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The satellite structure in the valence shell x-ray photoelectron spectrum (XPS) of CO is studied. The
configuration interaction method is used to construct correlated many-electron wave functions for the different
final states of CO™. It is found that (1) the conventional shake-up model cannot explain the satellite structure;
(2) a considerable amount of intensity is lost from the main, “single-hole,” 227 states (30-~!, 40-~!, and 50-~') due
to electron correlation; and (3) the 30~! peak satellites are at lower, rather than higher, binding energy than
the main peak. Franck-Condon broadening is estimated and shown to be a major cause of the large width of
the observed structures on the high-binding-energy side of the 40-~! peak. Our conclusions are supported by
the results of other electron spectroscopies in addition to XPS.

I. INTRODUCTION

Various electron spectroscopies have been used
to study the nature of the valence exited states
of the ions of simple gas phase molecules. For
these spectroscopies, the valence region exited
states are defined as those within roughly 50 eV
of the ground state of the ion. For the CO mole-
ule, the subject of this paper, photoemission
spectra using several photon energies have been
reported. These include (i) ultraviolet photo-
emission (UPS) using Hell (40.86 eV) radiation'?;
(ii) x- ray photoemission (XPS) using AlKa
(1487 eV) radiation®; and (iii) YM¢ (132 eV) radia-
tion.? Inelastic electron scattering measure-
ments which involve the coincidence counting of the
scattered and ejected electron, (e,2e), have also
been reported.” ¢ In the work of Hamnet ef al.,®
inelastic forward-scattered electrons are ob-
served and variable photon energy photoemission
is simulated. In the work of Dey ef al.,® the cross
section as a function of momentum transfer to the
ejected electron is measured. This measure-
ment is unique in that it permits identification of
the symmetries of the molecular orbitals (MO’s)
involved in the ionization process.

The MO configuration of the X!Z* ground state
of CO is 10220230%40%5¢*17*, The 30, 40, 50, and
17 orbitals are the molecular valence levels con-
sisting of appropriate combinations of atomic C
and O 2s and 2p characters.” For both photo-
emission and (e, 2¢), the transition from the X!Z*
state to the various states of the CO* ion and an
ejected electron is determined by a one-electron
operator. In a one-electron theory of the ioniza-
tion process only four states of the CO* ion
(each one corresponding to the removal of a val-
ence shell electron) could be observed. These
states, and their spectroscopic notations, are

(a) X2%z*(507Y) 10%20%302%40%5017%,
(b) AZI(1r) 10%20230240250%17° ,
(¢) BZ%z* (407') 1022023024050 7%,
(d) (307%) 1022023040250%1 7% .

1

All of the experimental results referenced above'®

report additional structure and are much more
complex than Eq. (1) would suggest. It is the
purpose of this paper to provide a theoretical
analysis of the origin and nature of this structure.
Clearly, structure beyond that given in Eq. (1)
must be due to many-electron effects. Two dif-
ferent mechanisms may be responsible for the
additional structure. The first is commonly called
shake-up and involves the response of the passive
(unionized) electrons to the sudden change of po-
tential upon ionization.®® In this process the
ionized electron is suddenly removed from a mo-
lecular orbital, leaving all other electrons un-
disturbed. The wave function for this state may
be denoted by ¥“*’(1,...,N - 1), where the
electron is removed from the ath-MO. This wave
function may be expanded into eigenstates &,
(1,...,N-1) of the N~ 1 electron Hamiltonian.

v = Z Ck(blw
k

@
C,=(¥"? |, .

The relative probability that an ejected electron
corresponding to the state &, will be observed is,
in this approximation, simply C;. The MO’s of
the N -1 electron wave functions &, respond to
the presence of the hole in the ath MO, ¢,, by
“relaxing” and changing their distribution from
that in the initial state ¥. It is this relaxation
that leads to nonzero values for C, when &, in-
volves other than one-electron ionization from
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In general, the shake-up process is viewed as
photoionization plus excitation of a second electron
from an occupied to an unoccupied orbital. In CO,
such a statellite might correspond to the state
10%20%30'40%506017*, where the electron from the
30 shell is ionized and one of the 50 electrons is
excited to the 60 shell. From this picture the
photoelectrons corresponding to the shake-up
satellites will have lower kinetic energy, higher
apparent binding energy, than the main line.

It is normally assumed that the states in Eq. (2)
can be well represented by one-configuration
Hartree- Fock (HF) wave functions. This assump-
tion is important in order to distinguish orbital
relaxation from other many-electron effects. We
know from the results of atomic calculations that
the shake-up model of Eq. (2) gives correct total
probabilities for multielectron transitions if the
ionization takes place in the inner shell of the
atom.'® However, when the ionization occurs
from an outer shell of the atom, the probabilities
are underestimated with HF wave functions.®

The second mechanism involves electron cor-
‘relation and arises from the fact that, because
of the electron-electron repulsion, the many-
electron wave function cannot be represented as
a single Slater determinant. Many mathematical
approaches, Green’s function,''*'? many-body per-
turbation theory,'® and configuration interaction'*"
(CI) have been applied to this problem. When there
are nearly degenerate configurations (the dif-
ferences of diagonal matrix elements H;; — H;; is
comparable in magnitude to the interaction ma-
trix element H;;), the CI model provides an ex-
tremely convenient physical picture for the origin
of these satellites. This is exactly the case where
one would expect to find satellites with large in-
tensities. In this paper we shall, in fact, con-
sider CI wave functions for the final ionic states
of CO. Our results show that the dominant mech-
anism for the origin of the observed complex
structure is due to electron correlation.

