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C1s and O1s photoelectron satellite spectra of CO
with symmetry-dependent vibrational excitations
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The photoelectron shake-up satellite spectra that accompany the Cls and Ols main lines of
carbon monoxide have been studied by a combination of high-resolution x-ray photoelectron
spectroscopy and accurate ab initio calculations. The symmetry-adapted cluster-expansion
configuration-interaction general-R method satisfactorily reproduces the satellite spectra over a wide
energy region, and the quantitative assignments are proposed for the 16 and 12 satellite bands for
Cls and Ols spectra, respectively. Satellite peaks above the 777! 7" transitions are mainly assigned
to the Rydberg excitations accompanying the inner-shell ionization. Many shake-up states, which
interact strongly with three-electron processes such as 727> and n~2ar2, are calculated in the
low-energy region, while the continuous Rydberg excitations are obtained with small intensities in
the higher-energy region. The vibrational structures of low-lying shake-up states have been
examined for both Cls and Ols ionizations. The vibrational structures appear in the low-lying Cls
satellite states, and the symmetry-dependent angular distributions for the satellite emission have
enabled the 3 and Il symmetries to be resolved. On the other hand, the potential curves of the
low-lying Ols shake-up states are predicted to be weakly bound or repulsive. © 2006 American

Institute of Physics. [DOI: 10.1063/1.2346683]

I. INTRODUCTION

Shake-up satellites that appear in the photoelectron spec-
tra are challenging spectroscopic subjects from both theoret-
ical and experimental viewpoints. Theoretically, a precise de-
scription of the satellite states is possible only with advanced
theoretical methods because the spectra reflect very complex
electron-correlation and orbital-reorganization effects.” Ex-
perimentally, the weak intensities of photoelectron satellites
make high-resolution photoelectron spectroscopy difficult.

Recently, scientists have had a renewed interest in stud-
ies of the inner-shell photoelectron satellites because signifi-
cant developments in both high-resolution x-ray photoelec-
tron spectroscopy (XPS) and accurate theoretical methods
have allowed precise knowledge and assignments of the
inner-shell satellite spectra to be obtained. A high photon flux
with very narrow photon bandwidths, which are available
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using high-resolution soft x-ray monochromators installed at
high-brilliance third-generation synchrotron radiation light
sources,” has opened the new possibility of detailed spectros-
copy for the geometry relaxation in core-electronic states.’
Vibrational structures, which allow the stable geometry of
the states to be discussed, can be observed in a core-level
photoelectron satellite spectrum. This situation has further
motivated intensive cooperative research from experimental
and theoretical sides, on the shake-up states associated with
the inner-shell ionization.

The inner-shell photoelectron satellite spectra of mol-
ecules were measured extensively around 1970.*° Schirmer
et al. observed the first detailed inner-shell satellite spectra of
CO in the energy region up to ~80 and ~60 eV for the Cls
and Ols main lines, respectively.6 Nordfors et al. measured
the Ols satellite spectrum up to ~50 eV relative to the Ols
ionization.” However, the resolution of the spectra in the
1980’s is insufficient to examine the detailed peak structure,
especially in the high energy region. Theoretically, calculat-
ing the shake-up satellite spectra of CO has been challeng-
ing, in particular, it has been difficult to obtain an accurate
relative energy for 77— 7 transitions. Guest et al. performed
the configuration interaction calculations for the first five >3+
Cls core-hole states.® Angonoa et al. used the algebraic
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diagrammatic construction (ADC) method to calculate the
satellite spectra up to ~22 and ~24 eV for Cls and Ols
ionizations, respectively.9 They also studied the low-lying
satellite states of I, A, and X~ symmetries. However, these
theoretical works addressed only the valence excitations in
the low-energy region; Rydberg transitions were not exam-
ined. Fronzoni et al. reported the important theoretical as-
signments for both the Cls and Ols satellite spectra of CO
using the quasidegenerate perturbation theory within the con-
figuration interaction (QDPTCI) method."’ Recently, Thiel
et al. performed the fourth order ADC calculations.'' In ad-
dition, the dynamics of the conjugate satellites were also
studied in detail.'* The QDPTCI results seem to be the most
reliable assignments of the satellite spectra over a wide en-
ergy region. However, there are still discrepancies in some
points between the theoretical results and the experimental
spectra. Thus, further intensive cooperative investigations by
high-resolution XPS and an accurate theoretical method are
necessary to elucidate the fine details of the shake-up satel-
lite spectra that accompany the Cls and Ols main lines of
Co.

Recently, we have investigated the vibrationally resolved
Cls and Ols main lines of CO (Ref. 13) and the N1s main
line of N, (Ref. 14) both experimentally and theoretically.
The potential curves of the inner-shell single-hole states were
extracted from the experimentally determined vibrational in-
tensity ratios on the basis of a Franck-Condon (FC) analysis.
The vibrational spectra were well reproduced by ab initio
calculations based on the symmetry-adapted cluster-
expansion configuration-interaction (SAC-CI) method."® Fur-
thermore, we observed vibrationally resolved photoelectron
satellite bands due to the N1s photoionization in N, (Ref. 15)
where the two-hole one-electron (satellite) states of the >
and I symmetries were resolved using an angle-resolved
technique. Ab initio calculations based on the SAC-CI
method well reproduced the vibrational excitation of the ob-
served satellite bands. The gerade and ungerade splittings of
the shake-up satellite states were calculated to be quite small
compared to the main line.

