS spectrum nor in the angle-resolved
photoemission spectra. ' ' ' The latter spectra show
the new states originating from two-dimensional CO 2m*

Ni 3d surface bands at energies between 1 and 2.7 eV
below the Fermi level. ' These results seem to be in-
compatible with the model based on the Anderson-
Newns Hamiltonian of CO chemisorption. The Bly-
holder model seems to be able to explain the experimen-
tal data without any diSculties. ' ' This implies that
the MO approach like the present one could be very use-
ful for understanding the dynamics of the ionization from
the adsorbates.

The introduction of the substrate band broadening may
inhuence significantly the imaginary part of the self-
energy and thus the line-profile function which is not cal-
culated in the present work. The substrate band broaden-
ing will smooth out mainly the singularities of the real
part of the self-energy and will not significantly modify
the energetics of the hole excitations, the main-
line —satellite-line energy separations, the intensities, etc.

Therefore, the present MO Green's-function calculations
should be able to provide such a basic knowledge of the
energetics of the hole excitations in the adsorbates.

V. CORE-HOLE SPECTRUM

About a decade ago the core-hole spectra of the strong-
ly or weakly coupled adsorbates were studied experimen-
tally and theoretically very intensively (see Refs. 4 and 15
for a summary). The ADC(3) method cannot be used to
calculate core-hole spectra. However, assuming that the
main and/or satellite intensity ratio and energy separa-
tion are predominantly determined by the CT excitations,
we made a d2ph TDA two-level model calculation of the
core-hole spectrum both at R =3.2 and 3.5 bohr. The re-
sults are listed in Table VII. We should not take these re-
sults too literally because of neglect of screening and re-
laxation of the 2h 1p states, which is expected to be non-
negligible in the case of the core-hole ionization. The
present interpretation is that as in the case of a valence-
hole excitation, the unoccupied orbital is not pulled fully
below the Fermi level because of significant 1hlb and
1h 1p interactions in the 2h 1p CT states. The main line is
the 1h state where the screening charge resides on the
bonding orbital which is more polarized toward the
ligand than in the ground state and the satellite is the
2h 1p state where the bonding to antibonding shakeup ex-
citations occur. This interpretation does not contradict
the observation of the back-bonding structure in the
Auger spectra of the coordinated molecules which is con-
sidered as evidence of the 2' CTS of the core-hole main-
line state. 3' ' The Auger transition is dominantly
the intra-atomic transition localized at the atomic site.
The transition probes the local 2m density charges of the
bonding orbital in the main-line state.

Saddei et al. performed the d 2ph TDA Green's-
function calculation of the core-hole spectrum of NiCO
(R =3.5) using the CNDO/2 approximation. ' The re-
sults show that the lowest IP is the 1h state. The main-
line —satellite-line energy separation is overestimated very
much. The reason is as follows. The energy separations
between the CT and intraligand excited 2h 1p
configurations calculated by CNDO agree rather well
with the ab initio results. However, the absolute 2h 1p en-
ergies are underestimated as much as 6—8 eV. The mag-
nitude of the 1h/2h lp CT and local-ligand coupling-
matrix element is overestimated very much in the
CNDO-based calculation, by a factor of about 4 in com-
parison to the ab initio result.

Bagus and Hermann' performed an ab initio hSCF
calculation of NiCO and concluded that the lowest IP
peak is the CTS state and the satellite is the shakeup state
from the CTS state. However, Saddei et al. ' made an
analysis of the results and concluded that the results in
Ref. 12 actually show that the lowest IP peak is the 1h
state and the satellite is the local metal excited state.

The new high-resolution spectrum shows a quite
different main-line —satellite-line energy separation and
intensity ratio in comparison to previous measurements.
Theoretical results available so far agree well with old
measurements, but not with the new measurements. Fur-
ther theoretical studies are thus in need.
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TABLE VII. Theoretical main-line —satellite-line energy separations and intensity ratios for C ls and 0 ls core spectra of NiCO
and corresponding experimental data from CO on Ni metal surfaces. Note that the spectra of Ref. 29 show a number of newly

resolved structures. The satellite intensity of Ref. 29 is a sum of all satellite intensities. The values of Ref. 12 are at R -3.500. In
Ref. 17 the intensity ratios are for the first satellite and read from figures.