An additional effect, important in the inter-
pretation of the CO spectra, is the vibrational
broadening of the electronic transitions. The ob-
served transitions are between states with both
electronic and nuclear quantum numbers. When
the minimum in the potential curve of an ionic state
is significantly shifted from that of the ground
state, Franck-Condon factors will allow transitions
to final states with many vibrational excitations.
We shall show that this Franck-Condon effect is
particularly significant for the 30™! state and its
satellites leading to large estimated broadenings.

In a report of the (e, 2¢) spectra,® a preliminary
description of our results has been given. In this

paper we present a more detailed account of both
the computational model and the results obtained.
Further, we concern ourselves in particular with
the analysis of the high- resulution XPS spectra®

of CO. Because of the difficulties involved in esti-
mating photoionization cross sections,'®!® we are
not able to provide even a semiquantitative analysis
of the UPS spectra. Some comments onthe YM{
results will be made.

Section II contains the description of our model
for the many-electron wave functions. In Sec. III
we will discuss the approximations involved in
the estimation of relative photoionization cross
sections. The technical details of our calculation
are given in Sec. IV. The results will be reported
and discussed in Secs. V and VI. Section VII con-
tains our concluding remarks.

II. MODEL FOR THE WAVE FUNCTION

From the complexity of the different experimental
results of valence ionized states in CO," ¢ it is
clear that a one-electron model is insufficient to
describe the ionization process. Many-body
effects should therefore be included in the wave
functions for both the initial and final states. A
quantitatively correct treatment of the excited
states observed in the photoemission and (e, 2e)
experiments is difficult. We have chosen instead
to perform a model calculation which would eluci-
date the many-body mechanisms which lead to the
surprisingly high-intensity satellite structure.

As we shall show in later sections, this model
gives, in fact,a reasonably good description of
the observed structure. Its major defect appears
to be in the determination of the energies of the
photoelectrons. Both the satellites and the main
peaks are shifted towards higher apparent binding
energies with respect to the 50™* peak.

For simplification of the analysis, we have
chosen to neglect correlation effects in the initial
state and use the Hartree- Fock wave function for
this state. An advantage of this approach is
that it enables us to make approximations in the
calculation of the intensities observed in the XPS
AlKa and (e, 2e¢) experiments. The discussion
of the details of the intensity calculations in the
XPS spectra will be given in the next section..

CI calculations of the initial state show that the
most important correlation effect involves excita-
tions to the 27 orbital.?® The natural orbital oc-
cupation number of this orbital is 0.1, indicating,
in fact, that we would not expect any significant
new structure to arise from correlation in the
initial state. The results of the (e, 2e) momentum
transfer experiments® provide further justification
for the neglect of correlation in the initial state.
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For the 2Z* and ?II final states, we used the CI
model to obtain correlated many-electron wave
functions. We are interested in the interactions
between the singly ionized configurations of Eq.
(1) and configurations which are nearly degener-
ate and have a large interaction with them. From
our CI we want to obtain several excited states
of the same symmetry. This limits the kinds of
excitations we can consider (choice of configura-
tions) and the number of virtual orbitals (choice
of orbital basis) we can use. A key requirement
in our choices is that we obtain descriptions of
equal quality for the different final states of in-
terest. :

Our choice for the terms in the CI expansion was
to include all configuration state functions
(CSF’s)?* which can be constructed in the valence
space of the CO* ion. This means all CSF’s of
25* or 2I1 symmetry with nine electrons distribu-
ted in the 30, 40, 50, 60, 17, and 27 molecular
orbitals. The innermost 10 and 20 (O 1s and C 1s)
MO’s were doubly occupied in all configurations.
This model gives us 3202Z* and 486 2II configura-
tions. The model allows for the near degeneracy
CI effects and also includes the most important -
shake-up configurations. It does not, however,
allow for a full relaxation of the atomic orbitals
in the different ionic states. In this model the only
way that the electrons can respond to the potential
change due to ionization is to occupy orbitals
which always have to be expressible as rotations °
in the valence space of either X'Z* state of CO
or X?Z* state of CO* depending on the choice for
the MO basis.

There is another type of excitation, namely Ryd-
berg excitations, which we have not included in
our model CI. Some of the Rydberg states would
be nearly degenerate in energy with the singly
ionized states of Eq. (1). However, the inter-
action between the Rydberg states and the states
in Eq. (1) is likely to be small. The reason for
this is that the electrons in the diffuse Rydberg
orbitals occupy a very different region in space
than the valence electrons. Therefore the inter-
action matrix element

[ [ [eres@1/7.6,)6,@)] a,ar,,

where one or two of ¢, and ¢, are Rydberg or-
bitals, has a small value. The inclusion of the
Rydberg excitations would certainly have an ef-
fect on the magnitude of the ionization energies and
intensities we calculate. However, the CI model
which only considers excitations in the valence
space includes the physically most important ex-
citations todescribe the ionized states in the val-
ence region and it is still computationally con-

veniently small. Therefore, we expect the results
from this model to be good enough for a qualitative
analysis of the results from XPS and (e, 2¢) mea-
surements.

