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The partial photoionization cross sections and angular distributions of the C 1s ' and O 1s ~! single-
hole states of CO, have been measured with high precision near threshold. The 40 shape resonance is
well reproduced in the 1s single-hole cross sections, but strong site-specific effects are observed with
respect to both its energy and intensity. A striking feature of the present data is the presence of fine
structure in the 1s single-hole cross sections ogy due to multielectron excitations: virtually all spectral
details in the total 1s cross sections o, are also present in ogy implying that multielectron excitations
couple strongly to the underlying ls continuum. The decay dynamics of the double-excitation feature at
303.5 eV in the C 1s cross section of CO, have been characterized by Auger spectroscopy. Partial cross
sections and angular distributions have also been measured for the first group of strong shake-up satel-
lites in the C 1s photoelectron spectrum. Similar to the C 1s ionization of CO, a strong enhancement of
intensity near threshold is observed for some satellite channels as well as the occurrence of features that
are not present in the sudden limit. The latter are attributed to conjugate shake-up.

PACS number(s): 33.80.Eh, 33.60.Fy

I. INTRODUCTION

A considerable body of experimental and theoretical
work on photoabsorption and photoionization cross sec-
tions has shown that resonances and multielectron effects
are commonly encountered in core-level excitation of
small molecules. In some studies these features have been
carefully characterized and provide models for the inter-
pretation of similar effects in larger molecules [1,2]. The
current upsurge of interest in such K-shell properties is
due to recently improved instrumentation, in particular
high-resolution monochromators in combination with
undulator sources, for absorption and photoelectron
spectroscopy experiments, e.g., [3—6]. These allow de-
tailed examination of the energetics and dynamics of
core-level photoionization.

The excitation of a core electron into an unoccupied
bound molecular orbital or the continuum is generally ac-
complished by a strong relaxation of the remaining sys-
tem of charges. Provided that sufficient energy is avail-
able from the absorbed photon, there is a relatively high
probability that a valence electron and vibrations are ex-
cited simultaneously with the core electron, giving rise to
shake-up satellites in the photoelectron spectra [7-10]
and to vibrational structure in both photoabsorption
[3-5] and photoemission spectra [6,11]. Transitions to
unoccupied states accompanied by shake-up often pro-
duce characteristic features in the continuum just below
the onset of the shake-up satellites seen in the photoelec-
tron spectra and have been referred to as double excita-
tions. In the same energy region, i.e., within the first tens
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of eV above the core ionization threshold, a broad reso-
nance is characteristically found in the photoabsorption
spectra of small molecules, commonly referred to as a
shape resonance [1]. In contrast to the shake-up process,
it is inherently a one-electron phenomenon and is due to
the temporary trapping of the outgoing photoelectron by
a centrifugal potential barrier or, in an alternative
description, due to a transition into an antibonding
molecular orbital in the continuum [12]. Although the
basic phenomenon is quite well understood, there have
been only a few detailed experimental studies on core-
level shape resonances. Generally speaking, only qualita-
tive agreement is found between theory and experiment;
even for simple diatomics there are large discrepancies
with regard to the energetic position, the strength, and
the detailed shape of the resonance.

In polyatomic molecules, the effects caused by the
different dynamic relaxation of the valence electrons
upon ionization of the different core levels and the selec-
tive probing of the continuum wave function by the local-
ized core holes are particularly interesting. The shape
resonance profile can be different, depending on which
atomic core level is ionized. Moreover, more than one
resonance is generally present (e.g., in valence ionization),
so that not only the spatial localization but also the sym-
metry properties of the shape resonances become impor-
tant [13—-16]. A prominent example of the occurrence of
such effects is provided by N,O [13]. Core-level photo-
ionization in CO, (O—C—O) is expected to have many of
the features of that in N,O (N—N—O), despite the
different point-group symmetry: both molecules are
linear, isoelectronic, and, in particular, their valence or-
bitals are strongly delocalized. Two shape resonances
have been predicted by theory for the core levels of CO,
[17,18], corresponding to transitions into the virtual anti-
bonding 507 and 40; molecular orbitals. However, di-
pole selection rules allow only the 40} resonance for C 1s
(20, orbital) photoionization, whereas both resonances
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can occur for O 1s (1o ¢» 10, ) photoionization.

The identification of the characteristic features due to
double and multielectron excitations requires a detailed
examination of photoabsorption spectra at high resolu-
tion [3,4,19] and/or of the corresponding data from
electron-energy-loss spectroscopy (EELS) [20,21]. In the
total photoabsorption (photoionization) cross section of
CO, above the C ls threshold, there is additional fine
structure due to multielectron excitations superimposed
on the broad 40} shape resonance. Particularly notice-
able are two narrow features at 303.5 and 553 eV photon
energy (i.e., just above the C 1s and O 1s thresholds, re-
spectively). Similar features have been observed in the to-
tal cross sections (EELS) of other small low-Z molecules
such as CO [21], N, [21], N,O [20], C,H, [22], C,H, [22],
and C¢Hg [22]. However, many of these studies were per-
formed with only moderate-energy resolution and so far
high-resolution photoabsorption spectra of this region
have only been measured for CO and N, [3-5,19]. For
C 1s in CO it was shown that a feature in the absorption
cross section at about 301 eV consists of states of the type
1s v 'wlR!, where v denotes a valence state and R a
Rydberg state, which are part of one or more Rydberg
series of doubly excited states converging on satellite on-
sets [19,23]. In a recent study of C ls photoionization of
CO and CO, [24], we demonstrated that these doubly ex-
cited states strongly couple to the C 1s ! continuum and
thus influence the C 1s ~! single-hole cross sections and
the corresponding asymmetry parameters. This coupling
opens an alternative decay channel for these doubly excit-
ed states, in addition to the direct (“resonant”) Auger
process where only the fast resonant Auger electron is
emitted. They first autoionize into the ls continuum and
then decay via a “normal” Auger process, thus emitting
two electrons—a slow photoelectron and a normal Auger
electron.

Previous work on the simple diatomic molecules CO
and N, have also shown very interesting energy-
dependent behavior of the satellites, as well as the oc-
currence of new satellites at energies close to threshold
that cannot be predicted within the simple adiabatic pic-
ture [9,25-27]. The latter are not due to direct shake-up
processes, but rather to a conjugate shake-up mechanism
whereby a discrete dipole excitation of the core electron
is accompanied by a “‘shake-off”’ of a valence electron. In
contrast, in the normal shake-up process, dipole ioniza-
tion of the core electron is accompanied by a monopole
excitation of a valence electron. Theory [10,28] has
shown that for very high photoelectron kinetic energies
conjugate processes can be neglected and that only the
direct part of the transition amplitude contributes to the
satellite intensity, the latter accounting for typically
30-40 % of the partial 1s cross section in the ‘“sudden
limit.” At low photoelectron kinetic energies, conjugate
shake-up may become potentially as important as direct
shake-up and can make a non-negligible contribution to
the total shake-up intensity. This can result in an in-
creasing rather than a decreasing satellite intensity as
threshold is approached [29], in contrast to the simple
adiabatic picture. Moreover, additional, so-called pure
conjugate satellites may arise due to the different selection
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rules governing these processes near threshold, so that
excited states of the ion with different symmetry become
accessible [23,28].

