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Symmetry-resolved C and O K-shell photoabsorption spectra of free CO molecules
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Symmetry-resolved photoabsorption spectra measured at the C and O K edges of CO have demon-
strated the symmetry decomposition of the conventional photoabsorption spectra. These spectra have
been compared with theoretical calculations in the K-shell ionization continua. Definite assignments for
the symmetries have been given in the photon-energy regions below and above the K-shell ionization

thresholds.

PACS number(s): 33.80.Eh, 33.80.Gj

I. INTRODUCTION

The inner-shell photoabsorption spectroscopy of mole-
cules, which is one of the most fundamental probes of
their electronic and geometric structures, has a long his-
tory of elucidating inner-shell phenomena [1]. However,
in spite of intense effort over the past 20 years [1,2], the
inner-shell spectra of molecules have not been thoroughly
investigated. This has been due to the lack of intense ex-
citation sources. Undulator-radiation sources in the
soft-x-ray range now provide tunable, intense, and highly
polarized exciting radiation throughout the spectral
range of K-shell ionization in molecules containing first-
row elements. Synchrotron radiation from bending mag-
nets also provides polarized radiation. Although this
makes it possible to determine the molecular symmetries
of the K-shell excited states of small molecules [3-7], the
undulator radiation has a great advantage on the degree
of linear polarization and on the intensity. Combination
of the advantages offered by the undulator radiation with
angle-resolved fragment-photoion measurements has en-
abled us to decompose the photoabsorption spectra into
their molecular symmetry components. As a result, it
has become possible to determine directly the molecular
symmetries of K-shell excited states, and to decompose
degenerate states in the continuum for diatomic mole-
cules [8—14].

In electric-dipole transitions induced by the linearly
polarized light, the transition probabilities relate to the
molecular orientation with respect to the direction of the
electric vector of the incident light. There are two types
of dipole-allowed transitions for the K-shell excitations of
the diatomic molecules: o-—>o0 and o-— transitions.
Depending on its energy, a monoenergetic soft x ray pro-
motes a K-shell electron to an unoccupied valence and
Rydberg orbital with a definite symmetry of o or 1, or
into the continuum where the o and 7 states are degen-
erate. For the o0 —o transitions the molecules oriented
parallel to the polarization direction are selectively excit-
ed, while for the o — 7 transitions the molecules oriented
perpendicular to the direction are preferentially excited
from a random ensemble of free molecules [15-17]. The
molecular orientation will be directly reflected in the an-
gular distribution of fragment photoions emitted immedi-

47

ately from a repulsive potential of molecular ions, which
is reached by a fast Auger decay of the K-shell vacancy
(1~107'* sec) compared to molecular rotation periods
(1~10"10gec).

In previous papers, we have reported the symmetry-
resolved K-shell absorption spectra of N,, O,, and NO
molecules [11-14], demonstrating the symmetry decom-
position of the conventional absorption spectra. In this
paper, we present the symmetry-resolved C and O K-shell
absorption spectra of CO molecules. Although the mea-
surements on the Auger emission anisotropy of CO were
done by Truesdale et al. [18] and Becker et al. [19], the
two groups could not indicate clear information on the
molecular orientation after K-shell photoexcitation ex-
cept for the first 7* resonance. The angle-resolved
fragment-photoion measurement technique reported here
provides a significant new approach to molecular photo-
absorption: a direct method for determining the sym-
metries by the decomposition of the absorption spectra.
The dynamics of the photoionization process, i.e., the
spectral intensities of individual symmetries as a function
of photon energy, will be discussed comparing our
symmetry-resolved absorption spectra with available
theoretical results.

II. EXPERIMENT

Here we mention the experimental setup and pro-
cedure briefly, since they have been described in detail
elsewhere [11]. The experiments have been performed on
beam line BL-2B supplying the synchrotron radiation
emitted from an undulator [20] inserted in the 2.5-GeV
storage ring at the Photon Factory. The radiation was
monochromatized by a 10-m grazing-incidence mono-
chromator [21] equipped with an Au-coated replica grat-
ing of 1200 grooves/mm. Two identical parallel-plate
electrostatic energy analyzers with position-sensitive
detectors [22] were used to measure fragment photoions.
The analyzers were positioned to detect the photoions
emitted at 0° and 90° with respect to the electric vector of
the incident light, respectively. The = symmetry com-
ponent spectrum (os) was obtained by counting the sig-
nals for the energetic fragment ions ( =2 eV), detected by
the 0° positioned analyzer, as a function of the photon en-
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ergy. The Il symmetry component (o;/2) was obtained
by the same procedure using the 90° positioned analyzer.
The two spectra were measured simultaneously by the
single scan of the monochromator. The photon-energy
scale was calibrated on the basis of the electron energy-
loss spectra reported by Hitchcock and Brion [23].