The configuration interaction calculation was
done in a fixed molecular orbital basis. This
means that we assume that every state which in-
terests us can be adequately described with a
wave function which is expanded in one and the
same set of molecular orbitals. This is equiva-
lent to optimizing the coefficients in the CI ex-
pansion but not the molecular orbitals in terms of
which the expansion is made. Given the limited

nature of our CI model, the results of the calcu-

lation may depend strongly upon the choice of

the MO basis. For this reason, we made tests
using different sets of orbitals which were chosen
because we felt that there was a reasonable phys-
ical basis for their use. The CI calculations were
performed using four different sets of MO’s. In
the first set, denoted Ol, the occupied orbitals
lo- 50, and 17 are the occupied Hartree- Fock
orbitals from the X'Z* state of CO and 60 and 27
are the lowest unoccupied orbitals of their sym-
metries. The same occupied space is also used
in the second set, 02, but the unoccupied orbitals
are obtained as follows. The 60 orbital is the
highest occupied o orbital from a Hartree-Fock
calculation for the 10220230%40'50'60'7*(*2*) state
of the CO* ion; the 27 is the highest occupied 7
orbital from the 10%20230%40250' 17327 (*A) state.
The third and the fourth sets, O3 and O4, consist
of the occupied Hartree- Fock orbitals of the X25*
state of the CO* ion. The 60 and 27 orbitals are
as in sets Ol and 02, respectively. For MO sets
02 to 04, the 60 and 27 orbitals were Schmidt-
orthogonalized to the 10-50 and 17 orbitals to
form orthonormal MO sets.

III. IONIZATION CROSS SECTIONS AND INTENSITY
In the analysis of the XPS and (e, 2e) spectra it

would certainly be convenient to have estimates

for the intensity distribution. The intensity of a
peak in an XPS spectrum is best described as a
cross section, i.e., the probability of a photoion-
ization from a given molecular orbital by a photon
of a given energy. An accurate calculation of
molecular photoionization cross sections is diffi-
cult, the main difficulty being the choice for the
wave function of the ionized electron.'®!® Since
we do not include an explicit representation of this
continuum electron in our ionic wave functions,
we are not able to perform a direct calculation.
Instead we have to estimate the cross section for
each ionic state from a simplified model which is
very close to that developed by Gelius®? for the
relative intensities of XPS spectra from mole-
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cules. According to this model the cross section
for photoionization from a given MO can be esti-
mated from the cross sections and populations of
the constituent atomic orbitals.

The major object is to estimate the relative
values of integrals I;,

[ su@term av

2

; (3)

I=

where ¢; is an occupied HF orbital for the ground
state of CO, e\ is the wave function of the contin-
uum electron, with kinetic energy €, appropriate
to an ionic state of CO*, and T is the transition
operator for photoemission (usually taken as the
dipole term ¥). We take €\ to represent a suitable
sum over the allowed angular momenta (\=o0,7, 3§,
...) of the continuum wave function. The kinetic
energies of the valence shell photoelectrons are
large (1400 eV for Al1Ka), whereas the energy
range of interest in the valence XPS spectra is
only about 50 eV. Therefore, it is reasonable to
assume® that the integral in Eq. (3) is independent
of the electron energy € in the 50 eV range which
interests us. This leaves ¢; as the only variable
in I;. If the MO ¢; is represented as a linear
combination of atomic orbitals, i.e., ¢; =Z}ai,,x,,,
the integral in Eq. (3) can be approximated as

L= o,a,a}. @

In the case of CO, v runs over the O(2s), O(2p),
C(29), and C(2p) atomic orbitals, and i is one of
the 30, 40, or 50 valence MO’s. Values for the
"atomic photoionization cross sections o, have
been taken from the theoretical results of Sco-
field®* for 1.5 keV photons. The cross sections
for the 2p orbitals are only 10% of that for the 2s
and are neglected. The values of a;,a}, are deter-
mined for our ground-state HF MQO’s by a Mulli-
ken gross population analysis.?®* Relative values
of I;, in arbitrary units, as calculated from Eq.
(4) are given in Table I. The population analysis
values of a;,af and Scofield’s? values of 0, are
also given in the table. Rabalais ef al.2® have
computed values of the transition integral of Eq.
(3) using orthogonalized plane waves for the con-
tinuum orbitals €x. Their values for MgKa x-
rays (1254 eV) are given in Table I for compari-
son with our results.
The intensity of a transition to a given N-elec-
tron final state F is proportional to the integral
I, between two many-electron wave functions:

Ip=

(o, T R, N ‘6
i

Here ¥, is the N-electron wave function for the
ground state of CO and ¥ is a final-state wave

TABLE I. Relative molecular orbital photoionization
intensities for Al1Kq x rays, I(AP), and gross atomic
populations AP, for the o valence orbitals of CO. The
orthogonalized-plane-wave results of Ref. 26, I(OPW),
are included for comparison.

AP(Oy)  AP(Cy) I(AP) . I(OPW)*?
3¢ 0.47 0.29 4.3 5.2
40 0.34 0.19 3.0 1.6
5¢ 0.4 0.40 1.3 1.0
o, P 1872 635

14

2Relative values at 1254-eV (MgKoa) photon energy
from Ref. 26.

 Atomic 0Oy, and Cy, cross sections in 107 cm? at
1500-eV photon energy from Ref. 24.

function with N — 1 electrons in a discrete square
integrable function ¥} and one in a continuum or-
bital ex:

Vp=G@{0(1,2,... ,N- 1)ex(V)}. (6)

We recall that the CI expansion of ¥% is written
V= ZcFi‘bi ’ ("

where the &; are the CSF’s discussed in Sec. II

If ¥, and ¥, are expressed as sums of Slater de-
terminants, the expression for I in terms of one-
electron integrals has been given by L8wdin.?’
However, this general expression is quite com-
plex.