In the C 1s photoionization of CO, the different
behavior of the singlet and triplet coupled 7-7* 227 sa-
tellites as a function of photon energy, for example, is in-
terpreted as being due to an interference effect between
the direct and the conjugate parts of the transition ampli-
tude. In addition, it has also been established that several
pure conjugate satellites are present in the C 1s photo-
electron spectrum [23,30-32]. One complication of this
picture, however, is that shape resonances can also be
present in satellite continuum channels, as has been sug-
gested for the C 1s satellites of C,H, [14], H,CO [14], and
CO [23,26,27,30], so that shape resonant enhancement
and conjugate processes cannot necessarily be dis-
tinguished in a photon energy-dependent experiment.
This problem led to contradictory interpretations of the
near-threshold energy-dependent behavior of the C 1s sa-
tellites of CO, where both models were cited in order to
explain the different behavior of the singlet and triplet
coupled 7-m* 23 * satellites [26,27]. In contrast, studies
on noble gases have clearly shown the importance of con-
jugate processes [33,34]. The core-level satellites of CO,
have been previously observed using Mg Ka (hv=1254
eV) [7] and Al Ka (hv=1486.6 eV) [35] radiation. These
spectra may be compared with calculations using a.
fourth-order algebraic diagrammatic construction
[ADC(4)] scheme by Angonoa and Schirmer [36], who as-
sign the most prominent satellites and give their relative
intensity. So far, no photon energy dependence has been
measured.

This discussion shows that the measurement of the
partial cross sections and angular distributions for the
main lines as well as the satellites is important for a
deeper understanding of shape resonance behavior and of
the contribution of double- and multiple-electron excita-
tions. Here we complement our previous investigations
on other small molecules [13,14,24] by studying photo-
ionization from both the C and O 1s core levels of CO,
and comparing, where appropriate, with the studies on
N,O and CO. In Sec. II we briefly describe the experi-
mental setup and our data analysis procedure. In Sec. III
we consider the single-hole cross sections and angular
distributions and compare the curves with the available
theory. A preliminary account of this work has appeared
in Ref. [24]. The question of double- and multiple-
electron excitations is then considered in detail in Sec.
IV. An analysis of the C 1s satellite structure follows in
Sec. V. Section VI describes a resonant Auger spectra
study of multiexcited states for C 1s, which extends the
information obtained from the main and satellite lines.
Finally, the results are summarized in Sec. VII.

II. EXPERIMENT

The photoelectron spectrometer used in this study con-
sisted of a stationary angle-resolving magic-angle cylin-
drical mirror analyzer (CMA) with its axis collinear with
the incoming synchrotron radiation beam. The analyzer
includes a preacceleration lens that defines, together with
a conical gas inlet configuration, the acceptance angle of
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the electrons. In this geometry, the total intensity is in-
dependent of the angular distribution of the photoelec-
trons and the degree of light polarization and can there-
fore be used to determine the partial photoionization
cross sections 0. The angular distribution of the photo-
electrons and the degree of light polarization can, howev-
er, be simultaneously determined by utilizing the cylin-
drical symmetry in combination with a specially designed
eightfold segmented detector and the known angular dis-
tributions from a rare gas. A complete description of the
spectrometer has been published previously [37].

Photoelectron and Auger spectra were measured for
CO, during three separate beam times and at two
different facilities. The vacuum ultraviolet radiation was
provided by the high-energy (HE) toroidal grating mono-
chromator (TGM) [38] of the Fritz-Haber-Institut at the
Berlin electron storage ring BESSY and the spherical
grating monochromator on the X1B beam line [5] at the
National Synchrotron Light Source (NSLS). The former
monochromator is characterized by a spectral resolution
that is better than 1 eV at the carbon K edge and about
2.5 eV at the oxygen K edge and a photon flux at the tar-
get gas of the order of 10!°~10'! photons per second. For
the latter monochromator, the best energy resolution at
the nitrogen K edge at ~400 eV lies well below 70 meV
and at the oxygen K edge it is ~100 meV. This resolu-
tion, however, can only be achieved with small entrance
and exit slits, resulting in a photon flux that is insufficient
for photoelectron spectroscopy. Using larger slits the
flux can be increased to more than 10!! photons per
second, with a moderate decrease in energy resolution to
~200 meV at the carbon K edge and ~500 meV at the
oxygen K edge.

All photoelectron spectra were recorded at a constant
CMA pass energy of 80 eV, which is equivalent to a
CMA bandwidth of ~0.7 eV. Auger electrons were col-
lected by tuning the pass energy. Typical count rates,
with a target pressure in the interaction region of
~1072-10"% mbar and 10 mbar at the detector, are of
some thousand counts per second in the ls main lines.
Test spectra were taken to ensure that there was no ob-
servable pressure dependence of the peaks. The relative
intensity of the monochromatic light as well as its degree
of polarization were determined by recording 2s and 2p
photoelectron spectra of Ne alternately with the CO,
spectra. Using known Ne 2s and 2p cross sections and 8
parameters [37,39], the integrated intensities could be
normalized to the photon flux and the angular distribu-
tions for the sample gas corrected. In addition, the
transmission function of the CMA and lens configuration
during each measuring period was determined by using
the known photoionization cross sections for Ar [40] and
Ne. Both Auger and photoelectron spectra were mea-
sured consecutively and normalized as indicated in Sec.
III. The single-hole and satellite photoionization cross
sections and the partial photoionization cross sections in
the figures below are thus absolute and given in Mb.

The statistical error of the data is negligible (for the
main lines) and within the size of the symbols used in the
figures. At very low photoelectron kinetic energies the
accuracy is limited by uncertainties in the CMA-lens
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transmission and by the background subtraction pro-
cedure [13]. The data recorded from the two different
monochromators showed a high level of agreement be-
tween the different sets of cross sections and asymmetry
parameters. Some indication of the error in the deter-
mination of partial cross sections can be obtained from
Figs. 2(a) and 3(a), which show the scatter of the data
points from different measurement series; the error in the
asymmetry parameter is of the order of +0.1 S units. At
low kinetic energies the data from the X1B monochroma-
tor are more reliable because the better energy resolution,
together with a highly collimated photon beam gave a re-
duced secondary-electron background and hence facili-
tated the background subtraction procedure used.

III. SINGLE-HOLE PHOTOIONIZATION
CROSS SECTIONS AND ASYMMETRY PARAMETERS

Typical C 1s and O 1s photoelectron spectra for CO,,
measured at 330.7 and 574.1 eV photon energy, respec-
tively, are shown in Figs. 1(a) and 1(b). They are dom-
inated by the C 1s and O 1s main lines with binding ener-
gies of 297.5 and 540.8 eV, corresponding to the C 1s !
and O 1s ! single-hole states, respectively, and at lower
kinetic energies by strong shake-up satellites due to
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FIG. 1. Experimental CO, core-level photoelectron spectra.
(a) C 1s main line and satellite lines recorded at Av=330.7 eV.
(b) O 1s main line and satellite lines recorded at hv=574.1 eV.
A smooth secondary electron background has been subtracted.



