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states above the C 1s threshold of CO
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Doubly excited core-hole states of carbon monoxide in the photon energy region of 300-305 eV, i.e.,
directly above the C ls ionization threshold, have been studied using both angle-resolved ion-yield and
high-resolution resonant Auger spectroscopies. The leading configurations of the most prominent doubly ex-
cited Rydberg states are assigned by careful analysis of the ion-yield spectra and the final-state spectra to C
Is7! (507127'S=1) 350 (v'=0,1,2), C 157! (56727'S=0) 350 (v'=0,1,2), and C 157! (So727'S=1) 4s0
(v'=0,1), which can only be populated via a conjugate shake-up process. Analysis of the resonant Auger
spectra provides an assignment of several two-hole—one-electron (24-1e) final states.
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I. INTRODUCTION

Carbon monoxide is one of the showcases of core-level
spectroscopy and has provided a number of important in-
sights into the electronic structure of core-excited diatomic
molecules. The carbon K-shell ion-yield spectrum exhibits
well-resolved features arising from core to Rydberg excited
states below the carbon K edge [1,2] while above threshold
both broad resonant features and narrow well-defined peaks
have been identified in many experiments [2-10]. The broad
feature at =305 eV has been assigned to the o™ shape reso-
nance, while the sharp features at slightly lower energy are
attributed to vibrational progressions of doubly excited Ryd-
berg states converging to satellite states of the C 1s ioniza-
tion threshold. Agren and Arneberg identified these as
shake-up transitions associated with C 1s— 27 excitation by
theoretical treatment [11]. They were first measured by Shaw
et al. using electron-energy loss spectroscopy [4], and later
by Domke et al. [2], Ma et al. 5], and Koppe et al. [9] using
ion-yield spectroscopy. Koppe et al. [9] also measured pho-
toelectron spectra of C 1s~! main line at the photon energy
around the doubly excited Rydberg states. Based on these
extensive studies there is a general agreement that the con-
figurations are most likely given by a C 1s— 2 excitation
accompanied by a shake up from the 17 or 5o orbital to a
n¢\ Rydberg orbital. The precise configurations of these
states have not been determined.

Resonant Auger spectroscopy is a powerful tool for the
study of inner-valence spectra of atoms and molecules by
measuring the projection of the core-excited state onto the
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final states [12—14]. The core-excited states and the final
states are often related to each other by the strict spectator
model, i.e., by assuming that the excited electron remains in
its orbital during the Auger decay. By applying this model
one expects that the final states with an excited electron in
the particular orbital are resonantly enhanced. This method
relies on an understanding of the involved intermediate core-
excited states; for studies where the final states are known,
the spectra reveal the details of the core-excited state. As an
example, Ohrwall et al. compared the resonant Auger spectra
of C ls—ns,np Rydberg excitations to high-resolution
inner-valence spectra [15]. Despite the relatively low reso-
lution of the resonant Auger spectra many features in the
high-resolution inner-valence spectrum could be identified.
The decay pathways of doubly excited core-hole states
can be classified into several types as discussed by Schmid-
bauer et al. [16]. As these states lie in the core-ionization
continuum, they can autoionize into the singly ionized core-
hole states, which subsequently decay by the normal Auger
process. The Bradshaw group showed that autoionization of
doubly excited Rydberg states leads to a substantial vibra-
tional enhancement in carbon K-shell ionization in CO
[8,9,17]. The measured vibrational branching ratios were re-
produced in a simulation employing a harmonic potential [9].
In addition, three different types of radiationless decay
channels are possible for the core hole: participator Auger
decay, in which both of the excited electrons participate in
the Auger decay leads to singly ionized final states with 1
hole in the valence shell and no excited electrons, i.e., a
1h-Oe state. Single spectator Auger decay, in which one of
the excited electrons remains as a spectator electron in its
orbital during the decay, results in a final state with two holes
in the valence shell, and one excited electron, i.e., they are
2h-1e states. These states are also accessible via spectator
Auger decay of core-excited states. The third decay path is

©2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevA.78.033422

KITAJIMA et al.

double spectator decay, i.e., both excited electrons remain as
spectator electrons in their orbitals. The final state has a
3h-2e configuration.

Auger spectra following C 1s photoexcitation in CO have
been presented in many studies [15,18-23]. In contrast, very
few studies on resonant Auger from the doubly excited Ry-
dberg states have been reported. The only photon energy
dependent resonant Auger spectra in the region of the doubly
excited Rydberg states is by Schmidbauer er al. [17]. The
spectra showed distinct resonance-dependent features at
about 33 eV binding energy, but the limited resolution of this
study (1.5 eV) prevented a deeper analysis of the origin of
these features. Hemmers et al. also recorded resonant Auger
spectra at the photon energy including 300.9 eV, where the
doubly excited Rydberg states lie [22]. However, their atten-
tion was focused on the resonant Auger spectra from the
singly excited Rydberg states.