In order to simplify this expression, we have
used the approximations discussed in the previous
section. Namely, (a) ¥, is a single Slater deter-
minant; and (b) the CI expansion for ¥/, uses the
same set of (orthogonal) MO’s used to construct
¥, (plus of course 60 and 27). We require further
that (c) the orbital overlap integral {¢, | ex)=0 for
i=10 to 50 and 17. For any reasonably chosen
function ex, with €~1400 eV, this overlap must
be very small. With these assumptions I, becomes

Z CFi f¢i(1)t(1)€h(1) dv, 2. (8)

Ipx<

For final states of 2Il symmetry, 7 is a single
term for the 17™* state of Eq. (1b) and, for states
of 2Z* symmetry, i is summed over the 50, 40, and
30 states of Eq. (1). From Egs. (3) and (4) we can
form only an estimate of the squares of the one-
electron transition integrals in Eq. (8). We have
no information concerning their phase. We have
made the crude assumption to completely neglect
cross terms in the case of 2Z* final states and
write

IFOC‘E ,CF;'IZI;‘; (9)

where I, is given by Eq. (4) and tabulated in Table
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I. This approximation is not as severe as it might
seem. As we shall show in the results, for al-
most every final state with significant intensity,
one coefficient C; is much larger than the other
two.

As is clear from this section our computation
of the intensities is far from accurate. However,
the results of Gelius®? for molecules containing
light atoms give us reason to believe that the
qualitative conclusions of our calculations are, in
fact, valid.

Note the similarity between the intensity formu-
las from shake-up, Eq. (2), and from Eq. (9). In
both of them, the probability of a multielectron
transition is proportional to an expansion coeffi-
cient. The expansion coefficient C, in Eq. (2) is
an overlap integral between two wave functions,
both of which are usually single Slater determi-
nants. The deviation of this coefficient from zero
for a shake-up state is a measure of the orbital
relaxation. On the other hand, the coefficients
C; in Eq. (9) are affected both by relaxation and
electron correlation. The amount of relaxation
and correlation depends, of course, on the CI
model as discussed in the previous section. Satel-
lites may gain intensity through either mechanism.
For inner-shell ionization, relaxation is the domi-
nant effect,'®?® and Eq. (2) gives transition proba-
bilities in good agreement with experiment. For
valence region ionization, relaxation is smaller
but electron correlation becomes more important.
How meaningful it is to try to separate the contri-
butions of shake-up and correlation to the inten-
éity of the satellites will be discussed further in
later sections.

The analysis® of the (¢, 2¢) momentum transfer
makes use of assumptions (a) to (c) for the wave
functions, but it does include an explicit descrip-
tion of the continuum electron, €.

IV. DETAILS OF CALCULATIONS

The LCAO molecular orbitals for CO and CO*

were expanded in a basis set consisting of 190

and 117 Slater-type functions on each atom.2® The
exponents of the basis functions are given in Table
II. The CO distance of 2.15 a.u. was used for

both CO and CO*. This distance is reasonably
close to the experimental equilibrium separation®!
for the X!Z* state of CO (2.132 a.u.) and to the

calculated Hartree- Fock equilibrium?3? (2.081 a.u.).

The computations were performed using the
ALCHEMY program system written by P. S. Bagus,
B. Liu, A. D. McLean, and M. Yoshimine.. The
SCF calculation for the X'Z* ground state of CO
gave the total energy —112.788837 a.u.; the SCF

TABLE II. Quantum numbers  and » and exponents
¢ for the Slater basis sets for C and O. For I =1, both
o and 7 basis functions were generated.

1 n ¢(carbon) ¢ (oxygen)
0 i 9.055 12.418
1 5.025 6.995
3 6.081 8.681
2 2.141 2.922
2 1.354 1.818
-2 3.1 3.9
2 1.2 1.6
1 2 6.827 8.450
2 2.779 3.744
2 1.625 . 2.121
2 1.054 1.318
3 3.5 4.7
3 1.0 1.3
2 3 3.8 4.0
3 2.4 3.0
3 1.4 2.0
3 4 4.0 4.0
4 2.0 2.0

2The basis sets are those optimized for the free atoms,
see Ref. 29, supplemented by additional basis functions
chosen for molecular calculations, see Ref. 30.

energy for the X2=* state of CO* was calculated to
be —112.294 934 a.u. '

In Table III, we have listed some results from
the internal valence CI calculations of the ?Z*
states with the four different sets of orbitals, O1
to O4 (see Sec. II). These should be useful for
assessing the stability and accuracy of our wave
functions. In this table, we give total and relative
energies for the three 2Z* states which are most
nearly the single-hole configurations of Eq. (1).
The absolute total energies of these states differ
by as much as 0.14 a.u. (4 eV). We are, however,
more interested in the relative energies (with
respect to the X2Z* state) in the CO XPS spectrum.
These are reproduced to about 1.2 eV for the B2Z*
state and to about 4 eV (out of =25 eV) for the
highest (30™!) state. Thus the variation of the re-
lative energies is less than 20% which, for the
purposes of our model calculation, is satisfactory.
We have also examined the coefficients of the CI
wave functions and the natural orbital®”3® occupa-
tion numbers which were obtained using these
four orbital sets. There are no qualitative changes
in the nature of the CO* states among the four sets
of calculations. The conclusions which we make
in Secs. V and VI are supported by the results of
all four CI calculations.

Unless otherwise stated, the results presented
in the following sections were obtained using the
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TABLE III. Test results from the valence CI calculation with orbital sets O1 to O4.