2098

simultaneous excitation of valence electrons. At these
photon energies, approximately 30 eV above the respec-
tive core ionization thresholds, three well-resolved satel-
lites are dominant in the C 1s spectrum, whereas two
broad overlapping satellites are indicated in the case of O
1s. Note that the data shown are from the HE TGM at
BESSY. Both spectra are in agreement with results ob-
tained previously at 1486.6 eV photon energy using
monochromatized Al Ka radiation with a linewidth of
~0.3 eV [35]. The satellites for the O 1s core level are,
however, not clearly resolved; higher-resolution spectra
taken on the X1B monochromator at this photon energy
show somewhat more details, but the satellites are still
broad [41].

The results for the C 1s ~! single-hole photoionization
cross sections 0 gy(C) and the total Auger intensity, along
with frozen core Hartree-Fock (FCHF) [42] and relaxed
core Hartree-Fock (RCHF) [43] calculations, are shown
in Fig. 2(a). Since the experimentally derived Auger in-
tensity is proportional to the partial C 1s cross section
0,(C), it has been scaled to match the atomic carbon
cross section [44] (equivalent to the values derived in
EELS measurements [45,46]) at high photon energies.
ogy(C) is then further adjusted relative to this curve, such
that the difference properly accounts for the total shake-
up and shake-off contribution. The latter is estimated to
be 37% of the C 1s main line intensity ogy4(C) at Av=320
eV [47]. The data are in agreement with a previous mea-
surement [48], but due to the lower scatter in our data,
additional fine structure in the cross sections (and B pa-
rameters) are clearly visible. In particular, the double ex-
citations at ~303.5 eV photon energy are well repro-
duced in the C 1s single-hole cross section ogy(C) in both
sets of data (which were taken with the HE TGM at
BESSY). At higher energies (~311 eV) both the C 15 !
single-hole cross section ogy(C) and the total Auger in-
tensity o ,(C) are dominated by a strong, broad enhance-
ment due to the 40 shape resonance. Superimposed on
the shape resonance are additional features in both
osy(C) and o (C); these will be discussed below.

The corresponding data for the O 1s core level [0 gy4(O)
and o0 ,(0)] together with the FCHF [42] and RCHF [43]
calculations are shown in Fig. 3(a). In a way analogous
to the C 1s data, the partial cross section was obtained by
scaling to twice the atomic oxygen cross section [44] at
high energy. For ogy(O), the curve was adjusted by es-
timating that 32% of the O 1s main line intensity at
hv=570 eV contributes to the satellite cross sections. It
is immediately apparent that the O 1s ~! single-hole cross
section ogy(O) has a significantly different profile com-
pared to the EELS [22,45,46] and the total Auger intensi-
ty data 0 ,(O). In particular, the 40} shape resonance is
centered at ~561 eV in the single-hole cross section rath-
er than at ~559 eV as in the partial cross section. The
additional measurements for ogy(O) and o,,(0O) on the
X1B monochromator [with a finer energy mesh and
higher resolution AE ~0.5 €V, depicted in Fig. 3(a)]
confirm the observation of different positions for the “res-
onance.” Moreover, in all the experiments the single-
hole and Awuger spectra are acquired consecutively,
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without changing the energy position of the monochro-
mator, so that the relative positions of the maxima ap-
pearing in the single-hole and total cross sections can be
determined accurately. Note that the double-excitation
feature at ~ 12 eV photoelectron energy is also confirmed
by the measurements on X1B. The ogy(C) cross-section
data at the lowest photon energies have a relatively large
systematic error, making it difficult to verify the existence
of the So; shape resonance indicated in the theoretical
curves.

The asymmetry parameters 8 for C 1s ! and O 1s !
photoionization are shown in Figs. 2(b) and 3(b), respec-
tively, and compared with FCHF [42] and RCHF [43]
calculations. In the experimentally determined C 1s 8
values there is a broad oscillation with a maximum at 310
eV and a minimum at ~318 eV photon energy. In con-
trast, ionization from the O 1s level shows only a weak
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FIG. 2. (a) C 1s single-hole os4(C) and partial o ,(C) photo-
ionization cross section for CO,. Two sets of measured data (@
and [J) are shown for the single-hole cross section, taken during
two different measuring periods on the HE TGM monochroma-
tor. The total C 1s Auger intensity (O ), which is proportional
to the total C 1s cross section o,,(C), is compared to absolute
EELS measurements (full line) [46]. The C 1s ionization thresh-
old and the experimental thresholds of the lowest-shake-up sa-
tellites are indicated by bars below the curves. Also shown are
calculations from McKoy and co-workers at the FCHF [42] and
RCHEF [43] levels. (b) Experimental C 1s asymmetry parameter
B in comparison with FCHF [42] and RCHF [43] calculations.
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oscillation that, in addition, is confined to a much nar-
rower energy range. These differences demonstrate the
site-specific probing of the resonant continuum wave
function by the strongly localized core levels and in addi-
tion there might be some influence from the 5o; shape
resonance at very low kinetic energies in O 1s ionization.
The same qualitative behavior has been reported in N,O
[13], suggesting that the B-parameter curves of the cen-
tral and terminal atoms are typical of photoionization of
triatomic linear molecules in the vicinity of a delocalized
continuum resonance. The oscillatory behavior is also
evident in the HF calculations for both core levels, but
there are clearly discrepancies between theory and exper-
iment.

The shape resonance leads to a very strong maximum
in the C 1s single-hole cross section, whereas in the case
of O 1ls only a weak enhancement is observed. This
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FIG. 3. (a) O 1s single-hole os4(O) and total o (O) ioniza-
tion cross section for CO,. Three sets of measured data are
shown for the single-hole cross section (A and O) taken during
two different measuring periods at the HE TGM monochroma-
tor (AE~2.5 eV) and (@) at the X1B monochromator
(AE ~0.5 eV). The total O 1s Auger intensity (O ) (from X1B),
which is proportional to the total O 1s cross section o,(0), is
compared to absolute EELS measurements (full line) [46]. The
O 1s ionization threshold and the experimental thresholds [35]
of the lowest shake-up satellites are indicated by bars below the
curves. Also shown are calculations from McKoy and co-
workers at the FCHF [42] and the RCHF [43] levels. (b) Exper-
imental O ls asymmetry parameter 8 in comparison with FCHF
[42] and RCHEF [43] calculations.
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difference also appears in the photoionization of N,O
[13], where ls ionization of the central (nitrogen) atom
leads, in the vicinity of the shape resonance, to a stronger
feature in the cross section compared to 1s ionization of
the terminal atoms. Obviously, in both molecules the res-
onant o* continuum state has a much better overlap with
the core level of the central atom. On a photoelectron
kinetic-energy scale, the positions of the 40} shape reso-
nance for C 1s and O 1s ionization (in the single-hole
cross sections) are found at ~ 14 and ~20 eV, respective-
ly, but with a relatively large uncertainty due to overlap-
ping structure. Experimentally, the positions differ by
about 6 eV, in good agreement with the RCHF calcula-
tions, which give a value of ~4 eV. In our previous work
on N,O [13], similar energy shifts were observed, but a
closer inspection of the RCHF eigenphase sums indicated
that the true kinetic-energy position of the shape reso-
nance is identical for all of the core holes. The different
kinetic energies found experimentally were explained by
the notion that the localized core holes probe different
spatial parts of the resonant continuum wave function in
the photoelectron matrix element. The same situation
might be present for core-level photoionization of CO,,
but, unfortunately, no eigenphase sums were reported in
the RCHF calculations [43].