Angle-resolved ion-yield spectra allow the total symmetry
of the doubly excited states to be determined. In this study
we measure resonant Auger spectra at the energies of the
discrete features around 300 eV in order to understand the
intermediate states, and to make an assignment of these
states. Several 2Ah-1e states in the resonant Auger spectra are
assigned, and the origin of their resonant behavior is dis-
cussed. We are thus able to assign a number of states in the
inner-valence photoelectron spectra.

II. EXPERIMENT

The experiments have been carried out using the ¢ branch
of the soft x-ray photochemistry beam line 27SU [24] at the
SPring-8 synchrotron radiation facility in Japan. This beam
line is equipped with a high-resolution Hettrick-type mono-
chromator with a varied line-spacing plane grating [25,26].

The Auger spectra were recorded with a Gammadata-
Scienta SES2002 electron spectrometer equipped with a gas
cell [27,28]. This spectrometer accepts electrons emitted
along the horizontal axis of the plane perpendicular to the
propagation direction of the beam. The source is a figure-8
undulator that provides linearly polarized light with a hori-
zontal (first-order harmonic) or vertical (0.5th-order har-
monic) polarization vector [29]. By selecting the direction of
the electric field vector of the incident light, electron spectra
for #=0° and 90° can be obtained without rotating the spec-
trometer. Here, 6 is the angle between the emitted electron
and electric vector of the incident light.

The photon bandwidth of the monochromator was set to
=66 meV full width at half maximum (FWHM) at 300 eV.
The electron analyzer was used at constant pass energy of
100 eV and a slit width of 0.2 mm. These values result in an
electron-energy bandwidth of =66 meV FWHM. The Dop-
pler width due to the thermal motion of target CO molecule
was estimated to be about =38 meV resulting in an overall
resolution of =100 meV.

Symmetry-resolved ion-yield spectra were measured us-
ing two identical retarding-potential type ion detectors [30].
The applied retarding potential was 6 V. The detectors were
mounted along the horizontal and the perpendicular axis of
the plane perpendicular to the propagation direction of the
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FIG. 1. Total ion-yield spectrum of CO near the C 157! edge.
The resonant Auger spectra presented in this work were measured at
the photon energies of peaks I-VIIL

incident light, i.e., they detect fragment ions emitted parallel
or perpendicular to the polarization direction of the light;
thus for a diatomic molecule these correspond to transitions
of ¥ and IT symmetries. The symmetry-resolved ion-yield
measurements were performed at a photon energy resolution
of 66 meV and the energy scale was calibrated using the
values of the doubly excited Rydberg states at 300-303 eV
published by Domke er al. [2].

Magic angle (54.7°) spectra, which are equivalent to the
angle integrated spectra can be constructed by combining the
0° and 90° spectra according to the equation

1,(54.7°)=1,0°)+21,90°), (1)

where 1,(0°) and 7,(90°) are the intensities of the electron or
ion-yield spectra measured at those angles.

The photon flux was monitored by the drain current on the
last beamline mirror upstream of the experimental setup and
by a photodiode current downstream of the experimental
setup. However, in the region of the C ls ionization thresh-
old the measurements of the photon flux by photocurrent
suffer from carbon contaminations on the surface of the op-
tical components so that the photon-flux reading was cor-
rected by comparing the intensities of angle-resolved Ar 2p
photoelectron spectra with the known cross sections and an-
gular distributions at the photon energy of interest [31,32].
The degree of linear polarization was confirmed to be larger
than 0.98. The experiments were performed using commer-
cially obtained carbon monoxide gas with a purity of
>99.99%.

III. TOTAL AND SYMMETRY-RESOLVED
ION-YIELD SPECTRA

The total ion-yield spectrum of CO across the C 1s~! edge
is shown in Fig. 1. In the below-threshold region the spec-
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FIG. 2. (Color online) The symmetry-resolved C ls near-edge
ion-yield spectrum. The spectral components corresponding to per-
pendicular transitions [/;,,(90°)], i.e., with final states of IT sym-
metry, and parallel transitions [/;,,(0°)], i.e., with final states of X
symmetry are shown. The [/;,,(54.7°)] curve represents the angle-
integrated absorption spectrum.

trum shows the well-known C 1s—nf€\ states [1,2]. Above
the C 1s7! threshold, the broad o* shape resonance can be
seen around 305 eV, together with a number of sharp peaks
around 300 eV. According to Domke et al. [2] these peaks
can be assigned to three different transitions: peaks I-III are
the vibrational substates of the transition A, peaks IV-VI are
the vibrational substates of transition B, and peaks VII and
VIII to substates of transition C as shown in Fig. 2.

Domke et al. carried out a Franck-Condon analysis of the
vibrational substates for states A and B and found equilib-
rium distances of r,=1.197 A and r,=1.174 A, respectively
[2]. These values indicate a substantial bond lengthening
with respect to both the ground state and to the below-
threshold core-excited Rydberg states.