EX?z) E@BzY E(=*3¢7) EX’s*)-E(B®z*) EX?*)-E(z*30™)
Set (a.u.) (a.u.) (a.u.) (eV) eV)
01  -112.252479  —112.036702  —111.325395 5.87 25.23
02  —112.357416  —112.125358  _111.304 505 6.31 28.65
03  —112.364777  —112.104461  —111.294269 7.08 29.13
04  —112.392967  —112.145757  —111.327581 6.73 28.99

orbital set O2 which combines the occupied CO
ground- state orbitals with 60 and 27 orbitals from
excited states of CO*. The CO occupied orbitals
are likely to give descriptions for each of the CO*
states which are of about the same quality. How-
‘ever, the occupied orbitals from the X?Z* state
of CO* are likely to favor this state, in compari-
son with other ionic states, since orbital relaxa-
tion effects are properly treated only for the X>Z*
state. The 60 and 27 orbitals in set O2 are solu-
tions of Fock equations for low-lying excited
states of CO* and should be a more reasonable
choice than the ground-state CO virtual orbitals.
These virtual orbitals are determined for a field
of 14 electrons®® and, very roughly, are appro-
priate for CO".

V. RESULTS

Before going to a detailed analysis of the satel-
lite structure in the XPS spectrum of CO, we will
discuss briefly the 507, 40™!, and 307*2Z" and the
171211 states of CO*. These states correspond to
the main features in the XPS spectrum. The sim-
ple orbital interpretation of the states in Eq. (1)
is lost in the CI calculation. It is possible, how-
ever, to construct natural orbitals (NO’s) from
the CI density matrix. The occupation numbers
of these NO’s contain information about how the
many-electron state in question could ‘most com-

pactly be described in terms of one-electron or-
bitals.?”% For a Hartree- Fock wave function, the
NO occupation numbers will be the integer shell
occupations for the occupied MO’s and zero for
the unoccupied MO’s.

In Table IV, we give the calculated energies of
the 407, 307!, 2=*, and 177! %[ states relative to
the 507! state. The square of the CI coefficient,
Cy, for the appropriate state of Eq. (1) and the
NO occupation numbers are also given. The NO’s
are identified by the molecular orbital notation
30, 40, etc. However, the NO’s are, in fact,
linear combinations of the molecular orbitals:
¢,(NO) =27, A;, $,(MO). The NO identified, for
example, as 30 is that NO for which the coeffi-
cient A, | has its largest value; i.e., the NO
which is most nearly like the 30 MO. For all the
states in Table IV, this identification is always
clear; in the worst case, the “50” NO for the 30™
state, the coefficient is still as large as 0.88.

Looking at the NO occupations, we can see that
the 507! state is still well described with the
Hartree- Fock configuration of Eq. (1a). The same
information can be extracted from the CI coeffi-
cients. The coefficient for the 10%20%30%40%50*17*
configuration is 0.93 (C?=0.86) which shows that
the state is dominantly determined by this config-
uration only. Almost the same is true for the
B?%* state, although it can be seen that the single
configuration picture is somewhat less adequate.

TABLE IV. Some properties of the dominantly single-hole CI states. The relative energies
(eV), intensities (arbitrary units), and natural orbital occupation numbers are shown. The
one-electron intensity which neglects orbital relaxation is denoted by Ir, and the CI intensity
by I. The square of the coefficient of the leading term in the CI expansion, C%-i, is also given.

Egeilcale) Epglexp)® Chi  Ipp

Intensity

loss NO occupation numbers

1-1/Ipq 30 40 50 60 1ir 2r

5071 0.0 0.0 0.859 1.3 1.12
407! 6.3 5.6 0.817 3.0 2.47
307! 28.7 24.3 0.515 4.3 2.22
it 4.4 2.9 0.915 =++

14% 2.00 1.98 1.01 0.00 3.85 0.15
18% 2.00 1.09 1.85 0.00 3.87 0.19
48% 1.40 1.78 1.62 0.14 3.41 0.64

8.50) st ess  ses  eee  eas e

2See Ref. 3.
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TABLE V. Relative energies (eV) and intensities (arbitrary units) for the 2Z* CI states. All
states up to Ep; =41 eV with an intensity greater than 1% of CI root 2 are shown. The total
intensities, Iio, and orbital contributions to the total, I, ;. are given separately. The coef-

ficients of the single-hole configurations, Cg,;, are also given.

CI Toart, i Dominant
root Ere Crss Crts Cr3s 50 40 30 It configuration
1 0 ~0.927  0.033 —0.018 1.12 0.00 0.00 1.12  3¢*4c*5¢'in?
2 6.31  0.099  0.904 0.017 0.01 2.45 0.00 2.47 3¢*40'50%1n?
3 10.64 —0.169  0.239 0.080 0.04 0.17 0.03 0.24 30%4d’50!im2r
4 17.26  0.135 —0.102 —0.067 0.02 0.03 0.02 0.07 3c*40*50'17327
5 19.48 —0.072 —0.019 0.058 0.01 0.00 0.01 0.02 30%4c%6s'1r*
6 20.32 0.076 —0.146 0.187 0.01 0.06 0.15 0.22 3c%4c'501n%2r!
7 20.52 —0.072  0.023 0.203 0.01 0.00 0.18 0.19 30%4¢*50'17%2r?
8 2218 —0.027 —0.081 0.117 0.00 0.02 0.06 0.08 3¢*4c¢'50'60' 17
9 23.18 —0.042  0.107 —0.068 0.00 0.03 0.02 0.06 3c%4c¢'50'60'17?
10 24.41  0.057  0.142 —0.107 0.00 0.06 0.05 0.11  3c’4c'irier?
11 24.68 —0.048 —0.021 —0.173 0.00 0.00 0.13 0.13  3c%4c!int2n?
12 24.91  0.028  0.020 —0.283 0.00 0.00 0.34 0.35 30*4c’50l1n%2r?
13 25.49 —0.061 0.018 0.197 0.00 0.00 0.17 0.17  30%4¢®50'tr’2r>
15  27.55  0.027 —0.002 —0.350 0.00 0.00 0.53 0.53 30%40%6c'in%2n!
16 28.65  0.035 0.003 0.718 0.00 0.00 2.22 2.22  30'40%50%1m?
18  32.95 0.105 —0.046 0.042 0.01 0.01 0.01 0.03 3040’50 172"
19  33.47  0.137 —0.002 0.027 0.02 0.00 0.00 0.03 3¢°5c'irier?