The energy position of the C 1s 40} shape resonance
determined in the FCHF and RCHF calculations do not
agree particularly well with the experimental results, but
lie on each side of the measured maximum. Schirmer,
Braunstein, and McKoy [49] have suggested that further
calculations for CO C 1s photoionization at the RCHF
level with the inclusion of target polarization would shift
the theoretical curve to lower kinetic energy by 2-3 eV
and bring the theory into better agreement with experi-
ment. Presumably, the same effect would apply for both
C 1s and O 1s ionization in CO,. The major difference
between the FCHF [42] and RCHF [43] calculations is
the inclusion of electronic relaxation, which makes the
effective molecular ion potential less attractive in the
RCHF approach. This results in a shift of the shape res-
onance to higher energy, accompanied by a broadening
and weakening of the resonance in going from the FCHF
to the RCHEF calculations. This energy shift is found to
be very different for core photoionization of the central
carbon atom and the terminal oxygen atoms in CO,. For
C 1s the resonance is shifted by approximately 11 eV,
whereas for O 1s a smaller shift of about 4 eV occurs
[compare Figs. 2(a) and 3(a)]. This, again, is completely
analogous to our previous results for N,O [13], indicating
a much better screening of the core hole in the central
atom.

The width and shape of the shape resonance represents
a further discrepancy between theory and experiment,
particularly for O 1s. The RCHF calculation shows a
sharp profile, whereas our experimental results for the
single-hole cross sections exhibit a broader feature.
Three factors may be responsible for the broader reso-
nance found in the experiment.

(i) McKoy and co-workers [42,43] have suggested that
the resonance profile is characteristic of their HF ap-
proach using the full inversion symmetry for the core
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ionized molecule, thus neglecting the potentially impor-
tant effects of core hole localization. For example, in-
cluded in their calculation of the 40} shape resonance in
CO, are the /=3, 5, and 7 partial waves and thus upon
localization the continuum orbital will not have “pure”
ko, or ko, symmetry, but will be a combination of both
even and odd partial waves [43]. Hence, coupling to
1=4,6 partial waves is expected. When included in the
calculations, this would broaden the shape resonance.
This effect has also been observed in the comparison of
the calculated narrow N, 30,—o0 (I=3) shape reso-
nance [50] with the analogous but broader 50 — o * shape
resonance in CO [51].

(ii) Calculations by Dehmer, Dill, and Wallace [52] on
the 30, —o0 shape resonance of N, have demonstrated
that the resonance profile is extremely sensitive to the in-
ternuclear distance. Therefore, a proper averaging over
the range of the ground-state vibrational motion is neces-
sary, leading to a broadening of the profile.

(iii) As noted above, all experimental cross sections,
i.e., ogy(C), 0(C), ogy(O), and o (;(O), indicate strong
additional structure in the region of the shape resonance,
in contrast to the smooth profiles calculated by theory.
This additional structure appears to substantially
broaden the resonance and obscure the position of its
maximum. It must be assigned to multielectron processes
since there are no indications of such structure in the HF
calculations. The presence of multielectron states is not
surprising because the onsets for many shake-up satellites
fall in this energy region [indicated in Figs. 2(a) and 3(a)]
and each of these should be preceded by a Rydberg-type
series of discrete doubly excited states. The latter may
couple very differently to o, or ogy leading to different
intensities in each case. This aspect is discussed in more
detail in the next section.

IV. THE INFLUENCE
OF DOUBLY EXCITED STATES

In C 1s ionization of CO, we find good agreement be-
tween the form of ogy(C) and o ,(C) around the narrow
feature at 303.5 eV, as well as for the two shoulders ap-
‘pearing at ~311.5 and ~314.5 eV [see Fig. 2(a)]. From
the discussion above, we may safely assume that the
structure at 303.5 eV, falling between the ionization
threshold and the satellite onsets, is due to doubly excited
states [19,24,53]. Until recently, however, the coupling
of such states to the single-hole continuum was poorly
understood [24]. It was believed that these discrete states
would decay via a resonant Auger process [54], thus pro-
ducing specific structure in the Auger electron spectrum
(see Sec. VI below) but no photoelectrons. This is obvi-
ously in contradiction to the observation of Fig. 2(a),
namely, that there is a strong intensity in the region of
the doubly excited states in the single-hole cross section
osu(C). In addition, we also find a strong perturbation in
the angular distribution [Fig. 2(b)]: the B parameter
changes by ~0.4 8 units within 0.8 eV. Further, we note
that the B-parameter curve is also distorted in the region
of the shape resonance exactly where the two shoulders
appear in the cross section. If the latter may also be as-
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signed to multielectron states, then these too strongly in-
teract with the single-hole continuum. We thus have a
fast autoionization process into the 1s single-hole contin-
uum giving additional intensity in this channel.

Multielectron effects in the O ls ionization of CO, are
less evident in the cross sections and also there are no
clear effects discernible in the 3 parameter [Fig. 3(b)]. At
the same time, however, there is a much greater redistri-
bution of intensity. For example, the peak that may be
assigned to discrete doubly excited states at 553 eV pho-
ton energy in o,,(0) [Fig. 3(a)] [18,53] is reproduced in
o su(0), albeit broader and with a reduced relative inten-
sity. The same is true for the feature at 558 eV. Conse-
quently, the overall intensity maximum in this energy re-
gion, consisting of multielectron states overlapping with
the shape resonance, is shifted to higher energy in the
single-hole cross section. Assuming that multielectron
states may be reduced but not enhanced in the single-hole
cross section, we can estimate that the maximum of the
shape resonance is around 561 eV rather than ~559 eV.
Other weak structures at 548 and 575 eV in the total O 1s
cross section o (,(0) are barely evident in the single-hole
cross section o gy(O) and because their intensity is compa-
rable to the scatter in the data, they cannot be identified
unambiguously.