In Fig. 1 the low-lying satellites of the C 1s threshold are
labeled as I;—15. These thresholds are the most probable lim-
its for the doubly excited Rydberg states. Using symmetry-
resolved photoelectron spectra and ab initio calculations [33]
I, was assigned to be of X symmetry and I, and I3 of TI
symmetry. The following discussion is based on the notation
10220%30%40° 1 #5052 7° for the electronic ground state of
neutral CO, where 10 and 20 denote the O 1s and C 1s core
orbitals. The configuration of I, is C 15! (1727 S=1) %3,
Here S denotes the total spin formed by the two open valence
shells 177 and 27 with S=1 indicating a triplet state. This
configuration is predominantly a direct shake-up satellite
with a calculated equilibrium distance of r,=1.292 A and
vibrational splittings of less than 200 meV. The thresholds 7,
and I are assigned to the conjugate shake-up satellites C
Is7! (50727 S=1) 21 and C 1s7! (50727 5=0) °II, ie.,
the splitting is due to the two possible relative spin orienta-
tions of the hole in the 5o orbital and the electron in the 17
orbital. For [, the two lowest vibrational spacings in the pho-
toelectron spectrum are =240 meV and =220 meV and for
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I5 they are =230 meV and =220 meV. The equilibrium dis-
tances for the satellite core-ionized states at I, and I3 are
calculated to be r,=1.168 and 1.194 A [33]. By assuming
that the Rydberg electron weakly affects the bond distance
and by comparing the equilibrium distances of the ionization
satellites with those of the doubly excited states derived by
Domke et al. [2] we conclude that the narrow doubly excited
states converge to the I, and /5 thresholds of II symmetry.

The angle-resolved C 1s near-edge ion-yield spectra are
presented in Fig. 2. The curve represented by [I;,,(90°)]
shows the spectral components corresponding to perpendicu-
lar transitions, i.e., with final states of Il symmetry, and the
curve by [1,,,(0°)] the parallel transitions, i.e., with final
states of 2 symmetry. The [/;,,(54.7°)] curve is constructed
from these two measurements according to Eq. (1).

The fine structure of the doubly excited states is clearly
seen in the 90° spectrum in Fig. 2, but these features are not
visible in the 0° spectrum, indicating a II symmetry for these
states. A broad feature at hv=299 eV recently assigned to
the dissociative doubly excited state C 1s~' 1771272 [34] is
also seen in the 90° spectrum.

Since the Rydberg excitations converge to the thresholds
I, and I5 and since they possess a total Il symmetry we
immediately conclude that the configuration should be C
1s7'507127'né\ with A\=0. Accordingly, the doubly excited
states are due to conjugate shake up with C ls— 2 and
So—nfo. As a consequence, the total spin of the electrons
in the 27 and the 5o orbitals are independent of each other
and can form either a singlet (S=0) or a triplet (S=1). On the
basis of the resonant Auger spectra (see below) we identify
€=0, i.e., we suggest nso Rydberg states. By applying the
Rydberg formula we assign the peaks I-III belonging to state
A to vibrational substates v’=0,1,2 of the C s
(507'27!'S=1) 3s0 state, the transition C (peaks VII and
VIII) to v’ =0, 1 of the state C 1s~' (So7'27!S=1) 450, and
the transition B (Peaks IV-VI) to the vibrational substates
v'=0,1,2 of the state C 15~ (507'27'S=0) 3s0. Note, that
v’ indicates the vibrational substates of the core-excited
states and v” the vibrational substates of the final states of the
resonant Auger decay. Based on this assignment we can
readily explain the weak peaks at higher energy as the v’
=0,1 excitations of the C 1s7' (S507'27!S=1) Sso state
overlapping with the C 157! (507'27'5=0) 4s0 state as in-
dicated with the broken lines in Fig. 2; note that these struc-
tures are clearly visible in the spectrum of Domke et al. [2].

A strong broad feature caused by the o™ shape resonance
dominates the 0° spectrum in Fig. 2. In addition, a small
hump with a width of about 1 eV was observed at =300 eV.
Its width is comparable to that of the vibrational envelope for
the satellite /; in the angle-resolved photoelectron spectrum
[33] and its energy is slightly lower than the C 1s7!
(507'27'S=1) 350 excitations. Domke et al. found a very
weak vibrational progression in this region with a splitting
that matches the satellite /; so we tentatively assign this
spectral feature to the state C 1s™'17 127350, This final
state implies a direct shake-up process with a C 1ls—3so
excitation accompanied by a 17— 2 shake transition.
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IV. RESONANT AUGER SPECTRA

A. Overview and general remarks on the assignments

Resonant Auger spectra measured at peaks I-VIII are
shown in Fig. 3 together with the spectrum recorded at
306 eV. The 306-eV spectrum is essentially the direct inner-
valence photoelectron spectrum and can be considered to be
the nonresonant background of the resonant Auger spectra.
The overall shape of this spectrum closely resembles inner-
valence photoelectron spectra obtained at photon energies
around 45 eV [15,35]. The broad structure observed at bind-
ing energies around 38 eV is the 30™! 22" band.