In the present work, the inner-shell satellite spectra of
CO are measured by the high-resolution XPS and analyzed
in detail by the SAC/SAC-CI method." The vibrational lev-
els of the low-lying Cls satellite states are also investigated
with the angle-resolved measurements and accurate potential
energy curves, as briefly illustrated in our preliminary
report.16 In the present paper, we also discuss the vibrational
levels of the Ols satellite states. The theoretical method ap-
plied here is the SAC-CI general-R method,'” which has
been designed to accurately describe multiple-electron pro-
cesses. This method is useful for studying the satellite peaks
which appear in both the valence'® and inner-shell'*** ion-
ization spectra. Recently, we have successfully applied this
method to the various types of core-level spectroscopy stud-
ies; the core electron binding energies (CEBEs) of
molecules,”” the vibrational spectrum of H20,2O and the sat-
ellite spectra of CHy, NH3,]9 H20,21 and formaldehyde.22
This paper clearly shows that the satellite spectra of CO are
more characteristic and complex than these molecules.
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Il. EXPERIMENT

The experiments were conducted at the ¢ branch of the
soft x-ray photochemistry beamline 27SU (Ref. 23) at
SPring-8, the 8 GeV synchrotron radiation facilities in Japan.
The monochromator installed in this beam line is a Hettrick
type with a high resolution between 10 000 and 20 000.%*
Another notable feature of the beamline is a figure 8
undulator® as the light source, which enables angle-resolved
electron spectroscopic measurements. This undulator can
switch the direction of the polarization vector from horizon-
tal to vertical and vice versa solely by varying the gap of the
undulator. Measuring the 2s and 2p photoelectrons of Ne
confirmed that the degree of light polarization was better
than 0.98 for both directions. The electron spectroscopy ap-
paratus installed on the beamline consists of a hemispherical
electron analyzer (Gamadata-Scienta SES-2002) with a
Herzog-plate termination and accelerating-retarding multi-
element, a gas cell, and a differentially pumped chamber.®® A
combination of this electron spectroscopy apparatus and the
state-of-the-art soft x-ray beamline provides an excellent op-
portunity to perform high-resolution XPS.**+?7

The CO target gas was introduced into the gas cell dur-
ing the measurements. The background pressure of ~10~* Pa
was measured in the experimental chamber where the gas
cell was placed. The wide-range Cls and Ols photoelectron
satellite spectra of CO were recorded at photon energies 400
and 650 eV, respectively, with overall experimental resolu-
tions of AE=160 meV using the horizontal polarization. In
addition, the Cls low-energy satellite bands were recorded at
two photon energies 310 and 330 eV, with AE=100 meV
using both the horizontal and vertical polarizations. The Ols
low-energy satellite bands were recorded at similar high
resolutions. However, we have not identified any vibrational
structures and the spectrum looks nearly identical to the one
recorded at lower resolution. Thus, the data is not presented.

lll. COMPUTATIONAL DETAILS

To assign the satellite spectra over a wide energy region,
the vertical core-electron ionization spectra were calculated
with the Rqq fixed to the experimental value of 1.1283 A2
We used extensive basis sets to describe the orbital reorga-
nization and electron correlations so that the quality was
similar to our study on HQCO;22 i.e., triple zeta (VTZ)
(10s6p)/[6s3p] GTOs for C and O (Ref. 29) augmented with
two polarization d functions® and Dunning’s Rydberg func-
tions [2s2p2d]>' The resultant basis sets were
(12514p4d)/[8s8p4d] and the number of atomic orbitals
(AOs) was 104.

To analyze the vibrational spectra of the low-lying Cls
and Ols shake-up satellite states, we conducted the ab initio
calculations of the potential energy curves for the ground
state and the 23%, 2II, %A, and 23~ satellite states in the
region of R=0.9—1.7 A. Extensive basis sets of triple zeta
(VTZ) (10s6p)/[5s3p] GTOs of the group of Schaefer
et al.”” with two polarization d functions were adopted; the
transition to the Rydberg states were well separated from
these states.
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TABLE I. Dimensions of the selected SAC-CI general-R operators for the
vertical K-shell ionizations of CO.

Singles Doubles Triples Quadruples Total
Cls 5 225 18 640 88 028 106 898
Ols 5 225 19313 90 042 109 585

We used the SAC-CI general-R method to describe the
Cls and Ols core ionization and the shake-up satellite spec-
tra. The reference functions were closed-shell Hartree-Fock
orbitals; core-localized orbitals were not adopted. We used
different sets of R operators for the Cls and Ols ionizations.
We investigated the satellites dominantly described by
doubles with a considerable contribution of triples. Hence,
we included the R operators up to quadruples in the general-
R calculation. To describe core-hole relaxation, all the mo-
lecular orbitals (MOs) were included in the active space.