While the interpretation of structures below the onset
of shake-up satellites in terms of doubly excited states is
clear, the situation at higher energy is much more com-
plicated because of the many discrete and continuum
multielectron states. In addition to discrete multielectron
resonances, the satellite cross section (possibly including
the effects of resonances in some of these channels) could
add structure to the total ls cross section. A simple de-
vice that can be used to highlight these effects is to plot
the difference between the 1s ! single-hole and partial
cross sections. This is illustrated in Figs. 4(a) and 4(b) for
the case of C 1s and O 1s photoionization of CO,, respec-
tively. The difference curves o0,(C)—ogy(C) and
01,(0)—0ogy(O) represent the sum of all shake-up and
shake-off satellites together with other discrete mul-
tielectron channels that directly decay by an Auger pro-
cess and do not produce photoelectrons. For high ener-
gies, decay via discrete multielectron channels are negli-
gible, whereas below the lowest shake-up thresholds (see
Fig. 4), they are the only explanation for a discrepancy
between the total and single-hole cross section. The
strong double-excitation feature at 303.5 eV in the C 1s
cross section, for example, is clearly visible in the
difference curve, indicating that only a fraction of these
states produce photoelectrons.

The most prominent feature in the difference curves for
both C 1s and O 1s ionization is a strong maximum in the
region of the shake-up satellite onsets. Unfortunately, it
is difficult to measure all satellite intensities down to vir-
tually O eV kinetic energy in order to subtract this com-
ponent and thus determine the remaining contribution
from other multielectron channels. In the case of C ls,
however, an estimate of the satellite cross sections at low
energies (see Sec. VI) shows that they could account for
most of the difference in cross section. By chance, this
broad intensity enhancement in some of the satellite
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channels falls exactly on the shape resonance for C ls,
thus giving a nearly identical overall profile for o,(C)
and ogy(C). For O 1s, however, the shape resonance ap-
pears at slightly higher energy, giving rise to very
different profiles and an apparent shift of the resonance
position, as noted above.

For O 1s there is a steep increase in the cross section
difference [Fig. 4(b)] at very low energy, which could in-
dicate the presence of a discrete multielectron state hav-
ing little interaction with the single-hole continuum.
This is interesting since the enhancement in the total
cross section just above the O 1s photoionization thresh-
old has been assigned to the 507 shape resonance [18,53],
in agreement with the broad enhancement found in the
RCHEF calculation [43] [Fig. 3(a)]. We also note that the
C 1s cross sections still seem to differ significantly at low
energies (i.e., the difference does not go to zero at thresh-
old), indicating the presence of other unresolved mul-
tielectron states. However, at these low energies the
background subtraction is difficult, the errors in our spec-
trometer transmission are largest and the scaling of the
single-hole cross sections critical. Therefore, further ex-
perimental and theoretical studies are necessary to inves-
tigate this point.

Our results for O 1s and C 1s photoionization of CO,
clearly show that multielectron excitations are very
prominent in the single-hole cross sections. The latter
can therefore not be employed for identifying structures
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FIG. 4. Difference between the total and the single-hole cross
sections as a function of photon energy for (a) C 1s and (b) O 1s.
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in the absorption spectrum as shape resonances or double
excitations [55]. In particular, they cannot be used to re-
cover the ‘“‘one-electron” profile of a shape resonance.
Similar effects have been recently observed for CO
[23,24], C¢H, [56], and CS, [57]. Only in favorable cases,
when there are substantial differences in the intensities
between the total and single-hole cross section, it may be
possible to distinguish between single- and multiple-
electron effects.

V. SATELLITES

We turn now to the photon energy dependence of the
strongest C ls satellites of CO, from kinetic energies of
~5-~100 eV, thus encompassing the near threshold and
sudden limit conditions. (The shake-up satellites in O 1s
could not be investigated in detail due to strong overlap
of various satellite lines within a narrow energy region.
This would have required a high resolution and conse-
quently, at the present time, a prohibitive amount of mea-
surement time for good statistics.) In Fig. 5, C 1s spectra
(measured at the HE TGM) are shown for the photon en-
ergy range 319.8-402.6 eV. The satellite peaks are as-
signed by comparison with theory as well as utilizing
characteristic intensity and angular distribution behavior
evident from the data themselves. Angonoa and Schirm-
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FIG. 5. C 1s satellite spectra taken on the HE TGM at
BESSY. The spectra have been normalized relative to the C 1s
main line and recorded with a combined CMA-monochromator
resolution of 1.2 eV. A smooth secondary-electron background
has been subtracted.
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er [36] have carried out extensive ADC(4) calculations
that clearly indicate that the lowest-lying satellites ap-
pearing at E,;=12.3 and 15.3 eV can be assigned to trip-
let (S;) and singlet (S,) coupled 20, Yo 27)
configurations, respectively. Similarly, the comparatively
strong line (S,) appearing at E_;=18.0 eV is assigned to
the 20, 130; 1n0% excitation, with a strong admixture
from a 20, 'l '2m, configuration. Additionally, the
three satellites S, Sj, and S, show mixing with double
excitations of the form 20, ll‘rrg~ 7% and 20, Y, 2212,
these are particularly strong for S, and S,. Since all
three satellites belong to the 22; configuration, they will
be present at high photon energies with significant inten-
sity, as is evidenced in the spectrum taken at a photon en-
ergy of 402.6 eV and in the high-resolution x-ray photo-
emission spectroscopy (XPS) Al K «a spectrum [35].

The satellite spectrum is different below energies of
~402 eV and dramatic changes occur as the energy de-
creases below ~325 eV. More specifically, as can be seen
from Fig. 5, the relative intensity of S, remains constant,
while there is an increase in intensity of S, and S, com-
pared to that of the main line, down to a photon energy
of ~325 eV. Below this energy there is a strong enhance-
ment of S, while S, vanishes within a very narrow ener-
gy range (320.8 eV<hv<325.6 eV). This behavior is
comparable to that observed for the singlet and triplet
coupled C 1s 7-7* 23+ satellites of CO, which show a
similar energy dependence [23,25,26,32], although in the
case of CO C ls, these intensity variations occur over a
much larger kinetic-energy range. The similarity to CO
suggests that the intensity behavior of S, and S, can be
interpreted as being due to constructive and destructive
interference, respectively, of the direct and conjugate part
of the transition moment [28]. The lack of calculations,
however, precludes a confirmation of this interpretation.

Below ~325 eV photon energy, an additional satellite
peak is apparent between S, and S,, the intensity of
which is enhanced as the satellite threshold is ap-
proached. We denote this satellite as .S; with an energy
of 16.2 eV relative to the C 1s main line. A closer inspec-
tion of the data from the HE TGM also shows that S| be-
comes broader towards lower kinetic energies. Measure-
ments at higher resolution on the X1B monochromator
(AE =0.2 eV) revealed that the satellite band, denoted as
S, actually consists of at least two components, as can be
seen in Fig. 6. These satellites are located very close to-
gether. The additional component (denoted as S,), at an
energy of 10.9 eV relative to the main line, shows an in-
tensity behavior similar to that of S;. Since S; and S, do
not appear in the XPS [35] spectrum they must be as-
signed to a conjugate mechanism associated with a
different final state symmetry, presumably 204 117ru' 1217',1,
states with 2~ or A, symmetry.