The high-resolution resonant Auger spectra show strong
photon-energy-dependent resonant enhancement. In the fol-
lowing we discuss the assignment of the lines in the resonant
Auger spectra. This will also confirm our assignment of the
doubly excited states. The energy region of the narrow lines
in Fig. 3 is identical to that of the resonant Auger study from
the C 1s7'3s0 and C 15 'np 7 excitations [18,19,21], i.e., we
clearly measure 2h-1e final states. These states can be de-
scribed in a first approximation by the 2h “parent states”
with an additional electron in a Rydberg orbital. Thus we
have a spectator resonant Auger decay with the 2 electron
as the participator and the Rydberg electron as a spectator.

Narrow linewidths indicate that the final state is bound
within the Franck-Condon region. In CO the possible
quasistable parent states in order of increasing energy are
XTI (main configuration: 17'507Y), a 'S* (5072), b 'II
(1771507, A'S* (407'507"), and d 'S* (407'507"). The
energy splittings between the X °IT state and the a 'S*, b 'TI,
A'S*, d'S* state are 185, 530, 2540, and 4180 meV, re-
spectively [36,37]; they are indicated by the vertical bar dia-
gram in the uppermost panel of Fig. 3. Note, that the parent
state X °IT is not populated in the Auger decay subsequent to
C 1s ionization so we do not expect that it is strongly popu-
lated in the resonant Auger decay from the C 1s~'n€\ state.
For the resonant Auger decay of the C 1s7'507 27! nso
states the situation is, however, different since the hole in the
5o orbital already exists in the core-excited state so that the
population of this parent state is only due to an interplay
between the 17 and 27 electrons.

To obtain the 2h-1le states we have to couple, e.g., an
additional 3so Rydberg electron to the parent states. In the
single-configuration picture we find 17 '507" (’II) 3so
(*?1), 5072 ('3%) 350 (337, 177507 (1) 3so (CID),
4071507 (°3%) 350 (*?31), and 407507 (13) 350 (P37).
Since the Auger decays under investigation start from singlet
states we expect that the spectrum is dominated by doublet
states, while quartet states can be neglected. Although the
3so orbital is known to have some valence character in a C
1s7!'3s50 core excitation and although we expect the same
behavior in the final states we assume that the energetic se-
quence of the final states does not differ markedly from that
of the parent states.

In the following discussion we divide the lines into dif-
ferent groups based on their energy positions and their inten-
sity in the different Auger spectra. We first discuss the groups
a—h, which consist of narrow lines, and finally, the broad
line X, which is lowest in energy. The energies of all lines are
collected in Table I.
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FIG. 3. The angle-independent resonant Auger spectra measured
via resonant excitation of the doubly excited Rydberg states labeled
peaks I-VIII. For comparison, the photoelectron spectrum mea-
sured on top of the ¢* shape resonance (hv=306 eV) is also shown.
The vertical-bar diagram in the uppermost panel indicates the en-
ergy splitting of the 2/ parent states. The energy position of the
prominent line 6, i.e., the state 17507 (') 350 L) (v"=0),
has been taken as the reference value.
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TABLE 1. Energy positions and assignments of lines observed in resonant Auger spectra of the doubly
excited Rydberg states. The “?” indicates a tentative assignment.

Energy (eV)

Line | Group Assignment Present work | PES (Ref. [35]) | PES (Ref. [15]) | TPES Ref. [38]
1 a 5072('2")3s(v"=0) 31.87 31.9 31.88 31.875
2 a 5072('SM3s(v"=1) 32.08 32.08 32.11
3 a' | 177507 CI)3s(v"=0) 32.32

4 a | 177'507'CI)3s(v"=1) 32.48 32.48
5 a' | 177'507'CI)3s(0"=2) 32.64 3261
6 b | 17507 ("1)3s(v"=0) 32.82 32.826,32.853 32.82 32.820
7 b | 17507 ("1)3s(v"=1) 33.00 32.988,33.045 32.99 32.984
8 b | 17507 ("1)3s(v"=2) 33.16 33.176,33.226 33.17 33.170
9 c 17507 ('I)3s? 33.24

10 c 17507 ('1)3s? 33.32 33.358
11 ¢ 17507 ("11)3s? 33.43

12 c 1771507 ('1)35? 33.64 33.64
13 c 1715071 ('TD)35? 33.68 33.64
14 c 1715071 ('TI)35? 33.93 33.91 33.917
15 c 1715071 ('TD)35? 34.08 34.08 34.087
16 c 1715071 ('TD)35? 34.25 34.24 34.256
17 d |407'5071(33%)3s(0"=0) 34.72 34.722 34.715 34.712
18 d |407'5071(31)3s(0"=1) 34.95 34.962 34.955 34.960
19 e 407'507'('S)3s 35.23 35.254 35.245 35.247
20 e 407'507'('S)3s 35.44 35.476 35.475 35.48
21 e 407'507'('S)3s 35.64 35.66 35.62
22 e 407'507'('S)3s 35.77 35.79 35.81
23 e 4075071 ('3)3s 35.92 35.96 35.98
24 e 407'507'('S)3s 36.10 36.113,36.159 36.11 36.110
25 f 4s? 36.71 36.72 36.71
26 g 5072('SM)4s(v"=0) 36.84 36.85 36.85
27 g 457 37.22