To reduce the computational requirements, the perturba-
tion selection procedure was adopted.32 Reference functions
for perturbation selection were due to the small-active-space
SDT-CI vectors to ensure the accuracy up to at least three-
electron processes; this is important for the general-R calcu-
lations of the inner-shell satellite spectra. The threshold of
the linked terms for the ground state was set at A,=1.0
X 107% a.u., and the unlinked terms were adopted as the
products of the important linked terms with SDCI coeffi-
cients larger than 0.005. For the inner-shell ionized states,
the thresholds of the linked terms, which are doubles and
triples, were set at \,=1.0X 1077, and those of the qua-
druples were set at 1.0 X 1075, To calculate the potential en-
ergy curves, the threshold of quadruples was also set to A,
=1.0X 1077. The thresholds of the CI coefficients used to
calculate the unlinked operators in the SAC-CI method were
0.05 and 0.001 for the R and S operators, respectively. Table
I summarizes the dimensions of the selected SAC-CI linked
operators employed for the vertical ionization spectra.

The ionization cross sections were calculated using the
monopole approximation3 ? to estimate the relative intensities
of the peaks. Both the initial- and final-ionic-state correlation
effects were included.

The calculated potential energy curves were fitted with
the extended Rydberg functions, and the vibrational analysis
was performed. To simulate the photoelectron spectrum, vi-
brational wave functions and Franck-Condon factors were
obtained using the grid method in which the Lanczos algo-
rithm was adapted for the diagonalization.

The SAC/SAC-CI calculations were executed with the
GAUSSIANO3 suite of programs34 with some modifications to
calculate the inner-shell ionization spectra; namely, the ref-
erence SDT-CI was enabled in the SAC-CI calculation. The
vibrational analysis was performed with the MCTDH program
package.35

IV. RESULTS AND DISCUSSION
A. C1s satellite spectrum

First, we have investigated the vertical Cls shake-up
satellite spectrum over a wide energy region. Figure 1 pre-
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FIG. 1. Cls photoelectron satellite spectrum of CO. The experimental spec-
trum is recorded at a photon energy of 400 eV.

sents the SAC-CI general-R spectrum along with the mea-
sured XPS spectrum. In the theoretical spectrum, the calcu-
lated pole strengths are shown by solid vertical lines and are
convoluted using Gaussians with the full widths at half maxi-
mum (FWHMs) of 0.5 eV. Table II summarizes the ioniza-
tion potentials with the relative energies to the main line,
relative monopole intensities, and SAC-CI main configura-
tions for the Cls shake-up satellite states of CO. Only states
with relative intensities larger than 0.0005 are listed. Many
other states with negligible intensities are not given. The
CEBE of the Cls main line is calculated to be 296.13 eV,
which is consistent with the recent experimental adiabatic
ionization potential (IP) of 296.069 eV.*® The present XPS
measurement gives a high-resolution spectrum, which con-
tains fine peak structures in some bands due to the vibra-
tional progression and/or numerous satellite states. Our
present analysis has identified 16 satellite bands in the en-
ergy region of 0—30 eV.

As seen from Fig. 1, the theoretical spectrum satisfacto-
rily reproduces the shape of the experimental satellite spec-
trum, although the intensity of the XPS does not necessarily
agree with the theoretical monopole intensity. Satellite band
1 was assigned to the pure 7~ !7" shake-up state.> This
assignment has also been confirmed in the present calcula-
tion; the calculated energy of this state is 8.38 eV, and the
observed value is 8.43 eV. The calculated relative intensity
is 0.0218, while the experimental values are between 0.025
(this work) and 0.023.° As discussed later, a detailed C-O
vibrational analysis of this state is also performed in this
energy region using XPS and SAC-CI with two “II states of
77" transitions. The small structures labeled as a and b are
assigned to conjugate satellites and no satellite states with 3*
symmetry are calculated in this energy region.

The experimental intensity should be considered when
comparing to the theoretical intensity. We chose photon en-
ergies that are approximately 100 eV above the threshold.
Although this is not near threshold, the cross sections may
have not yet become stationary at this energy. The experi-
mental intensities roughly agree with the earlier study of
Schirmer et al., which was conducted at a much higher
energy,6 but are not identical. These minor discrepancies may
indicate the dynamics of the satellite branching ratios.
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TABLE II. Ionization energy (eV), relative energy to the main line (AE, eV), monopole intensity, and main configurations of the Cls satellite states

of CO.
Other works This work
Expt.* ADC(4)° Expt. SAC-CI general R
QDPTCI®

AE Int. AE  Int AE AE Int. No. IP AE  Int. Main configurations (|C|>0.25)
296.069¢ 1 296.08 1 295.46 0.00 1 0 296.13 0.00 1 081207 +0.22(7 ' 7207 ") +0.22(7 ' 207")