The different detection efficiencies of the two analyzers
have been corrected using the same coefficient as deter-
mined in the experiment for N, [11], because the experi-
mental arrangement has been unchanged during the
course of the measurements. The valence contributions
are considered as being constant in the K-shell excitation
regions. We have subtracted the constant valence contri-
butions from the o5 and o /2 spectra. In the O K-shell
excitation region, the spectra are composed of the C and
O K-shell contributions. We have assumed the C K-shell
contribution has been monotonically decreasing in the O
K-shell excitation region, and subtracted it from the O
K-shell excitation spectra. In order to obtain oy, the
o1 /2 spectrum has been multiplied by a factor of 2 after
the background subtractions. These procedures have
been done for the spectra displayed in the following sec-
tions.

III. RESULTS AND DISCUSSIONS
A. C K-shell excitation of CO

1. Overview

Figure 1(a) shows the o5 and o symmetry-resolved C
K-edge spectra of CO, which have been measured with a
monochromator bandpass of 0.29 eV. The dots and the
solid line represent oy and oy, respectively. One can
construct a conventional photoabsorption spectrum
shown in Fig. 1(b) by adding o5 to op. Although the
sum spectrum in Fig. 1(b) is comparable with the photo-
absorption spectrum, there are some differences regard-
ing the intensities between them. We have measured only
the energetic fragment ions ( =2 eV) to obtain the o5 and
o symmetry-resolved spectra. However, resonance
Auger decays can lead to singly charged molecular ions
mainly, and produce nonenergetic fragment ions or un-
dissociated molecular ions. Therefore the signal intensi-
ties of our spectrum may be weaker than those of the
photoabsorption spectrum below the ionization thresh-
old.

The spectral features (A4 —F) of the sum spectrum in
Fig. 1(b) closely resemble the electron energy-loss spectra
[23-25]. The sum spectrum is dominated by a very in-
tense peak A due to the transition of a C 1s electron into
an unoccupied 2pw* valence orbital. Above the
1s —2pm* transition, the spectrum exhibits weak struc-
tures (B—D) up to the ionization limit. These are as-
signed to the promotions of the C 1s electron into Ryd-
berg states. In the continuum two broad bands of E and
F appear. The band E is attributable to double excita-
tions, and F is assigned to a ¢* continuum shape reso-
nance.

Only the excited states with £ symmetry should be ob-
served in the symmetry-resolved os spectrum. The o
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FIG. 1. (a) o3 (dots) and o; (solid line) symmetry-resolved C
K-edge photoabsorption spectra of CO. (b) Sum of the o5 and
o symmetry-resolved C 1s photoabsorption spectra of CO.
The spectra in (a) and (b) have been multiplied by a factor of 3
and 2 in the photon-energy regions above the horizontal bars,
respectively.

spectrum is mainly composed of the broad peak F due to
the o* shape resonance, and the weak peak B corre-
sponding to a Rydberg state with = symmetry [Fig. 1(a)].
On the other hand, only the excited states with Il symme-
try are observed in the symmetry-resolved o spectrum.
The oy; spectrum is comprised of the very intense peak A4
for the excitation to a 2p7* state, the weak peaks of C
and D for Rydberg states, and the rather strong structure
E corresponding to doubly excited states [Fig. 1(a)]. The
weak peak in oy at the 2p7™* resonance energy of 287.3
eV may be caused by the insufficient degree of the linear
polarization of the incident light, because one cannot ex-
pect to detect any signals in oy for a pure o — 7 transi-
tion like the 2p7* excitation. The degree of the linear
polarization at 287.3 eV was estimated to be 90% by the
same procedure that was described in the Ref. [11].

2. Discrete resonances

Figure 2 shows the blowup of the oy and oy
symmetry-resolved photoabsorption spectra below the C
K-shell ionization threshold of CO. In the o spectrum,
a very intense peak A4 and a weak peak C are found. The
peak A is attributed to the excitation of the C 1s electron
into an unoccupied 2p7* valence orbital as mentioned in
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FIG. 2. Blowup of o3 (dots) and oy (solid line) spectra below
the ionization limit. The spectra have been multiplied by a fac-
tor of 6 in the photon-energy region above the horizontal bar.

Sec. IIT A 1. The peak C corresponds to a promotion of
the 1s electron into the 3pm Rydberg orbital. In the oy
spectrum, the weak peak B corresponding to the transi-
tion of the 1s electron into the 3so Rydberg orbital is ob-
served.