28 g’ 4s? 37.50 37.58 37.53 37.51
29 g’ 4s? 37.94 37.98 37.95 37.95
30 h 5072('2")55(0"=0) 38.63 38.68 38.62 38.61
31 h 557 38.75
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TABLE 1. (Continued.)
Energy (eV)
Line | Group Assignment Present work | PES (Ref. [35]) | PES (Ref. [15]) | TPES Ref. [38]
32 h 5072('2)55(0"=0) 38.84
33 h 557 38.94 38.98 38.94 38.94
34 h 557 39.08 39.09 39.08
35 h 557 39.28 39.28 39.27
36 h 557 39.37 39.37

B. Assignment of groups a and a’

The group a consists of lines 1 and 2 while a’ consists of
lines 3-5. These groups are most strongly enhanced in the
Auger decay of transition A, i.e., peaks I-III of the ion-yield
spectra. In the resonant Auger spectrum of peak I the most
intense line is at 31.87 eV. It is also observed in high-
resolution inner valence [15,35] and threshold photoelectron
[38] spectra. Using higher excitation energies (peak IT and
higher) the intensity of this line decreases. The resonant Au-
ger spectra of Sundin e al. [21] clearly show that the energy
position of this line coincides with the onset of the C 157'3s
(v'=0) resonant Auger decay. As Ohrwall et al. pointed out
this clearly suggests to assign line 1 at 31.87 eV to
5072('S%) 350 (23*) (v"=0); this is in full agreement with
the present assignment of transition A to C 1s7! (507127'S
=1) 3s0.

The weak line 2 at 32.08 eV has little intensity at peak I,
but increases at peaks II and III. There is a corresponding
decrease in the intensity of line 1 at 31.87 eV. The
=210 meV energy splitting between lines 1 and 2 agrees
reasonably well with the vibrational energy of the 5072 (13*)
parent state [37] leading us to assign line 2 to the 5072 ('2*)
3s0 (°3%) (v"=1) state. The intensity variation as a function
of the excitation energy can be attributed to the change of the
intensity distribution of the vibrational substates in the Auger
final state as the photon energy is scanned to higher vibra-
tional levels in the core-excited state.

Several overlapping lines that are possibly vibrational
substates of the same electronic state are labeled as group a’
lying slightly above group a. An assignment of these lines to
vibrational substates is supported by the =160 meV separa-
tion between lines 3 and 4, and between lines 4 and 5. In the
following we discuss two possible assignments for group a’.

A band in the corresponding energy region can be found
in the C 1s7'3s0 (v'=1) resonant Auger spectrum (it is la-
beled as b in Fig. 2 of Ref. [21]). Sundin et al. assigned this
band as the higher vibronic members of group a, i.e., the
5072 ('S%) 350 (°3") state, and identified the possible over-
lap with other electronic final states [21]. Clearly the
17 507" ('T1) 350 (*11) state (group b in Fig. 3) overlaps
with group a’. The intense band just below 33 eV, which is
seen in the spectra obtained at peaks II and III seems to
belong to group a’. It is possible to assign all peaks in Fig. 3,

which are labeled a or a’, to vibrational levels of the 5072
('3%) 350 (S final state. This series does not have regular
energy spacings between vibrational substates, and the vibra-
tional intensity distribution is not Franck-Condon-type. In
this context the relatively low intensity of line 2 is particu-
larly atypical of a Franck-Condon-type behavior. Assignment
of group a and a' as vibrational levels of the 5072 ('S*) 350
(*S*) state suggests a significant interaction with another
electronic state.

An alternative assignment of group a’ can be obtained by
considering lines 3—-5 separately. In this case the energy split-
ting of =160 meV agrees well with the 177 '507! (°II) par-
ent state. In addition, the intensities of lines 3—5 in the reso-
nant Auger spectrum of peak I follow a typical Franck-
Condon-type vibrational progression. Moreover, line 3 is
500 meV lower in energy than line 6, which is assigned to
177'507" ('TI) 350 (°I1). This splitting agrees perfectly with
the energy difference between the 1z '507! (°II) and
177507 ('1) parent states. Based on these arguments the
group a’ can also be assigned to the 17 '507" ('TI) 3s0
(*II) (v"=0,1,2) state.