8.34 0.023 9.11 0.022 8.61 843 0.025 1 30451 838 0.0218 0.67Qo7'7w'7")+0.672c 77"

+0.33(7m ' 7207 +0.33(7 207"

14.88 0.048 17.12 0.050 15.42 1505 0.039 2 311.00 14.87 0.0336 0.35(7'7207)+035(7 7207 )-035(7" 7" m 7 207")

17.37 3 313.92 17.79 0.0017 0.55(5¢07'7" 507 7207 +0.27(7 "7 207")
+0.27(7 ' 207"

17.85 0.019 19.89 0.013 18.06,18.46 17.93 0.016 4 31429 18.16 0.0173 0.55(507'60207™")+0.27(7w 7" 7 7 207")

19.22 0.011  20.79 0.004 19.50 19.33 0.012 5 31572 19.59 0.0075 0.36(207'60507")+0.33(207'0"507")

20.09 0.016 21.18 0.002 20.57 2020 0.009 6 316.92 20.79 0.0048 0.35(207'90507")+0.35(407 ' 7207 7 507")

21.1 0.004 21.64 0.017 21.32,21.82 21.10 0.004 7 317.74 21.61 0.0018 0.37(567'90207")+0.36(50" ' 740~ 7" 207")

+0.36(507 ' w407 w207

222 0.005 22.31 0.007 22.14 21.75 0.002 8 31826 22.13 0.0006 0.34(7 'w 7720 )+034(7 ' 7w 7207

+0.32(207 'ox507")

23.2 0.027 22.73,23.05 23.30 0.011 9 318.57 22.44 0.0059 0.41(507'¢"207")+0.30207'30507")
23.38,23.52 23.63 0.009 10 319.28 23.15 0.0016 0.38(207'70507")+0.30(507'o*207")
23.85,23.97 11 320.02 23.89 0.0023 0.38(207'705067")+0.30(567'90207")

25.8 24.93 25.00 .- 1232093 24.80 0.0014 0.41(207'80507")+0.35(507'80207")
25.65,25.90 26.2 e 13 32220 26.07 0.0015 0.33207'60407")-0.30(407'60207")

+0.29Q207 'ox407")

26.6 26.16,26.22 26.7 322.54 26.41 0.0009 0.43(507'70207")+0.39(507 ' 116207")

+0.36(207'110507")
26.91,27.14 14 32373 27.60 0.0016 0.37(507'1106207")+0.33(267'116507")
-0.27(507'902057")
27.33 323.93 27.80 0.0016 0.45(507'110207")+0.42(207 ' 110507 ")
-0.35(507"70207")
28.2 28.15 28.1 324.14 28.01 0.0014 0.53(507'100207")+0.45(207'100507")
324.48 28.35 0.0011 0.49(507'110207")+0.45(207 ' 110507")
29.2 29.1 s 15 32530 29.17 0.0023 0.40(7 37207 1)+0.33(7'37m207")
~32.5 30.2 e 16 326.17 30.04 0.0004 0.52Q20"'377")-0.30Q20 4m7m")
326.50 30.37 0.0005 0.44(7'4m207")+0.42Q20 477 )+0.35Q20  4mnm")

“Reference 6.
PReference 9.
“Reference 10.
dReference 36.

The strongest band 2 has been previously assigned to the
shake-up state arising from the singlet-type 7~ transition
strongly interacting with the double excitation 7272571
The present result is consistent with this assignment. It has
been difficult to theoretically reproduce the relative energy of
this state; the calculated relative energies were 17.06 and
15.42 eV by the ADC(4) (Ref. 9) and QDPTCL'® respec-
tively, but the experimental values were 15.05 (this work)
and 14.88 ¢V.° The present calculation gave 14.87 eV with a
large relative intensity of 0.0336, which agrees reasonably
well with the experimental value of 0.039. It is noteworthy
that in the case of formaldehyde, the three-electron process
n~27"2 appears in a much lower energy region.”? Similar to
band 1, the fine peak structures observed for this band can be
attributed to the vibrational components because there are no
other satellite states in this region.

Weak satellite peak 3, which is just below sharp peaks
4-7, is calculated at 17.79 eV with a very small intensity.
This peak is dominantly assigned to the double excitation,
n~2ar"? transition. Fronzoni et al. obtained this state by the

QDPTCI method and gave the same assignment.10 However,
their calculated pole strength was larger than the present cal-
culation and their theoretical spectrum significantly differed
from our experiment in this region.10

Peaks 4-7 have narrow peak shapes. Peak 4, which is
observed at 17.93 eV is assigned to the 507 '60(n"'60) state,
that is calculated at 18.16 eV with a relatively large intensity
of 0.0173. This state has the characteristics of a 72 2 tran-
sition. Peaks 57 are observed at 19.33, 20.20, and 21.10 eV
relative to the main peak. These peaks are also assigned to
the 507160 or 50790 transitions that interact with the three-
electron process of 407507 7 2(n~ 71 7r2).