In Fig. 7 the experimental cross section and asymmetry
parameters of the satellite lines are shown. These have
been obtained by using some simplifying assumptions in
the line-shape analysis: (i) the satellite band S; is as-
sumed to consist of only one (broad) line located at
E ,,=16.21£0.2 eV; (ii) within the critical energy range of
318 eV <hv <325 eV both the position and width of S,
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FIG. 6. High-resolution C ls satellite spectra taken on the
X 1B undulator beam line at the NSLS, Brookhaven. Several ex-
tra satellites are revealed. The spectra have been normalized
relative to the C 1s main line and have been recorded with a
combined CMA-monochromator resolution of ~0.2 eV.

S,, and S; are kept fixed; and (iii) a (fixed) linear com-
bination of Gaussian and Lorentzian line shapes approxi-
mates the experimental line profile. In the fit procedure
S and S, could not be distinguished due to poor resolu-
tion on the HE TGM. The position and width of S; +S,
were allowed to vary in the fit.

It is evident that for photon energies above 340 eV, the
relative cross sections of the three main satellites ap-
proach a constant value in agreement with spectra taken
in the sudden limit. Below this energy, S, exhibits a
maximum in intensity at ~328 eV that falls dramatically
for energies hv <325 eV. In contrast, a strong enhance-
ment of intensity can be observed for S;+S, and S, for
energies below 325 eV [Fig. 7(a)]. The maximum in S,
occurs at approximately the same kinetic energy as the
maximum in the single-hole shape resonance and could
be indicative of a shape resonance in this satellite chan-
nel. In addition, we also observe a slight broadening of
S, +S, accompanied by a small shift of the peak max-
imum towards lower binding energy. This broadening
and shift is due to the enhancement in intensity of S,
which can be clearly observed in the higher-resolved
spectra (Fig. 6). Although it was not possible to evaluate
satellite intensities at kinetic energies lower than about 5
eV, we can nevertheless obtain some measure of the S,
and S, satellite intensity in the 0—5 eV energy region
from Fig. 4(a). Clearly there is virtually no satellite in-
tensity below 310 eV photon energy, i.e., S; and S, must
decrease nearly to zero intensity just above their thresh-
olds at 309.8 and 308.4 eV, respectively. However,
S +S, has probably not reached its maximum in Fig.
7(a): the data in Fig. 4(a) indicate a peak intensity of
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~0.4 Mb, producing a very narrow and intense feature
in the partial cross section. (Note that part of this cross
section could also be due to autoionization of a discrete
multielectron state.) A comparable situation holds for
the corresponding C 1s triplet coupled S, satellite of CO
near threshold, which consists of at least three com-
ponents [23,30,32].

The results for the asymmetry parameters for the CO,
C ls satellites are shown in Fig. 7(b). Although limited
by the scatter in the data, there is some evidence for os-
cillatory behavior in the three main satellites S; +S,, S,
and §, similar to that in the C ls main line, suggesting
the influence of the 40 shape resonance on these chan-
nels. For S, and S, this interpretation is supported by
the cross-section enhancement in this energy region, al-
though this behavior may also be due to an interference
effect in the transition moment as discussed above. For
S, we do not observe a cross-section enhancement, which
might indicate the existence of the shape resonance in
this channel. Note that the S, conjugate satellite strong-
ly affects the asymmetry parameter of S; +S,, which be-
comes negative near threshold. The other conjugate sa-
tellite S; shows an isotropic angular distribution.

In addition to the conjugate shake-up satellites .S; and
S, the higher-resolved spectra (Fig. 6) confirm the pres-

2103

ence of two further peaks at energies of 5.8 and 7.3 eV
relative to the main line. These gain intensity towards
threshold, as can also be seen in Fig. 5. A possible ex-
planation might be conjugate shake-up transitions to give
20, llﬂg— 127} configurations. These states are not acces-
sible via a direct shake-up process and therefore would
not be visible in the XPS spectrum at 1486.6 eV [35].
Based on the orbital energy diagram of the neutral mole-
cule, they should appear at lower binding energies than
the strong 20, "z, 27] satellites. From the spatial
properties of the 1, orbital, which is localized on the ox-
ygen atoms, and the 2w, orbital, which is centered
around the carbon atom [58], a 20, '17,; '27} excitation
should lead to strong charge transfer towards the carbon
atom. This would induce an additional electronic screen-
ing of the C 1s hole, thus reducing the shake-up energies.
However, better statistics and extended calculations are
required to check this explanation.

Due to the high-energy resolution and the lower back-
ground from secondary electrons on the X1B monochro-
mator, the spectra taken at 314.7 and 314.2 eV photon
energy (Fig. 6) indicate, in addition to the satellites, nar-
row peaks at fixed kinetic energies. These features are
due to secondary Auger transitions from highly excited
valence states following the first Auger decay of the core
hole. The spectra shown in Fig. 6 highlight the problem
of assignment in this low-kinetic-energy region (i.e., near
the onset of the satellite thresholds), where there is over-
lap of the Auger electrons with the satellite lines.

VI. RESONANT AUGER ELECTRON SPECTRA

In Sec. IV we showed that certain doubly excited states
interact strongly with the ls single-hole continuum, re-
sulting in narrow features in the C 1s and O 1s single-hole
cross sections at 303.5 and 553.0 eV, respectively. This
interpretation is consistent with a mechanism by which
these states preferentially autoionize into the 1s continu-
um followed by a normal Auger decay of the 1ls hole
state. This leaves behind a doubly charged molecular ion
with two holes (24 ) in the valence shell, as shown in Fig.
8(a). Besides this two-step mechanism, the doubly excit-
ed states may alternatively decay, but with a lower proba-
bility, via a single-step resonant Auger process producing
singly charged final states. Neglecting shake-up and
shake-off processes, these singly charged final states can
be 3h-2e, 2h-le, or 1h states, depending on whether the
two excited electrons both remain as spectator electrons,
whether one of them remains, or whether both partici-
pate in the decay process, respectively. These three types
of decay mechanisms are schematically shown in Figs.
8(b)-8(d).

Similar processes leading to the same singly charged
final states occur also in the decay of ls  'np! states
where the core electron is excited to an unoccupied
bound molecular or Rydberg orbital, as shown in Fig.
8(e). The decay spectrum of the 1s ~'27)(7*) resonance
in CO, has already been discussed in detail by Thomas
[29]. It contains a significant contribution from *partici-
pator transitions” leading to 1A final states. The main
contribution, however, comes from “spectator transi-
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tions” with 2A-1e final states [indicated in Fig. 8(e)], lead-
ing essentially to a shift of the normal Auger spectrum
(with 2A final states) to higher kinetic energy, due to the
screening by the spectator electron [29,59,60]. Note that
the same 2h-1e final states may be accessible via the decay
of a singly excited 1s ~'np! intermediate state as well as
in that of a doubly excited 1s ~!vi !lvinp! state, as indi-
cated in Figs. 8(e) and 8(c). In fact, the doubly excited
states can be regarded as shake-up satellites of the
1s "'np! states, suggesting that satellites of the 1s ~ 27
transition might have particularly high intensity. The
singly charged 1h, 2h-le, etc., final states are also well
known from valence photoelectron spectra using uv radi-
ation where they appear as main lines and shake-up satel-
lites, respectively [61]. However, the different initial
states and selection rules for photoelectron spectroscopy
and resonant Auger decay give rise to very different rela-
tive intensities.