This state is expected to be populated in the resonant Au-
ger decay of the C 1s7'507'27'3s0 state, but not in the
decay of the C 1s7'3s0 state. As a consequence of this as-
signment, the observed group a’ is either different from the
band observed by Sundin et al. in the same energy region of
the resonant Auger spectrum of the singly excited state [21]
or the additional 3so Rydberg electron in the C 157!3s0 state
leads to a significant modification of the C 1s7!
— 17507 (°II) Auger intensity. With this assignment the
energy differences between the 17 507" (°II) 3so (*11),
1715070 (') 3so (CID), 407507 (*3) 350 (%3), and
4071507 (1) 350 (33) states match the corresponding par-
ent states (see also below), while the 5672 ('3%) 350 (337) is
shifted lower in energy relative to its parent state by
=600 meV.

In summary, we present two possible assignments for
group a'. Nevertheless, we tentatively assign this group to
the 17 '507" (°TI) 3so (*11) final state since it can be moti-
vated by simple arguments such as vibrational energies and
energy positions relative to other states. However, for a more
conclusive assignment further studies such as measurements
of high-resolution resonant Auger spectra of the C 1s~'3sco
excitation or calculations of the potential energy curves of
the 2h-1e states are required.
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C. Assignment of group b

Group b is most intense at peaks IV-VI. The spectrum
obtained at peak IV shows a very strong enhancement of line
6 at 32.82 eV. This line is the lowest vibrational substate in
group b and it has also been observed in the high-resolution
inner-valence photoelectron spectra [15,35] as well as the
threshold photoelectron spectrum [38]. Line 7 at 33.00 eV
reaches its maximum intensity at peaks V and VI and the
spectrum obtained at peak VI line 8 at 33.20 eV is also en-
hanced. These lines are also visible in the direct photoelec-
tron spectra. Peaks of group b are only weakly populated at
the photon energies of peaks I, VII, and VIIL. It is possible
that the peaks in group b could be populated in the spectra
measured at peaks II and III; it is difficult to distinguish them
from group a since they are not as distinct, and they overlap
with group a. In the He I 8 measurement by Baltzer ef al.,
these lines were revealed to be doublets with a 30—50 meV
splitting and they assigned them to a state of II symmetry
[35]. Subsequent experiments by Ohrwall et al. [15] and Hi-
kosaka et al. [38] were not able to resolve the doublet struc-
ture, as is the case in the present measurements. Referring to
the different dissociation character of these states, Hikosaka
et al. attributed the lines at 32.98 and 33.17 eV, together
with two more lines at 33.36 eV and 33.56 eV, to a vibra-
tional progression of an electronic state different from the
first line at 32.82 eV. Baltzer et al. attributed these three
peaks to one state [35].

We assign these three lines to 17507 ('IT) 3so (°II)
with v”=0,1,2. An assignment to a 2h-1e final state with a
3p Rydberg electron can be excluded since the resonant Au-
ger spectrum of the C 1s7!3p excitation shows an onset at
33.5 eV [18], i.e., at higher kinetic energies. In addition, the
observed energy spacing between lines 6, 7, and 8 matches
the vibrational energies of the 17 '50~" ('II) parent state.
This assignment leads to a splitting of 950 meV between the
states 5072 (12%) 350 (*2%) (v"=0) and 17 '507" ('II) 350
(*IT) (v"=0). This splitting is still in reasonable agreement
with the splitting of 350 meV observed for the parent states.
As mentioned above this also results in a splitting between
the states 17 507! (*II) 350 (*II) (v”=0) and 17 507"
(1) 350 (’IT) (v"=0) that matches very well with those of
the parent states. This assignment is in line with the observed
splitting by Baltzer et al. and supports further the assignment
of the transition B in the spectrum of the doubly excited
states to C 1s7'507127'350. This assignment implies that
group b should, in principle, be present in the C 1s~'3so
resonant Auger spectra. The only published spectrum, by
Sundin er al. [21], shows a feature at this energy, but is not
able to resolve any lines.

Using the assignments of peaks IV-VI to C 1s7!
(507127'S=0) 350 (v'=0,1,2) and the lines of group b to
1775071 (') 3so (*II) (v”=0,1,2) we observe that the
most prominent vibrational transitions are v'=0—v"=0, v’
=1—v"=1,and v'=2—v"=1,2. This is typical for the case
where the potential energy curves of the intermediate doubly
excited state and the final ionic state have nearly identical
equilibrium distances. The equilibrium distance of the dou-
bly excited Rydberg state B according to the previous discus-
sion is specified to be 1.174 A [2]. This value should be
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compared to that of the 17 '507! ('II) parent state of
1.240 A [37], suggesting that the 17507 ('IT) 3so (?II)
has a smaller equilibrium distance because of the partial
valence character of the 3so orbital.

D. Assignment of group ¢

The group labeled ¢ consists of many unresolved lines in
the energy range between 33 and 34.5 eV. As for group b,
the lines of group ¢ are mostly enhanced at peaks IV-VI.
The lines overlap substantially making resolution of indi-
vidual lines impossible. Therefore only the strongest, most
well-resolved lines are identified in Table I. Many of these
lines coincide with the lines observed in the high-resolution
inner-valence photoelectron spectra [15,35] and the threshold
photoelectron spectrum [38]. The C 1s7!'3s resonant Auger
spectrum by Sundin er al. [21] also shows some trace of this
band. Ohrwall et al. assigned these lines to the 177 '507!
('TI) 3s (*1) state.