Gelius observed a peak at 23.3 eV and assigned it to a
o 3pw transition.” Fronzoni e al. calculated some shake-up
states in this energy region.10 We have measured two peaks,
9 and 10, at 23.30 and 23.63 eV, respectively. The SAC-CI
calculation gives 50”'no and 507'3p transitions with rela-
tively large intensities. Continuous peaks 11-16 are observed
in the higher energy region of these two peaks. For these
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peaks, numerous Rydberg transitions are calculated. These
states are described by the linear combinations of Rydberg
transitions such as 50" 'np and 507 'nd.

B. Low-lying C1s satellite states

Next, we examine the low-lying Cls shake-up satellite
states in the energy region of 8—10 eV. The preliminary re-
port is given elsewhere.'® The photoelectron satellites pro-
vide evidence for the breakdown of the independent particle
picture and are thus called correlation satellites."”’ The cor-
relation satellites can be phenomenologically classified into
two groups.38 The first group includes satellites with excita-
tion cross sections that remain nearly constant relative to the
single-hole ionization cross section, while the second group
includes those with excitation cross sections that sharply de-
crease as the energy increases. These two different types of
energy dependences have been attributed to the two lowest-
order correlation terms, which are often called the direct and
conjugate shake-up terms.” The conjugate shake-up contri-
bution is significant near the ionization threshold region and
rapidly decreases as the energy increases.’” The conjugate
contributions become negligible at high energy due to the
sharp drop in the bound-free overlap integral. At this limit,
the direct shake-up satellite band mimics the mainline both
in the excitation cross section and in the asymmetry param-
eter B of the electron emission: 3 approaches the limiting
value of two. It should be noted that the direct and conjugate
channels may have the same final state and thus interference
occurs.'?

The low-lying two-hole one-electron states concerned
here have electron configurations of 20 '7 '7"(*Y) and
207'507'7"(’II). The transitions, which lead to the
207 777" (*S) state, are dominated by the direct shake-up
term: the conjugate shake-up term also contributes at low
excitation energy. The transitions, which lead to the
207507 7" (°Il) state, are dominated by the conjugate
shake-up contribution. Angonoa et al.’® estimated the vertical
ionization energy of the 23" state to be 9.11 eV and those of
’TI to be 8.44 and 9.20 eV. Thus the low-lying photoelectron
satellite bands arising from the transitions to the S* and *IT
states should overlap in energy.

Figure 2 shows the low-lying satellite bands recorded at
photon energies of 310 and 330 eV at 0° and 90° relative to
the polarization vector of the incident radiation. At 310 eV in
the 90° spectrum, two vibrational bands are observed. How-
ever, in the 0° spectrum, peaks that are not seen in the 90°
spectrum appear. When the photon energy is increased from
310 to 330 eV, the spectra change dramatically due to a
rapid intensity drop of the 90° spectrum and of the same
band in the 0° spectrum. These spectra clearly indicate that at
least three electronic states are involved.

Based on the observed energy dependence and the angu-
lar distribution of the satellite spectra, we can decompose the
contributions into the direct and conjugate terms. Using the
characteristics of the direct and conjugate shake-up contribu-
tions described above, we can assign the three observed vi-
brational bands in Fig. 2. The band which appears in the 0°
spectrum at 330 eV nearly disappears in the 90° spectrum

J. Chem. Phys. 125, 114304 (2006)
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FIG. 2. The Cls photoelectron satellite spectra of CO recorded at photon
energies of 310 eV (upper) and 330 eV (lower panel), at 0° and 90° relative
to the polarization vector. The spectra are plotted as a function of the bind-
ing energy relative to the Cls single-hole state.

and exhibits a very strong anisotropy with 8 near two. Thus,
it is concluded that this band is dominated by the direct
shake-up contribution and is assigned to the transition to the
jonic final states 20" 717" (®3"). On the other hand, the two
bands, which appear in the 90° spectrum at 330 eV, are at-
tributed to the conjugate shake-up contributions. Thus, these
bands are assigned to the transitions to the 20750~ 7" (*IT)
states.

We have performed ab initio calculations of the relevant
potential curves using the SAC-CI method. It should be
noted that in the present calculations, the intensities of the
21_[, ZA, and 23~ states are zero due to symmetry, and the
intensities of the conjugate satellites cannot be evaluated.
Figure 3 shows the resulting potential energy curves of the
Cls shake-up satellite states. The overall characteristics of
the potential energy curves are similar to those of N2.14 The
geometry relaxation by the shake-up ionization of CO is
large for the 237 state and the elongation is predicted to be
0.166 A (r,=1.292 A). This change is almost the same as
that in N,, 0.164 A" because the shake-up 23" state is char-
acterized by a m— 7" transition for both molecules. The ge-
ometry relaxation for the *I1 states is much smaller: the equi-
librium distances of the lower and higher 1 states are r,
=1.168 and 1.194 A, respectively. The geometry changes of
these states, 0.042 and 0.068 A, are smaller than the corre-
sponding changes for N,, 0.066 and 0.091 A The differ-
ences are because the 2I1 states of CO are n—1" transitions,
while the “IT states of N, are o— 7" transitions. The potential
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FIG. 3. Potential energy curves of the ground and Cls shake-up satellite
states of CO calculated by the SAC-CI method