Level Ref. 5

Expt.

Ref. 29
R =3.2

A simple two-level model
Present work

R =3.5

Theory

Ref. 12 Ref. 42 CNDO
Ref. 17

Cis
Ois

5.2
6.0

2.1(5.5)
5.5

Energy separation (eV)
5.1 3.64
5.75 4.21

8.6
7.5

44
2.9

9.5
18.2

Cis
Ois

0.74/0. 26
0.83/0. 17

0.29/0. 71
0.36/0. 64

Intensity ratios
0.93/0.07 0.83/0. 17
0.79/0. 21 0.64/0. 36

0.8/0. 2
0.88/0. 12

0.75/0. 25
0.87/0. 13

0.71/0. 12
0.62/0. 12

VI. CONCLUSION

In the present work the valence-electron spectra of
NiCO and Ni(CO)4 are calculated by the ADC(3)
Green's-function method. We obtain fairly good agree-
ment with experiment, suggesting that NiCO can be a
good model system for a strongly coupled adsorbate. The
outer-valence-shell levels of a free molecule become
inner-valence-shell levels in the bonded system due to the
presence of high-lying occupied orbitals of the metal
atom. This introduces metal-ligand charge-transfer
lh /2h lp coupling. It is shown that the quasiparticle pic-
ture of ln. breaks down due to the lh /2h lp CT coupling
in the bonded system. The dominant role played by the
intraligand relaxation in free CO is replaced by the CT
relaxation because of a drastic decrease of the intraligand
lh/2h lp coupling strength. The CT relaxation is much
stronger because the corresponding lh/2h lp energy sep-
arations are much smaller. When the Ni—CO bond
length becomes larger (weaker coupling), the intensity in-
crease of the satellite and breakdown of the quasiparticle
picture occurs also for 4o ionization. This is not due to
the change in the CT lh /2h lp coupling strength but due
to the smaller CT lh/2h lp energy separations. The
smaller energy separations occurs because of a change of
magnitudes of the 1h 1h, 1h 1p interactions in the 2h 1p
states. The present work emphasizes the importance of
1h 1h and 1h 1p interactions in the 2h 1p states. A similar
tendency of the increase in the satellite intensity is also
seen in the weakly coupled Ni(CO)4. The observation of
the strong 4o satellite in CO on Cu (weak-coupling sys-
tem) compared to CO on Ni (strong-coupling system)
may be explained by the aforementioned argument rather
than the conventional interpretation that the intensity of
the main line which is interpreted as the CTS state de-

creases because of a weaker CT in the ground state. Such
an interpretation takes into account only the bonding
strength and neglects totally the effects of 1h 1h and 1h 1p
interactions.

It is shown that in the case of the 50. and 40. levels, the
1h state is more stable than the 2h 1p states. Consequent-
ly the main line is interpreted as the 1h state where the
screening charge resides on the bonding orbital which is
more polarized toward the ligand than in the ground
state. The satellites are dominated by 2h 1p
configurations where the bonding to antibonding shakeup
excitations occur. For 1h ionization the strong mixing of
1h and 2h 1p configurations leads to the breakdown of the
one-electron picture of ionization and thus a distinction
between main line and satellite lines is meaningless.

The ADC(3) approach neglects the relaxation and
screening effects in the 2h 1p states. The calculation of
these effects by an approximate scheme shows that the
energy shifts of the 2h 1p energies are relatively small and
are expected not to inhuence the present results for the
lowest satellites appreciably. This is in accord with the
general experience that the first few (one or two) satellites
can be reasonably calculated by the ADC(3) approach.
To conc1ude, we showed the usefulness of the MO
Green's-function calculations for understanding the dy-
namics of the ionization in adsorbates.
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