If a significant fraction of the doubly excited states de-
cay in a direct, resonant Auger process, one should, in
principle, be able to observe additional structure superim-
posed on the normal Auger spectrum. In order to verify
our interpretation and to obtain a more detailed under-
standing of the processes involved, we have measured
Auger spectra on the strong double excitation structure
at 303.5 eV, as well as on the (singly excited) bound reso-
nances below the C 1s ionization threshold. These spec-
tra will be compared with the normal Auger spectrum,
measured in the continuum at energies well above the
discrete resonances and with the valence level photoelec-
tron spectrum.

The nonresonant and the resonant C 1s Auger spectra
measured at photon energies of 306 and 303.5 eV, respec-
tively, are shown in Figs. 9(a) and 9(b), together with the
decay spectra of the three discrete resonances [at 294.9
eV, corresponding to the C 1s—3p(o,), C 1s—3p(m,),
and C ls—4s(o,) transitions; at excitation energies of
292.7 eV, i.e., the C 1s—3s(0o,) transition, and at 290.7
eV, ie., the C 1s—2m,(7*) transition] below the C 1s
ionization threshold [Figs. 9(c)-9(e)]. Also shown in the
photoelectron spectrum measured at a photon energy of
100 eV [Fig. 9(f), taken from [61]]. All spectra are shown
on a binding-energy scale, defined as the difference be-
tween the photon energy used for the excitation and the
electron kinetic energy. On this scale, identical final
states in the resonant spectra line up at the same energy,
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FIG. 9. C 1s Auger and valence electron spectra measured (a)
at a photon energy of 306 eV in the continuum; (b) at 303.5 eV
on the double excitation; (c) at 294.9 eV on the C 1s—3p(o,),
C 1s—3p(m,), and C 1s —4s(0,) transitions; (d) at 292.7 on the
C 1s—3s(o,) transition; and (e) at 290.7 eV on the C
1s —2m,(7*) transition. (f) is the normal photoemission spec-
trum measured at a photon energy of 100 eV by Freund,
Kossmann, and Schmidt [61]. All spectra are shown on a
binding-energy scale (top). The kinetic-energy axis (bottom)
only refers to spectrum (a) measured at 305 eV.
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thus aiding in the assignment of unknown structures.
This follows from simple energetic considerations (see
also [59,60]): the kinetic energy of an Auger electron E ,
is given by the difference between the energy of the excit-
ed state E,,, and the final state energy E,. For discrete
resonances, E.,. is identical with the energy of the excit-
ing photon; for the normal Auger transition (with the
core electron ionized) it is equal to the binding energy of
the core electron. For identical final states populated
from different discrete (resonant) intermediate states,
such as those depicted in Figs. 8(c) and 8(e), the energy
difference between the intermediate states E,,.; —E >
is the same as that of the Auger electrons E,,—E ,,,
hence the binding energies E,. |, —E, ;and E., . ,—E 4,
are the same.

All spectra shown in Fig. 9 include the photoelectron
lines of the outer l7rg, 1m,-30,, and 4ag valence elec-
trons at 17, ~19, and 21 eV binding energy, respectively.
(Due to the low-energy resolution of ~2 eV, we cannot
resolve the 17, and 30, photoelectron lines expected at
17.3 and 18.1 eV.) Some of these lines are enhanced in
the spectra measured on the resonances below the C ls
threshold [Figs. 9(c)-9(e)] compared to the spectrum
measured at 306 eV photon energy [Fig. 9(a)], which con-
tains no significant contribution from a discrete resonant
state. The additional intensity is due to participator
Auger decay processes whose contribution to particular
1h states depend on the symmetry and overlap of the or-

bitals involved. For example, in the decay of the C -

1s —2m,(7*) resonance [Fig. 9(e)], a strong enhancement
of the 17, ! final state is observed, but only a relatively
small increase in intensity from the 30, ', 40, and
Ly ! final states. Theory, in contrast, predicts little in-
tensity in the 1w, ! final state and a 4o, ! contribution
stronger than that of the 17 ! state [29]. The other reso-
nances at 292.7 and 294.9 eV [Figs. 9(d) and 9(c)] lead to
an enhancement of all three outer valence lines, although
with slightly different weighting. The resonance at 292.7
eV has been assigned to a transition of a C ls electron
into a 3s(o,) state, that at 294.9 eV to a transition into a
mixture of 3p(o,), 3p(m,), and 4s(o,) states, which
could not be resolved with our photon energy bandwidth
of ~1 eV. A careful comparison of the spectrum mea-
sured on the resonance at 303.5 eV [Fig. 9(b)] with the
spectrum measured in the continuum at 306 eV [Fig. 9(a)]
also reveals a small enhancement of the 14 states, in par-
ticular of the 17 ,-30, line at ~19 eV binding energy, in-
dicating the presence of decay processes in which both
excited electrons of the doubly excited state participate.
At higher binding energies, between 22 and 45 eV, a
multitude of states is observed in the uv photoelectron
spectrum [Fig. 9(f)] and in the spectra measured at 306
and 303.5 eV photon energy [Figs. 9(a) and 9(b)]. This
inner valence region is characterized by a complicated
mixture of 20, ! and 30, ! 1h states and various 2hk-le
states with different degrees of 1k admixtures
[29,61-63]. In this binding-energy region we also find
the most intense features of the resonant Auger spectra
measured on the singly excited bound states below the C
1s ionization threshold [Figs. 9(c)-9(e)]. In principle,
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these features can therefore be assigned to states observed

in the uv photoemission spectrum, although this is

difficult in practice due to the complexities of the spec-
trum.

Another approach for the assignment is a comparison
with the normal Auger spectrum [Fig. 9(a)]. It is well
known (and also obvious from Fig. 9) that the resonant
spectra are very similar to the normal Auger spectrum,
except for some intensity redistribution and, most not-
ably, a shift to higher kinetic energy due to the screening
effect of the excited electron remaining as a spectator.
The shift, i.e., the difference in binding energy between
the 22 and the 2h-le final states, is indicated for the
strongest feature 4] in Fig. 9 and amounts to approxi-
mately 4.8, 8.4, and 9.7 eV for the spectra measured at
294.9, 292.7, and 290.7 eV [Figs. 9(c)-9(e)], respectively.
While a detailed assignment of the most intense feature
A} and its analog A7 in the resonant spectra in the
binding-energy region between 30 and 40 eV is very
difficult, there is agreement between different theoretical
calculations as to the origin of the broad peaks 4; and
A% at binding energies of ~27.5 and ~23 eV, corre-
sponding to structures 45 and A3 at 254.5 and 259 eV
kinetic energy, respectively, in the normal Auger electron
spectrum [Fig. 9(a)]. A has been assigned to 17, "ot
and 30, '17; ! configurations [64,65], in agreement with
calculations by Porwol et al. [62], who assign the corre-
sponding feature in the resonant C ls—2m,(7*) spec-
trum, 45 [Fig. 9], to 17, 17 27, and 30, '17, 127,
states. A3 has been assigned to a 17, 2 state [64,65], also
in agreement with Porwol et al. [62], who calculated a
lw, “2mw, configuration for the corresponding structure
A3,