energy curves of the *A and >3~ states are almost parallel to
those of the 23" states. The A and *%~ states are nearly
degenerate and their equilibrium distances are 1.309 and
1.320 A for the *A and >3~ states, respectively. These simi-
larities are because all these states have the same 207 ' 7' 7"
character. The geometry relaxations for these “A and *3~
states are 0.183 and 0.194 A, respectively, which is also the
same order as those of N,, 0.192-0.194 A.

To simulate the vibrationally resolved photoelectron
spectrum, vibrational wave functions and FC factors were
obtained by a numerical grid method. Thus, Fig. 4 compares
the SAC-CI theoretical spectra obtained for the 23 * states to
the experimental photoelectron satellite spectra. The experi-
mental 3" spectrum is approximated by 1(0)—cI(90), where
1(0) and I(90) are spectral distributions of the 0° and 90°
spectra, respectively, and ¢ is the parameter that represents
the contribution from the *II component to the 1(0) spec-
trum. The parameter is set at c=0.4 so that the vibrational
distribution of the 2 spectrum is close to the Poissonian. The
theoretical spectrum is shifted in energy by —0.23 eV. The
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FIG. 5. The SAC-CI spectrum of Cls satellite 20”7 '7" 2A state.

theoretical spectrum for *3* has a maximum intensity at v’
=6 and reproduces shape of the experimental spectrum. The
activation of the high vibrational states is due to the large
geometry relaxation. Deviations between the theoretical and
experimental spectra in the higher vibrational states are due
to errors in the calculated potential curves for large nuclear
distances.

Figure 4 also compares the SAC-CI spectra for the *I1
states to the experimental photoelectron satellite spectra re-
corded at 330 eV, where the 90° spectrum dominantly rep-
resents the II component. The theoretical spectra are shifted
in energy by —0.12 and —0.32 eV for the lower and higher
T states, respectively. The relative intensities of the bands
were adjusted so that the theoretical spectra agree with the
experimental spectra: the vibrational intensity ratios are de-
termined by the FC factors. The higher vibrational levels are
less populated than those for N, because the *IT shake-up
satellite states of CO are characterized as n—r transitions,
as noted above.

The theoretical spectrum for the A symmetry appears at
higher energies and, as shown in Fig. 5, peaks at ~9.6 eV.
The spectrum of the 3~ state is essentially the same as that
of the %A state. These states are located just above the
present vibrational band and the experimental spectra show a
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FIG. 6. Ols photoelectron satellite spectrum of CO. The experimental spec-
trum is recorded at a photon energy of 650 eV.

continuous shape in this energy region. The shape of the
vibrational spectra of these states is very similar to that of the
23* state due to the aforementioned reason.

C. O1s satellite spectrum

In contrast to the Cls spectrum of CO, which has been
well studied by some theoretical methods®™ from the CI
calculations by Guest et al., theoretical analysis of the Ols
satellite spectrum has been very limited. This satellite spec-
trum has significant orbital relaxation and electron correla-
tions. Therefore, an accurate theoretical study requires the
inclusion of the higher-order excitation operators. Actually,
Angonoa et al. studied the low-energy region with ADC(4),”
but their calculated spectrum differs from the experimental
one. Fronzoni et al. performed the QDPTCI calculations and
assigned a wide energy region up to ~28 eV.'" In the present
work, we measure the spectrum up to ~35 eV and perform
the theoretical analysis with the SAC-CI method.

The present method calculates the Ols CEBE at
542.34 eV, in comparison with the recent experimental value
of 542.543 eV.* Figure 6 compares the SAC-CI and XPS
shake-up satellite spectra associated with the O1s ionization.
The calculated and observed results of these shake-up states
are summarized in Table III along with other works. As
shown in Fig. 6, both the peak positions and relative inten-
sities of the experimental satellite spectrum are reasonably
reproduced by the SAC-CI calculation, even though both of
the orbital relaxation and electron correlation effect are
larger for the Ols ionization than for the Cls ionization.