Beneath the peak C in the o spectrum, a very weak
peak for the 3po Rydberg orbital excitation can be seen
in os. This peak has not been resolved yet despite the
great efforts of high-resolution work [26-28], because the
two states have different symmetries but almost the same
excitation energies. However, the present method has en-
abled us to resolve the peak C in Fig. 1(b) into the two
peaks having different symmetries. The peak intensity ra-
tio of the 3po state to the 3p state is ~0.09. Assuming
that the degree of linear polarization is 90%, the intensi-
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FIG. 3. Blowup of o5 (dots) and oy (solid line) spectra in the
C K-shell ionization continuum region of CO, together with ab
initio calculations. The dashed curves with filled squares
represent the results of the STMT calculations by Padial et al.
[30]. The dot-dashed curves with open triangles denote the re-
sults of the RCHF calculations by Schirmer, Braunstein, and
McKoy [31].

ty ratio becomes ~0.04. This is in good agreement with
the theoretically predicted value of ~0.04 by Barth and
Schirmer [29].

Between 294.2 and 296.0 eV, there are unresolved Ryd-
berg structures D in both o5 and o. These Rydberg
states have been resolved and assigned by Tronc, King,
and Read [26], Domke et al. [27], and Ma et al. [28].
These authors have reached the same assignments for the
observed Rydberg states on the basis of the equivalent-
core model; the structures between 294.2 and 296.0 eV
are composed of the main npm (n =4) and rather weak
ndar (n 23) Rydberg series. The 4p7 Rydberg excitation
is about twice the strength of the 3d 7 excitation. In our
high-resolution work, we have also observed the Rydberg
series and confirmed these assignments [14]. Although
the fine structures of the Rydberg series can hardly be
seen in Fig. 2, the I component is predominant between
294.2 and 296.0 eV. From our symmetry-resolved spec-
tra, it has become clear that the photoabsorption in this
region is comprised of the main npm (n 24) and ndw
(n = 3) Rydberg series and extremely minor nso (n =>4)
and npo (n 2 4) series.

3. Double excitations and continuum

Figure 3 shows the blowup of the symmetry-resolved
os and o photoabsorption spectra together with ab ini-
tio calculations in the continuum region. The dashed
curves with filled squares represent the results of
Stieltjes-Tchebycheff moment-theory (STMT) -calcula-
tions by Padial er al. [30], and the dot-dashed curves
with open triangles represent the results of relaxed-core
Hartree-Fock (RCHF) calculations by Schirmer, Braun-
stein, and McKoy [31]. The II component of these calcu-
lations have been normalized to the experimental o at
315 eV. Double excitations observed around 300 eV are
not taken into account in these calculations.

According to the theoretical calculations by Agren and
Arneberg [32], the possible doubly-excited states are in-
terpreted as 2pm—3pw, 2po-—3po, and 2so—2pm*
shake-up transitions in the course of the C 1s —2p7* ex-
citation. The former two have Il symmetry, and the
latter one has = symmetry. The transition energies and
relative intensities for these shake-up states are given in
their paper: 305.31 eV, 4.15 (2p7 2pw*3pw), 307.25
eV, 3.58 (2po 2pw*3po), and 304.05 eV, 3.11
(2s0 " 2pm*2p7*). Kosugi has also made theoretical
calculations for the doubly-excited states and reported
that the main configuration of these states has a Il com-
ponent [33]. The calculated transition energy is 303.2 eV.
In our o spectrum, the broad structure due to the dou-
ble excitations are observed around 299 and 300.6 eV.
The weak bump is seen at 300.2 eV in the oy spectrum.
Although differences between the experiment and calcu-
lation are left, the theoretical results of Agren and Arne-
berg [32] suggesting three groups of the shake-up transi-
tions are consistent with the experiment.

The o* shape resonance is observed as the very broad
enhancement of the photoabsorption in the o5 spectrum.
The o5 contribution is almost equal to the o; even at 20
eV above the threshold, differing from the statistical ratio
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of 1:2. It means that the o* shape resonance effect
spreads over an extremely wide energy range. For the
STMT calculations, the o* shape resonance is overes-
timated over the whole energy region. On the other
hand, the RCHF calculations taking the core-relaxation
effect into account give better quantitative agreement
with the experimental results, except for the discrepancy
below 305 eV.