In this state 0.9 electrons are missing from the
40 NO and 0.1 from the 50. The results for the
2%* state which is dominantly 307! are strikingly
different. From the NO occupation numbers, we
can see that the single configuration picture is
completely lost. The hole is now distributed over
all occupied o valence NO’s; i.e., there are
0.60, 0.28, and 0.38 electrons missing from the
30, 40, and 50 orbitals, respectively. Also, the
60 and 27 orbitals, which are unoccupied in the
Hartree-Fock configuration, now have 0.14 and
0.64 electrons, respectively. We note also that
the coefficient of the dominant configuration

[Eq. (1c)] is only 0.72.

The most important thing, however, is to
notice that this breakdown of the one-electron
picture [the deviation of the coefficients C; in
Eq. (9) from 1 and 0], leads to a decreased in-
tensity of the XPS peaks corresponding to the
final states of Eq. (1). In Table IV, the relative
intensity in the one-electron picture is denoted I,
[ef., Egs. (3) and (4) and Table I] and the CI many-
electron relative intensity computed from Eq. (9)
is denoted I. The loss of intensity, i.e., the dif-
ference between the one-electron picture and our
CImodel, is 48% for the 30°! state. For the two lowest
2%* states, the corresponding losses are 14% and
18%. We will show that this loss of intensity from
the states corresponding primarily to single
ionization leads to substantial intensity in other
states which often cannot be described in terms of
one configuration only.

The Hartree- Fock configuration, Eq. (1d), for
the lowest *II state has a coefficient of 0.96 in the
CI wave function. This is equivalent to an inten-
sity loss of 8.5% to other 2II states. The 17 orbital
is a linear combination of O(2p) and C(2p) orbitals
only. The ratio of atomic cross sections o(2p)/
0(2s) for both oxygen and carbon is ~ 0.1 for 1.5-
keV photons.>* Therefore it is very improbable
that any structure due to states of 2Il symmetry
could be resolved in an XPS experiment. Con-
sequently, we will not consider the %Il states any
further.

The details of the calculated intensity distribu-
tion among the 2Z* states are given in Tables V
and VI. We consider all states with E_,, up to
41 eV above the X 2Z* ground state of CO. (This
corresponds to an absolute ionization potential
of ~55 eV.) In this energy range, covered by the
first 30 roots of the CI calculation, we list those
states whose XPS relative intensity, calculated
using Eq. (9), is greater than 1% of the state
with the highest intensity (40™'). In Table V, we
give relative energies, values of C,, XPS in-
tensities, denoted I;,,, and the contributions to
I from each single-hole state, I, ;=C%,/;. The
states are numbered according to which CI root
they are found to be. Finally, we give, for each
state, the configuration which has the largest
coefficient in the CI expansion. In Table VI, we
provide further information about the nature of the
states. The magnitude of the coefficient of the
dominant configuration and the NO occupation
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numbers are given. [A configuration can often
have more than one angular momentum coupling.
The 50'17%27' configuration, for example, gives
rise to two 2Z* states (CSF’s); 5¢*(1m327*; 3=%)
and 50 (17327%; 1Z*), For such cases, we give

in Table VI the coefficient summed over all CSF’s
arising from the configuration; specifically, the
square root of the sum of the Cﬁ,k.]

The notation for the NO’s is the same as for
Table IV. In most cases, the dominant configura-
tion doesnot describe the state at all well since
its coefficient is much less than 1 and may be as
small as 0.53. The essential multiconfiguration
nature of these states can also be seen from the
NO occupation numbers. Here, there are large
deviations from the integral values characteristic
of a single dominant configuration.3?

The two lowest states are, of course, X2%*
and B2Z*. The first state which is not primarily . .
the result of a one-electron ionization is calcula-
ted to have an energy of 10.64 eV relative to the
lowest (X2Z*) state. Spectroscopic notation for this
state is C®Z*, Its intensity is relatively high;
20% of the intensity of the X2Z* state or 10% of that
of the B2Z* state. It is interesting to examine
the mechanism responsible for the observed XPS
intensity of this state. From Table V, we note
that the single-hole state contributing most, 70%,
of the intensity is 40™! (B2Z*). However, the
dominant configuration is 3040?50 17°27* which
has a coefficient of 0.92. The NO occupation
numbers, Table VI, further support this charac-

terization. This is a classical shake-up configura-
tion for the X2* state; ionization from 50 and ex-
ciation 17—~ 27. Yet, such an assignment would re-
quire that the C2Z* state would get its intensity
primarily from thé X rather than the B state which
is not the case. In order to find out the possible
shake-up contribution to the intensity we calculated
the total Hartree- Fock shake-up intensity [Eq. (2)]
of the X*Z* state. It was found to be 6.3% of the
X?%* intensity. Even in the extremely unlikely
case that all this intensity went to the C2Z* state,
shake-up could still account for only 25% of the
calculated intensity. Thus correlation effects play
a key role in determining the intensity of this state.

The next group of states of interest is at ~20.5
eV relative to X2Z*. Here the intensity comes
mainly from the 30~ single-hole states, though the
dominant configurations have the 3¢ orbital doubly
occupied. The same istruefor the states at energies
24.0-28.0 eV. This would introduce an interesting
contradiction if the XPS peaks corresponding to
these states would be called shake-up. Namely,
the state from which they gain their intensity,

307!, lies at higher apparent binding energy.