Like formaldehyde, the Ols satellite spectrum should
have different characteristics from the Cls spectrum.22 The
different features of these spectra can be interpreted in terms
of charge transfer.” The lowest two satellites, peaks a and b
in Fig. 6, are assigned to the conjugate satellites. The char-
acter of these satellites were previously studied by Schirmer
et al.'* The lowest monopole allowed peak 1, which is as-
signed to triplet 77~ '7r" transition, is calculated at 12.71 eV
with a very small intensity of 0.0006. This state was also
obtained by the QDPTCI at 13.76 eV.'" The small structure
is observed in the lower shoulder of peak 2 in the present
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XPS. Peak 2 is observed at 16.0 eV, which is the strongest
with a relative intensity 0.065; this peak is calculated at
15.63 eV with an intensity of 0.014. The deviation in the
intensity is large for this peak. Both bands 1 and 2 have
significant contributions from a three-electron process
272 compared to the Cls ionization. Contrary to the Cls
ionization, peak 2 does not have a vibrational structure, as
discussed in Sec. IV D. In the QDPTCI calculation, two
states at 15.90 and 16.14 eV with respective intensities of
0.006 and 0.079 are calculated for peak 2.10

Split bands 3 and 4 are observed near 17.2 eV. Two
shake-up states, calculated at 17.05 and 17.24 eV, are attrib-
uted to these bands. These states are characterized as 50”0
transitions, which strongly interact with the three-electron
processes of the n27r"> and 7272 configurations. Band 5,
which is observed at 18.23 eV, has a shoulder in the high
energy region, and the corresponding shake-up states are
507'60 transitions calculated at 18.51 and 18.80 eV. Sharp
peak 7 is measured at 20.08 eV. For this band, we calculate
the shake-up state at 20.40 eV with an intensity of 0.0043.
This state is assigned to a 50'9¢ transition.

In the region of 21.5-25 eV, broad continuous bands 8
and 9 are obtained at 21.65 and 23.83 eV, respectively.
Many shake-up states for these bands are calculated at
21.55-25.05 eV; these states are dominantly assigned to the
transition from the 5o orbital to the Rydberg no orbitals.
Finally, in the energy region higher than ~26 eV, very broad
bands 10-12 are observed. These broad bands are interpreted
as the clusters of the shake-up states with small intensities
calculated between 26.71 and 31.46 eV. These states are
mainly characterized as Rydberg excitations from the 40 or-
bital to the Rydberg no orbitals accompanying the Ols ion-
ization.

D. Low-lying O1s satellite states

Figure 7 presents the potential energy curves of the low-
lying shake-up states of Ols ionization of CO. The two *3*
states, which are characterized as 1o~ 7 1%, are calculated
near 13.0 and 15.6 eV in vertical region and their potential
curves are found to be repulsive. The lower °3* state at
~13.0 eV has a contribution from a three electron process,
lo~'7~2ar"2, which explains the repulsive nature of the state.
As noted in the previous section, the corresponding Cls
shake-up state exists at much lower energy of ~8.4 eV. On
the other hand, the higher singlet parent state exists at nearly
the same energy of ~15.6 eV as the Cls ionization. In the
energy region of 15—17 eV relative to the main line, two 2A
and two 23~ states, which have the character of 107 7 7",
also exist as reported in ADC(4) work.” These states are also
repulsive in nature and have almost the same transition char-
acter as the “3* states. We have conducted high resolution
measurement for the bands in this low-energy region. These
bands do not show any vibrational structures, which confirm
the repulsive nature predicted by the calculations.

The two shake-up satellite *I states are obtained near
~5.1 and 8.8 eV in the Franck-Condon region. The vertical
ionization energies of these states were also reported to be
5.03 and 8.7 eV by the ADC(4) calculations.” These two
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TABLE III. Ionization energy (eV), relative energy to the main line (AE, eV), monopole intensity, and main configurations of the Ols satellite states of CO.

Other This work
Expt.” Expt.” ADC(4) . Expt. SAC-CI general R
QDPTCI
AE Int. AE Int. AE Int. AE AE Int. No. 1P AE Int. Main configurations (|C|>0.3)
542.57° 1 541.56 1 541.76 0 1 0 542.34 0.00 1 0.83(167H)-024(7 ' 7w 1071 -0.24(7 ' 7w 107")
8.5 0.005 13.76 1 555.05 12.71 0.0006 0.60(1o7 7" ) +0.60(10~ 7" 7 ")
11.5 0.004 —024(7 'm 1o\ m ) -024(m  w Lo )
159 0.112 16 0.065 17.00 0.004 15.90, 16.14 16.00 0.065 2 557.97 15.63 0.0143 047(m ' 7 1o ) +047(7 ' 7w 1o7")
+0.24(507 "6 1o ) +0.43 (7 ' w107 ' 7w h)
17.25 0.013 17.5 0.031 17.47 0.002 16.83 17.28 0.026 3 559.39 17.05 0.0053 0.48(1o7'd"507")+0.46(507 o' 107)
-041507 ' 7507 ' 7 1o ) -041 (7w 7w m  w 1o))
17.65 4 559.58 17.24 0.0023 0.58(107'"5071)+0.28(107'60507")
+0.35(507' 7507 ' 7 107)+0.35(507 ' 7507 w107
18.11 0.042 18.3 0.032 18.37 0.009 18.41 18.23 0.020 5 560.85 18.51 0.0024 0.47(107'60507 ) +0.42(107'905071)+0.36(1 07 70507")
-0.30(107'0"5071)-0.29(507 6" 1671)
6 561.14 18.80 0.0017 0.67(507'60107")+0.40(507 901 07")
+0.27(507'70167")+0.23(107'60507")
20.06 0.012 20.2 0.014 20.32 0.015 19.70, 20.18 20.08 0.009 7 562.74 20.40 0.0043 0.54(507901071)-0.27(50"'¢"167")-0.26(507 7ol 7 ")
20.54 0.015
21.7 21.6 0.006 21.67 0.059 21.25,21.79 21.65 0.004 8 563.89 21.55 0.0004 0.52(167'100507")+0.47(167' 76507 1)+0.36(c7 ' 110507")
22.11 0.006 564.41 22.07 0.0009 0.71(167'96567")-0.33(157 60507 ")