Based on the discussion of the decay of the singly excit-
ed resonances below the C 1s ionization threshold [Figs.
9(c)-9(e)] we can now try to interpret the spectrum mea-
sured on the double-excitation resonance at 303.5 eV
photon energy [Fig. 9(b)]. There is no dramatic
difference between this spectrum and the normal Auger
spectrum [Fig. 9(a)], in agreement with our finding that
the resonance at 303.5 eV is nearly as intense in the C 1s
single-hole partial cross section as it is in the total C ls
cross section [Fig. 2(a)]. A more detailed examination,
however, reveals two additional very weak enhancements
of intensity at ~32 eV (A4,) and at ~27 eV ( 4,) binding
energy as well as a minor intensity change below 260 eV
kinetic energy (corresponding to binding energies above
43 eV). Although considerably weaker than the analo-
gous features observed previously in CO [24], the appear-
ance of the peaks 4, and A4, confirms the multielectron
nature of the narrow resonance observed in the total and
the single-hole cross section at 303.5 eV.

The low binding energies of 4, and A4,, falling in the
energy region of the inner valence states discussed above,
suggest that these features are related to 2A-1e final states
such as that indicated in Fig. 8(c), where one of the two
excited electrons participates in the decay process and
the other remains as a spectator. A more specific assign-
ment may be achieved by a comparison of features A4,
and A4, with structure at the same binding energies in the
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photoelectron spectrum [Fig. 9(f)] and in the other reso-
nant spectra [Figs. 9(c) and 9(d)]. The strongest feature
A, has exactly the same binding energy as the strongest
Auger structure 47 in the C 1s—27,(7*) decay spec-
trum [Fig. 9(e)]. This suggests that the Auger decay of
the doubly excited states leads predominantly to 2A-le
final states with one electron excited in the 27, orbital
(although the calculations of Porwol et al. [62] have
shown that strong correlations to other satellite
configurations are also present). Such 2hA-le final states
are in agreement with the assumption that the origin of
the doubly excited states at 303.5 eV photon energy is a C
1s —2m, excitation accompanied by a shake-up transi-
tion of an outer valence electron, e.g., 17, to a Rydberg
orbital. The fastest Auger decay route of these states
seems to be one in which the Rydberg electron partici-
pates in the decay process while the 27, electron remains
as a spectator. The opposite case, i.e., the 27, electron
leaving and the Rydberg electron remaining, does not ap-
pear to be important because we do not observe
significant additional structure [in Fig. 9(b)] at binding
energies where the Rydberg-excited decay spectra [Figs.
9(c) and 9(d)] have their highest intensity. This also sug-
gests that the relatively broad structure A4, is probably
not related to the narrow and much less intense line at
the same binding energy present in the resonant spectrum
measured at 294.9 eV [Fig. 9(c)].

The other additional structure in the resonant Auger
electron spectrum at 303.5 eV photon energy A, can be
associated with the feature 45 in the C 1s —27,(7*) de-
cay spectrum [Fig. 9(e)] and corresponding peaks in the
uv photoemission spectrum [Fig. 9(f)] and the normal
Auger electron spectrum [ 45 in Fig. 9(a)]. According to
the theoretical calculations for 4, and 45 [62,64,65], 4,
is therefore assigned to 17, Ya,; 27, and 30, 17, 127,
states where again, as for 4, the 27, electron remains as
a spectator. .

There is no additional structure visible in Fig. 9(b) at
~23 eV binding energy where one could expect intensity
from a 1w, 2277, configuration [62,64,65], corresponding
to Aj and A5 in the spectra of Figs. 9(a) and 9(e), respec-
tively. Apart from the fact that this channel is relatively
weak in all spectra due to the small overlap of the C 1s
with the 17, orbital [58], a primary excitation of the 1,
orbital would be necessary to make a 17, 22, final state
possible. The missing structure A; is therefore con-
sistent with the assignment of 4, as 17, Yw;127) and
30, "1m; 127} final states, which could result from the
decay of doubly excited states of the type
Is ', 2m, R

Similar experiments for O 1s excitation of CO, were
also undertaken, but due to the high kinetic energies we
were unable to measure O 1s Auger spectra with
sufficiently high energy resolution and signal-to-noise ra-
tio. Dramatic effects, however, such as those observed
for C 1s excitation of CO [24], can be excluded.

VII. SUMMARY

We have measured C 1s and O 1s partial cross sections
and angular distributions of CO, with high precision near
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the photoionization threshold. This region covers both
the 40 shape resonance and the less intense structure at
lower photon energy, which is due to multielectron exci-
tations. The shape resonance is well reproduced in the 1s
single-hole cross sections, but strong site-specific effects
manifest themselves in the energy and strength of the
shape resonances as well as in the oscillatory behavior of
the angular distribution in this energy region.

Partial cross sections and angular distributions have
also been measured for the first group of strong shake-up
satellites in the C 1s photoelectron spectrum. Similar to
the C 1s ionization of CO, we find a strong enhancement
of the triplet-coupled m-m* satellite (.S;) near threshold
while the singlet-coupled satellite (S,) disappears. A
third satellite (S,) has a constant cross section. At low
photon energies, additional satellites at 5.8, 7.3, 10.9 (S,),
and 16.2 eV (S;) are observed that are attributed to con-
jugate shake-up. Both S; and S, show a resonant
enhancement towards threshold. Their angular distribu-
tion, however, is very different: while it is isotropic for
S, it becomes negative for S, at low energies.

A striking feature of the present investigation is the
presence of fine structure in the ls single-hole cross sec-
tions ogy due to multielectron excitations: virtually all
spectral details in the total 1s cross sections o are also
present in ogy, implying that multielectron excitations
can couple strongly to the underlying 1s continuum. The
coupling strength, however, can obviously be quite
different and may lead to a strong intensity redistribution
in ogy as indicated by the O 1s data. Consequently, it is
generally difficult to separate the different contributions
and, in particular, to isolate the shape resonance profile.
Thus a more quantitative comparison with theory is only
possible if multielectron effects are taken into account in
the calculations. First attempts to develop a computa-
tional approach to include relaxation, multiconfiguration,
and multichannel effects have recently been made by
Bandarage and Lucchese and applied to the C 1s ioniza-
tion of CO [66].

The decay dynamics of the double-excitation feature at
303.5 eV in the C 1s cross section of CO, have been
characterized by Auger spectroscopy. Small additional
features in the resonant Auger spectrum could be
identified by comparing, on an electron binding-energy
scale, with the uv photoelectron spectrum, the normal
Auger spectrum and resonant Auger spectra measured on
single-hole bound resonances. The results agree with the
assignment of the double excitation as 1s ~!17, 127 R L.
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