There is further a group of satellites with a
low calculated intensity at the low kinetic energy
side of the 30! state.

It is shown in Table V, that there is one dom-
inant single-hole contribution, 7., ;, to the total
intensity for almost all states. The exceptions,
roots 4,9,10, and 18, all have rather low intensity,;
the most intense; root 10, is less than 5% of the

TABLE VI. Characteristics of the CI wave functions for the Z* states. The dominant con-
figuration, the magnitude of the coefficient of this configuration, |Cyul, and the NO occupation

numbers are given.

CI Dominant NO occupation numbers
Root configuration 1C goml 30 40 50 60 i 2m
1 30%4¢°50 11 0.927 2.00 1.98 1.01 0.00 3.85 0.15
2 30%4gl50%1 7 0.904 2.00 1.09 1.85 0.00 3.87 0.19
3 30?40?50 1nd2r! 0.920 2.00 1.93 1.06 0.00 3.05 0.95
4 30%40?5¢! 1 12! 0.642 2.00 1.88 1.06 0.06 2.66 1.35
5 30%40%6gi 1t 0.766 1.99 1.83 0.34 0.82 3.57 0.44
6 3c*40'50% 1 127! 0.608 1.96 1.46 1.40 0.15 3.04 0.99
7 30*4d?50 17220’ 0.648 1.95 1.62 1.32 0.08 2.66 1.37
8 3c%40'5016011 7t 0.733 1.98 1.15 1.23 0.61 3.42 0.62
9 3¢%40150'60 17 0.734 1.99 1.60 0.53 0.86 3.64 0.39
10 30240 1ri2n? 0.761 1.98 1.12 0.52 0.19 3.71 1.48
11 30%40'1rian’ 0.532 1.95 1.35 0.91 0.14 3.13 1.52
12 3c%4*50l 12’ 0.742 1.90 1.70 1.20 0.08 2.59 1.53
13 3024?50l 1n%2n? 0.873 1.94 1.97 1.00 0.06 2.34 1.70
15 3c*4c?6oi1ind2r! 0.857 1.86 1.93 0.37 0.82 3.03 0.98
16 3040?5021t 0.718 1.40 1.78 1.62 0.14 3.41 0.64
18 30%40*502 1 n?2n’ 0.569 1.97 1.16 0.98 0.13 3.28 1.49

30°50t1nian?

(=S
©

0.583 1.96

1.00 0.92 0.11 3.29 1.73
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FIG. 1. Comparison between our theoretical results
and the high-resolutign XPS spectrum of Gelius etal.,
Ref. 3. The position of the first calculated peak has
been adjusted to coincide with experiment. The height
of the solid bars indicates calculated intensities. The
CI root numbers are shown for each calculated peak.

highest (407!) peak. Clearly, this reduces the im-
portance of the neglect of the cross terms in
formula for the intensity, Eq. (9).

Up to the 30th CI root, which has E_;=40.74 eV,
we have obtained a very large fraction of the total
valence shell intensity. The sums over C%; for
these 30 roots are 0.99(50"1'), 0.95(40™'), and
0.92(3¢™!). The largest amount of intensity not
accounted for is 8% of that due to 30™ ionization.
Within our model, this intensity would be distribu-
ted over states with E_,; =41 eV (=55 eV absolute
binding energy). The (e, 2e) results of Dey et al.®
provide evidence that this intensity is indeed ob-
served at higher binding energies.

V1. DISCUSSION

A comparison between our results and the high-
resolution XPS (Al1Ka) spectrum of Gelius et al.?
is shown in Fig. 1. In this figure, we have in-
dicated the computed positions and relative in-
tensities of the ?2=* states, taken from Table V,
by solid vertical lines of appropriate height. Peaks
within 0.5 eV are combined into a single line and

the low-intensity peak due to CI root 5 is omitted.
The number associated with each peak or group of
peaks is the CI root number and is given in order
to facilitate reference to Table V. The calculated
position of the A%[I(17™!) peak, taken from Table
1V, is shown by a dashed line to indicate that its
relative intensity has not been estimated. The
position of the first calculated peak, X2%*, has
been adjusted to coincide with the first observed
peak. Each calculated peak with significant in-

" tensity is associated with a peak in the experi-

mental spectrum.

Our calculation agrees reasonably well with the
experimental results in terms of the number, en-
ergy, and intensity of the peaks. The major dis-
crepancy is in the position of the structure above
25-¢eV binding energy (E,.;=11 eV); here our
calculated relative energies are ~5-T eV higher
than the observed values. We believe that this
discrepancy is due, at least in part, to the neglect
of orbital relaxation effects. Rabalais ef al.?¢
have obtained experimental relative intensities
for the principal, one-electron, peaks from the
XPS spectrum of Ref. 34. Our calculated in-
tensities are, at best, in only fair agreement
with “experiment.” This is true both when we
use our estimates for the transition integrals of
Eq. (3) or the calculated orthogonalized-plane-
wave values,?® e¢f. Table I. However, no particular
conclusion can be drawn from this comparison.
The XPS experiments®3* measure a differential
rather than a total cross section. The angular
dependence of the cross section,'®!® which is a
function of photon energy and final ionic state, is
not known in this case. In effect, different ex-
perimental and theoretical quantities are being
compared. Further, more accurate theoretical
values for the transition integrals'®!® would also
be desirable for a meaningful comparison.

It is not possible to get enough information from
the XPS spectrum® to unambiguously support the
detailed results of our calculation. In particular,
we cannot obtain information regarding our pre-
dictions about the orbital (single-hole configura-
tion) origin of the intensity of the satellite struc-
ture. Fortunately, however, this information is
available from the results of other types of ex-
periments.