564.54 22.20 0.0025 0.46(507'110107")+0.44(507"701071)+0.37(507 ' 1001 67})
-0.35(507'60107")+0.29(507 70107 ")

565.04 22.70 0.0009 0.76(5679¢1067)-0.32(507'60107")-0.28(5067 7ol 07")
+0.27(167'90507")

23.7 23.6 0.014 22.5 0.043 23.12, 23.56 23.83 0.012 9 565.72 23.38 0.0015 0.61(507'11o107")-0.44(167"100507")
24.19 0 24.01, 24.64 566.59 24.25 0.0011 0.80(507'100167")+0.34(167'100507")
25.00, 25.27 567.39 25.05 0.0014 0.53507 ' 407 ' 107 +0.53(507 ' 4o w107
25.41 +0.35(407 ' 7107 7507 ) +0.34(40” T lo w507
26.2 26.4 0.011 26.52, 26.76 26.37 0.011 10 569.05 26.71 0.0031 0.39(107'60407")-0.27(407 601 07")
-023407 ' 7107 7 507")
27.9 27.8 0.012 27.57, 27.80 27.98 0.012 11 570.01 27.67 0.0021 0.39(1o7 701071 -0.34(7 37l 07)
27.96, 28.55 570.72 28.38 0.0024 0.38(107 701071 -0.33(7 37l 07)
~31 30.7 0.011 30.73 0.011 12 572.27 29.93 0.0021 0.35(107 377 ) +0.27(107 ' 4mnm")

573.12 30.78 0.0016 0.69(167 377 ) +0.49(7 37l o7!)
573.80 31.46 0.0017 0.33(7 3707 )+0.29(507 3wl 67")+0.29(167 70507 ")

“Reference 6.
PReference 7.
“Reference 9.
dReference 10.
“Reference 40.
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FIG. 7. Potential energy curves of the Ols shake-up satellite states of CO
calculated by the SAC-CI method.

states are characterized as 10~ 'n~!ar" with a small contribu-
tion from the three electron processes. The lower *II state is
calculated to be deeply bound and its spectroscopic constants
are R,=1221 A, ©,=1957 cm™!, and w,y,=14.5 cm™".
However, the Franck-Condon region of this state is near the
threshold of the dissociation limit in energy. Thus, the vibra-
tional structure should not be observed. The same is true for
the higher “IT state. This state is much more weakly bound
and its potential energy curve is almost flat. As shown in Fig.
6, the lower 21 state is not detected in the XPS spectrum,
and the higher 2IT state has a very small intensity as expected
in high energy excitation of the conjugate shake-up satellites.

V. SUMMARY

The Cls and Ols satellite spectra of CO have been mea-
sured using high-resolution x-ray photoelectron spectros-
copy; numerous new peaks are resolved in the present spec-
tra. Detailed analyses of the spectra have been performed
with the SAC-CI general-R method. The general-R method,
which includes triple and quadruple R operators, has well
reproduced the satellite bands of the inner-shell photoelec-
tron spectra of CO, whose orbital reorganizations and elec-
tron correlations have been recognized as to be large in the
previous theoretical works.

From theoretical and experimental analysis, 16 and 12
bands have been identified in the Cls and Ols satellite spec-
tra of CO up to about ~32 eV relative to the main lines.
Detailed assignments have been provided for these bands
and some of them are new interpretations. The satellite peaks
above the 7~ '#7" transitions are mainly attributed to the Ry-
dberg excitations that accompany the core ionizations. Many
shake-up states which strongly interact with three-electron
processes such as 7272 and n27r'2, have been calculated
in the low-energy region. In the higher-energy region, con-
tinuous Rydberg excitations have been calculated with small
intensities, which contrasts the inner-shell satellite spectra of
formaldehyde.22

For the low-lying Cls satellite bands, we have executed
the vibrational analysis. Ab initio analysis is well correlated
to the experimental data, namely, one 23 state and two 11
shake-up states are confirmed to be attributed to the vibra-

J. Chem. Phys. 125, 114304 (2006)

tional structures observed in the experimental spectra; the
shake-up *A and °3” states are predicted to be above the
vibrational bands. This excellent agreement confirms the re-
liability of the present ab initio potential curves of these
shake-up satellite states. For the Ols shake-up states, the
potential curves have been calculated to be weakly bound or
repulsive.
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