Using the simple picture of single electron configurations
we also expect that the narrow lines in this energy region
originate from vibrational substates of the 17 '5¢7! ('II)
3so (°II) configuration. However, the energy separations and
intensities of these lines do not follow a regular progression
as expected for vibrational series. This suggests that configu-
ration interaction may play an important role in this part of
the spectrum.

E. Assignment of groups d and e

The lines labeled as group d at 34.72 and 34.95 eV are
observed in the spectra obtained at excitation energies of
peaks I-VIII and also in the “background” spectrum at
306 eV. A significant enhancement of these lines is observed
only at peaks I-III. Group d shows a behavior similar to
group a concerning the intensity, namely, that the higher-
energy peak increases with increasing photon energy (see
peaks II and IIT). The group is visible in the inner-valence
photoelectron spectra of Ohrwall et al. and Baltzer et al.
[15,35]. In addition, Hikosaka et al. observed these lines in
their threshold photoelectron spectrum and assigned them to
Rydberg states converging to the 407'507! (°3) ionization
threshold of CO?** [38]. Although these lines are weak in the
C 1s57'3s resonant Auger spectra of Sundin et al. [21], we
nevertheless assign these lines to 407 '507" (°3) 3s0 (°3)
with v”=0 and v”=1 following Hikosaka er al. This assign-
ment leads to an energy difference between the 177 507!
('TD) 3so (I1) (v”=0) and 407 507" (°3%) 350 (°2) (V"
=0) states of 1.90 eV. This is in agreement with the 2.10 eV
splitting of the parent states. In addition, the vibrational split-
ting of =240 meV also agrees well with the =248 meV
value of the parent states [37].

The lines in group e are observed in the energy region at
=36 eV. It shows a number of lines with irregular spacing.
In the C 157!35s resonant Auger spectra, Sundin et al. found a
strong enhancement in this energy region and assigned the
corresponding lines to the vibrational components of the
407'507" (13%) 350 (*37). As can be seen from the diagram
in the uppermost panel of Fig. 3 indicating the splittings of
the parent states, this assignment agrees well with the ex-
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pected energy position for this final state. The irregular spac-
ing can be accounted for by assignment to vibrational sub-
states since the 407'507! ('S*) parent state possesses a
double-well potential with the maximum of the barrier close
to the Franck-Condon region of the resonant Auger decay
[37]. Such a potential can readily explain both the irregular
peak separations, and the intensities of the peaks. In addition,
a partial valence character of the 350 Rydberg electron might
in this particular case lead to a strong modification of the
potential shape, such as, e.g., a vanishing of the double-well
structure of the potential. This would lead to a further modi-
fication of the vibrational progression.

F. Assignment of the groups f, g, g’, and &

In the higher-energy region the groups f, g, g’, and & are
visible. Based on the energies of the parent states and the
Rydberg formula, one can determine the principal quantum
number 7 of the Rydberg electron. Thus we assign the groups
f, g, and g’ to one of the final states 17 507! (°II) 4so
(*I1), 5072 ('S%) 450 (°3%), and 177'507! (') 4so (1D)
and those of group A to the final states 17 '50~" (°II) 550
(*Il), 5072 ('S") Sso (°%"), and 1771507 (') 550 (ID)
states. However, a more detailed and conclusive assignment
is not possible since (i) the sequence of the energy positions
of the 17507 () 3so (*11), 5072 ('3 3so (337,
1771507 (') 350 (?IT) states differs from that of the parent
states (see above) and (ii) the groups f, f', g, and h are
partially visible in the inner-valence photoelectron spectrum,
i.e., they interact with the 30! (*37) final state. Due to these
arguments we assume that the energy positions of the ns
Rydberg states do not strictly follow the Rydberg formula,
i.e., the Rydberg formula is not suitable for determination of
the limit of this ns Rydberg series.

Our tentative assignments of the individual groups f, g,
and g’ and their reasoning are as follows. The lines of group
g are visible in the Auger spectra of the resonantly enhanced
states C 1s7! (507'27!'S=1) 350 and C 1s7' (So7'27'S
=1) 4s0, i.e., peaks I-1IT and VII and VIII, respectively. By
assuming that the Rydberg electron does not significantly
influence the Auger transition rates and the equilibrium dis-
tances of the final states we tentatively assign group g to
5072 ('S*) 450 (>S7). This assignment is based on the fact
that the behavior of the strong individual line 26 at 36.84 eV
in the decay of the excitation C Is7' (5o 27'S=1) 4s0
(v'=0) resembles the behavior of the line 1 in the Auger
spectrum of the C 1s7' (S507'27'S=1) 3s0 (v'=0)
excitation.