The main reason the STMT calculations give unsatis-
factory results may be attributable to the effects of the
core relaxation, as discussed by Schirmer, Braunstein,
and McKoy [31] and Lynch and McKoy [34]. The
STMT calculations have been carried out in the frozen-
core Hartree-Fock (FCHF) approximation which ex-
cludes relaxation effects. The FCHF potential is too at-
tractive due to the neglect of screening of the K-shell hole
by the valence electrons. As a result, the use of the
FCHF approximation leads to the underestimation of the
o* resonance energy and the overestimation of its inten-
sity.

The overall o spectrum including the double excita-
tions is quite similar to the case of the K-shell ionization
of N, in Ref. [11]. Neglecting the contribution of the
double excitations around 300 eV, the o spectrum in-
creases monotonically up to 304 eV and becomes almost
constant above 304 eV. The STMT results for the II
symmetry component give a monotonically increasing be-
havior, while the RCHF calculations give a monotonical-
ly decreasing cross section in the energy region shown in
Fig. 3. However, the suppression of the C 1so — &7 tran-
sitions in the ionization-threshold region, which was re-
vealed by our symmetry-resolved absorption spectrum, is
not explained by present available theoretical calculation.

B. O K-shell excitation

1. Overview

Figure 4(a) shows the oy and oy symmetry-resolved
photoabsorption spectra of the O K-edge of CO with the
monochromator bandpass of 0.45 eV. The dots and the
solid line represent o5 and oy, respectively. The sum of
the o5 and oy spectra of CO is shown in Fig. 4(b), which
is comparable with the conventional photoabsorption
spectrum. The spectral features ( A —E) of the sum spec-
trum have already been observed in the electron energy-
loss spectra [23,24]. The overall profile of the sum spec-
trum is very similar to the electron energy-loss spectra.
Below the O K-shell ionization threshold, the sum spec-
trum is dominated by a very intense peak 4 due to the O
1s —2pm* transition. Above the 2p7* resonance the
spectrum shows very weak structures (B-D) up to the
threshold, which are assigned to the Rydberg transitions
with definite symmetries. In the continuum, only one
broad band of E is observed in contrast to the case of the
C l1s ionization. Hitchcock and Brion have considered
the band E as a o* continuum shape resonance enhance-
ment [23].

The o5 spectrum of Fig. 4(a) comprises a broad
enhancement due to the o* shape resonance, and weak
structures for the excitations to the Rydberg states with
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FIG. 4. (a) o5 (dots) and oy, (solid line) symmetry-resolved O
K-edge photoabsorption spectra of CO. The spectra have been
multiplied by a factor of 2.5 in the photon-energy region above
the horizontal bar. (b) Sum of the os and o, symmetry-
resolved O 1s photoabsorption spectra of CO.

3 symmetry. The o spectrum is composed of a strong
peak corresponding to the excitation to the 2p#* valence
orbital, weak peaks for Rydberg states, and a strong
bump in the continuum which may be due to the double
excitations.

2. Discrete resonances

The blowup of the o5 and oy symmetry-resolved pho-
toabsorption spectra below the O K-shell ionization
threshold of CO are shown in Fig. 5. In the o spec-
trum, a very intense peak A4 and weak peaks C and D are
seen. The peak A4 is attributed to the excitation of the O
1s electron into the unoccupied 2p7* valence molecular
orbital. The peak C can be attributed to the O 1s—3pw
Rydberg transition. The peak D is due to the unresolved
Rydberg series. Compared with the C 1s excitation, it
can be seen that the relative intensity of the peak C to the
peak D is fairly weaker than that in Fig. 2. This implies
that the 3d7 Rydberg transition is much stronger than
the 4p 7 Rydberg transition in the O K edge, in contrast
to the case of the C K edge, which is also supported by
the configuration-interaction (CI) calculation of Kosugi
[35]. In the o spectrum, the weak peak B corresponding
to the O 1s —3so transition is seen. Beneath the peak C
in the o spectrum, a very weak peak can be seen in oy,
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FIG. 5. Blowup of o5 (dots) and oy (solid line) spectra below
the ionization limit. The spectra have been multiplied by a fac-
tor of 5 in the photon-energy region above the horizontal bar.

which can be attributed to the O 1s —3po transition as
in the case of the C ls excitation. The peak intensity ra-
tio of the 3po state to the 3p 7 state is about 0.5.