Hamnet et al.® have measured “photoionization”
branching ratios to various states of CO" using
the electron-electron coincidence technique. They
have studied the satellite structures at ~23 eV
and ~ 32 eV and have labeled these as C%Z* and W,
respectively. (We have included these labels in
Fig. 1.) Of particular interest to us is the asymp-
totic high-energy limit of the B2Z*/C2Z* intensity
ratio which they measure to be ~0.12. This value
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agrees well with our result of 0.10 (see Table V)
and supports our assignment of the origin of the in-
tensity of the C2Z* state as being due primarily to
the 40°1(B2*) single-hole configuration. We re-
call that the C2Z* state is well described by the
configuration 3024025017327 which, for this state,
has a coefficient of 0.92. According to one-
electron shake-up theory, it would be assigned

as an X2%* satellite; 50 ionization plus 17— 27
excitation. However, correlation effects determine
that it is, in fact, a satellite of B2Z*(40™).

Hamnet ef al.® also find that the B*Z*/C?Z* in-

“tensity ratio has already reached its limiting
value at 50-eV “photon” energy. This means that
the C2Z* peak should also be seen with an in-
tensity ~10% of the B2S* peak in YM&(Rv=132 eV)
photoemission. However, this peak is not ob-
served at all in the YM{ spectrum of Banna and
Shirley.* This may be due to.poor counting
statistics in their measurements.

In the noncoplanar (e,2e) experiments of Dey
et al.,® the orbital origin of the intensity of the
different ionized states can be studied. Their ex-
periment provides direct confirmation of our as-
signment of the structure at ~28 eV and ~ 32 eV
as having mainly 30°! character.

Recently, the name “shake-down” has been ap-
plied® to these 307 satellites, CI roots 6,7 and
10-13, which derive their intensity from a main
peak at higher binding energy. It should be
emphasized that these states cannot be described
by configurations which involve ionization of one
electron plus simultaneous excitation of another,
cf. Tables V and VI. They do not obtain their in-
tensity from a mechanism involving a sudden
change of potential as is the case for the conven-
tional one-electron picture of shake-up.% %2
These satellites of the 307" state are mixtures of
several one-electron configurations and have their
origin in many-electron correlation effects for
CO*. They are, therefore, bestdescribedas “cor-
relation” peaks.

Okuda and Johnathan®® and Potts and Williams®
have given much more limited CI analyses of the
satellite structure in the photoemission spectra
of CO. Okuda and Jonathan3 performed INDO
calculations and considered the interaction of eight
25* configurations. Potts and Williams used an
empirical approach based on relating known ex-
citation energies inthe neutral molecule to un-
known values in the ion. The configurations con-
sidered in both Refs. 1 and 35 were limited to
ionization plus, at most, single excitation. Our
results and assignments are significantly dif-
ferent from those in both these references. In
particular, they do not identify the strucutre at
28 and 32 eV as being low-energy satellites of the
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FIG. 2. Potential curves for CO and five states of CO".
The dotted vertical lines show the Franck-Condon en-
velope of the first vibrational level of CO. The esti-
mated broadening of each CO" state is given.

307! peak at 38 eV. Further, we find that the role
of configurations involving ionization plus double
excitations is quite important as shown in Tables
V and VI.

In order to obtain an estimate of Franck-Condon
broadening effects, potential curves for CO and
CO* are required. We have computed CI wave
functions, using orbital set 04 (see Sec. II), at
four internuclear separations about the equilibrium
of CO; R=1.95, 2.05, 2.15, and 2.25 bohrs.
Hartree- Fock wave functions for the ground state
of CO were computed at 14 distances between R
=1.7 and 2.5 bohrs. In Fig. 2, we present the
curves for CO and for five 2Z* CI states of CO™*.
The three states which are dominantly the single-
hole configurations of Eq. (1) are given. In
addition, two states representative of the correla-
tion satellite peaks are shown. These are the
C23* state, root 3 of the CI calculation, and the
307! satellite root 12. The calculated zero-point
vibrational level of X'Z* CO at 1210 cm™ (the
‘experimental value®! is 1107 cm™) and the Franck-
Condon envelope of this level are also shown. The
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figure indicates that there will be negligible broad-
ening of the X25* (507") peak, ~ 0.7 eV broadening
of B25*(40™) and ~ 2.3 eV broadening of 30™. The
307! broadening is quite reasonable since 30 is a
strongly bonding MO. Hence, if the 30™! state is
bound at all, the equilibrium separation will be
much larger than for CO and the potential curve
will be very repulsive near the X'Z* CO minimum.
Both satellite curves shown are also repulsive

and will lead to rather broad peaks. These results
are consistent with the peak widths observed in

the XPS spectra® as shown in Fig. 1. Thus Franck-
Condon factors appear to contribute importantly

to the broadness of the observed structure above
25-eV binding energy. Our results are also con-
sistent with the cross sections for C* and O* ion
production®3® which indicate dissociation of the
307! state and its low-binding-energy satellites.

VII. CONCLUSIONS

In our study of the valence ionized states of CO
we have found that many-electron correlation ef-
fects are mainly responsible for the satellite
structure in the XPS spectrum of CO. Results of
other types of electron spectroscopies support our
interpretation of the origin of the satellites. The
importance of final-state correlation effects is
in strong contrast to the conventional shake-up
model®?® according to which the satellites obtain
intensity because of final-state orbital relaxation.
This model leads to a physical picture of the
satellites as having their origin in ionization plus
simultaneous excitation of a second electron. We
have shown that it does not account for the satell-
ites which arise for valence shell ionization of a
molecule.
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