By assuming that the presence of groups f, g, and g’ in
the resonant Auger spectra measured at peaks [-VI are due to
a 3s—4s shake up and by assuming that the intensity of the
different 4s states follows the intensities of the 2A-1e final
states with a 3s Rydberg electron we assign 1750~ ('II)
4so (°T0) to group f, 5072 ('3%) 4s0 (°*) to group g, and
177507 (°TI) 4so (1) to group g’. However, this assign-
ment is—at least for f and g’—mnot at all conclusive since the
energy ordering of the final states differs from both the par-
ent states and the final states with an additional 35 Rydberg
electron. This clearly shows the limits for an assignment of
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the higher-n Rydberg states based on simple arguments.

As mentioned above the final states of group h are
175070 CI) 550 (CID), 5072 ('3%) 550 (*3F), and
177'507" ('T) 550 (*II) arising from a 4s—5s shake-up
transition. The separation between lines 30 and 32 at 38.63
and 38.84 eV matches the vibrational spacing of the 5072
('S*) parent state so that we assign these lines to 5072 (137)
550 (%) (v"=0,1). For all other lines of this group no clear
assignment can be given.

G. Assignment of the broad feature X

Line X at 31.5 eV is a broad, featureless structure imply-
ing a weakly bound or dissociative final state. This line is
only observed in the resonant Auger spectra at peaks I-III,
i.e., the C 1s7'507127! (S=1) 3s0 excitation. Since these
peaks overlap with the C 1s~' 177127350 state (see 0° spec-
trum in Fig. 2) it is also possible that the enhancement is due
to decay of the latter state.

Eland et al. [36] calculated the potential curves of the
parent states and found the dissociative state 172 (*37) with
a very small hump at bond distances between 1.5 and 2 A in
the energy region just below the 17 '50" ('II) and 5072
('S*) parent states. Based on its energy position relative to
the 177 '507" (*I) 3so (*II) and 5072 ('3%) 350 (°37) states
we assign feature X to a 1772 ('S%) 350 (*37) state. The
potential energy curve and the partial valence character of
the 350 electron suggest a weakly bound state with unre-
solved vibrational structure. A transition to the corresponding
parent state (°37) was not observed in the normal Auger
spectrum due to its triplet character [37]. However, for dou-
bly excited states the first hole in the 17 orbital is created by
the excitation process so that the Auger decay to the 1772
(°37) parent state is due to an interplay of a 17 and the 27
electron but not between two 17 electrons. Thus the transi-
tion rate to this final state can differ considerably from that in
the normal Auger spectrum.

V. CONCLUSIONS

The doubly excited states of carbon monoxide in the pho-
ton energy region of 300—305 eV have been studied with
angle-resolved ion-yield spectroscopy and high-resolution
resonant Auger spectroscopy. Symmetry-resolved ion-yield
spectra identify the doubly excited Rydberg states at
=300 eV to be of II character. The leading configurations
for the doubly excited Rydberg states are derived by using a
simple model to compare states with similar configurations,
and are confirmed by the analysis of the corresponding reso-
nant Auger spectra. The analysis suggests that state A in the
ion-yield spectrum is the C 1s7'507 127! (S=1) 3so with
vibrational substates. The leading configuration of the second
state (transition B) is the C 1s7'5o7 27! (S=0) 3s0 and that
of the third transition (transition C) is the C 1s7'5¢7'27!
(S=1) 4so configuration, both with clear vibrational sub-
states. The excitation of these states can be explained by a
conjugate shake-up process with a C 1s~'— 17 excitation
accompanied by a 50— nso shake transition. From the reso-
nant Auger spectra we assign a large number of the 2h-1le
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final states which are also present in published inner-valence
photoelectron spectra. The assignment of the 2h-le final
states is, however, in some cases ambiguous since the experi-
mental findings are not entirely in line with the implications
of the Rydberg formula or the splitting of the parent states.
Combining symmetry-resolved ion-yield studies with
angle-resolved resonant Auger spectroscopy provides deeper
insight into the origins of both the core-excited states, and of
the final two-hole one-electron states. In this study we are
able to unravel complex overlapping states and identify a
large number of configurations in the spectra. Some ambigu-
ities remain, especially with respect to the assignment of the
final states. For the states which are not easily assigned, reso-
nant Auger studies of the C 1s5™!3s0 excitation could contrib-
ute to an understanding of the origin of additional lines. The
medium-resolution resonant Auger spectrum of this excita-
tion presented by Sundin et al. [21] matches, however, quite
well the overall shape of the high-resolution normal Auger
spectra recorded subsequent to C 1s ionization [37] so that
strongly overlapping vibrational progressions are expected in
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high-resolution spectra. In contrast to C ls ionization the
vibrational progressions in the normal Auger spectra subse-
quent to O 1s ionization are much shorter [37]. Since this
probably also holds for the resonant Auger spectra of the O
1571350 excitation an assignment of the final states based on
these spectra might be much easier. In addition, accurate cal-
culation of the potential-energy curves for final states will
certainly aid in assignment.
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