Between 540.2 and 542.4 eV, there are some structures
which correspond to the excitation to Rydberg states.
The fine structures of these Rydberg states have been
resolved and assigned by Domke et al. [27]. The authors
have given the assignments for the observed Rydberg
states on the basis of the equivalent core model; the struc-
tures between 540.2 and 542.4 eV are composed of the
main np (n 24) and rather weak ndm (n = 3) Rydberg
series. However, the intensity ratio of the peak C to the
peak D in Fig. 5 and the results of the CI calculations by
Kosugi [35] strongly suggest that the ndw (n =3) Ryd-
berg series are stronger than the npm (n =4) series. Al-
though it is very hard to see the fine structures of the
higher Rydberg series in Fig. 5, the series between 540.2
and 542.4 eV are obviously dominated by the Il com-
ponent, but there are considerable contributions of the =
component in contrast to the case of the C K edge.

3. Double excitations and continuum

The o5 and o symmetry-resolved photoabsorption
spectra above the O K-shell ionization threshold are
shown in Fig. 6, together with ab initio calculations. The
dashed curves with filled squares represent the results of
the STMT calculations of Padial et al. [30]. The dot-
dashed curves with open triangles represent the results of
the RCHF calculations of Schirmer, Braunstein, and
McKoy [31]. The IT component of each calculation has
been normalized to the experimental oy at 560 eV. Dou-
ble excitations observed around 551 eV are not taken into
account in these calculations.

Although the possibilities for the double excitation
were proposed theoretically by Agren and Arneberg [32],
the doubly-excited states in the O 1s continuum have not
been noticed yet experimentally, because the convention-
al photoabsorption spectra give only one broadband simi-
lar to the o* shape resonance enhancement in the contin-
uum [see Fig. 4(b)]. However, the doubly-excited states
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FIG. 6. Blowup of o5 (dots) and oy (solid line) spectra in the
O K-shell ionization continuum region of CO, together with ab
initio calculations. The dashed curves with filled squares
represent the results of the STMT calculations by Padial et al.
[30]. The dot-dashed curves with open triangles denote the re-
sults of the RCHF calculations by Schirmer, Braunstein, and
McKoy [31].

with II symmetries are revealed in the o spectrum,
separated from the o* shape resonance seen in the oy
spectrum, by the present symmetry-resolved measure-
ments. .

According to the CI calculations by Agren and Arne-
berg [32], the main configuration of the doubly excited
states can be attributed to the O 1ls—2p#* transition
with a 2p7m—2p7™ shake-up. The calculated excitation
energy of this state is about 555 eV, which is 4 eV higher
than the experimental peak position of 551 eV. The
present result for the double excitations supports the
symmetry assignment by Agren and Arneberg [32], that
is, the total symmetry of the dominant configuration of
the doubly-excited states is II.

The intensity of the = component including the o*
shape-resonance enhancement is comparable with that of
the IT component excluding the double-excitation contri-
bution over the whole energy range in Fig. 6. In contrast
to this symmetry-resolved experimental result, the STMT
calculations give the intensity for oy being about twice
the strength of that for o ;. This serious discrepancy was
not encountered in the comparison of the theoretical re-
sults with the conventional photoabsorption spectra. On
the other hand, the RCHF calculations agree pretty well
with the present o5 and oy spectra except for the peak
position of the o* shape resonance. As observed above
the C K edge, the o* resonance does enhance the intensi-
ty of the = component only. This enhancement relative
to the intensity of the I component above the O K edge
is less pronounced than that above the C K edge. Such a
site-specific behavior of the o* resonance has already
been predicted by the continuum state multiple-scattering
calculations by Dill et al. [17], although their results
overestimate the resonance effect. The more sophisticat-
ed RCHF calculations now show good agreement with
the present results in both cases, the C 1s and O 1s ion-
ization.
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IV. SUMMARY

From our symmetry-resolved C and O K-edge absorp-
tion spectra, definite assignments for the symmetries of
the K-shell excited states have been given in the photon-
energy regions below and above the ionization thresholds.
For the Rydberg excitations of both C and O K edges, the
overlapping of the weak 3po Rydberg state and the 3pw
state has been resolved. It has also become clear that the
higher Rydberg series have been mainly composed of the
I1 symmetry components. The present oy and o spec-
tra have resolved the doubly-excited states from the o*
shape resonance enhancements in the C and O K-shell
ionization continua. Especially for the O K-shell ioniza-
tion continuum, the present method has enabled us to re-
veal the doubly-excited states experimentally. The

theoretical calculations by Schirmer, Braunstein, and
McKoy [31] give quantitative agreement with the present
o5 and o spectra in the o* shape resonance regions, ex-
cept for the resonance positions. For the double excita-
tions, the present results support the symmetry assign-
ments by Agren and Arneberg [32] and Kosugi [33] at
the C K edge, and those by Agren and Arneberg [32] at
the O K edge.
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