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Resonant inelastic x-ray scattering on CQO,: Parity conservation in inversion-symmetric polyatomics
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Resonant inelastic x-ray scattering (RIXS) spectra excited at the oxygen K edge of CO, are presented and
discussed. Although excitation from a gerade initial state to the intermediate 1s~!7* state breaks the inversion
symmetry due to strong vibronic coupling, RIXS excited at the corresponding resonance exclusively populates
gerade vibrations in the gerade electronic ground state. This observation constitutes an experimental confirmation
of the prediction that the parity selection rule applies in RIXS on an inversion-symmetric polyatomic system,
provided that the total electronic-vibronic wave function is considered. Parity selectivity is used for assigning
spectra to the population of electronically excited final states, a procedure hampered only when symmetry-
breaking vibronic coupling in the final states is prominent. A RIXS spectrum excited in the Rydberg region
is tentatively assigned using a simplified quasi-two-step model in which it is assumed that the electron in the
Rydberg orbital excited in the first step remains as a spectator during the second decay step.
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I. INTRODUCTION

The dipole approximation dictates that the parity of an
inversion-symmetric system must change during a first-order
radiative transition, and thus that the parity is unchanged in
a second-order process like resonant inelastic x-ray scattering
(RIXS), which involves two photons.

This process typically takes a system from an initial to
a final state via an intermediate state with a core hole, and
the notion that this core hole is localized at one atomic site
is seemingly in conflict with inversion symmetry. Yet for
homonuclear diatomic molecules it has been demonstrated
that parity selectivity applies in the sub-keV range [1]. The
conflict between preserved inversion symmetry and core-hole
localization is only apparent, as symmetry-adapted ungerade
and gerade states can be expressed in terms of a superposition
of localized core-hole states [2]. In polyatomic inversion-
symmetric molecules, on the other hand, electronic-vibronic
coupling may lead to dynamic symmetry breaking and local-
ization of the core hole.
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In the x-ray emission spectrum of CO; it was demonstrated
more than 30 years ago that oxygen core ionization is accom-
panied by excitations of antisymmetric stretch vibrations [3].
Thus, the inversion symmetry is broken as the two oxygen
sites become inequivalent and the core hole localizes [4]. In
RIXS spectra, vibronic coupling in the core excited state leads
to the appearance of peaks that correspond to electronically
dipole forbidden [5] transitions, i.e., peaks which must be
assigned to a second-order scattering process, which change
the parity of the electronic wave function. Insofar as the RIXS
process is coherent, however, the total wave function, which
includes both the electronic and vibronic degrees of freedom,
the dipole approximation still predicts that parity is unchanged
in the second-order process [6—8]. On the same footing as for
homonuclear diatomics the “localized” core hole in the inter-
mediate state can be described as a coherent superposition
of inversion-symmetric states, with the difference that now
the full electronic-vibronic wave function must be considered.
In principle, this applies not only for small molecules like
CO; but also for large inversion-symmetric systems like SFg,
C¢Hg, and Cgp, and under substantial nuclear rearrangement
including ultrafast dissociation. Inversion symmetry is central
for current solid-state physics, especially in the context of
topological materials [9]. Vibrational excitation in RIXS spec-
tra of solids have been analyzed in terms of vibronic coupling,
and dynamic symmetry breaking is considered to be crucial
[10,11]. Note that in scattering to vibrational excitations of
the gerade electronic ground state, breaking of the electronic-
vibronic inversion symmetry presupposes decoherence. It
can be anticipated that apparent decoherence may also be
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observed for isolated systems, in cases where a large number
of coupled vibrational modes and rotations are excited.

Recent technical advances make it possible to resolve
individual vibrational excitations in RIXS not only of free
molecules [12,13], liquids, and molecular systems in general
[14], but also phonon excitations in materials with strong elec-
tron correlation [15,16], and further refinements are expected
as new RIXS facilities come online at the diffraction limited
synchrotron radiation sources [17].

Insofar as the RIXS process is coherent the initial and final
states must have the same parity, and consequently, a parity
change of the electronic wave function must be accompanied
by a parity change of the vibrational wave function as well.
With the technical advances this prediction can now be tested
experimentally.

Here we present vibrationally resolved RIXS spectra ex-
cited at the oxygen K edge of CO,. At the oxygen n*
resonance we demonstrate that the vibrational progression in
scattering to the gerade electronic ground state exclusively
show vibrational excitations of gerade symmetry. Thus the
total symmetry of the wave function is preserved. Hence,
our results are in full agreement with the coherent scattering
picture, in spite of the substantial nuclear rearrangement in the
intermediate state.

The RIXS spectra associated with electronically excited
final states differ substantially from earlier predictions [18],
a discrepancy which we attribute to the influence of bending
mode vibrations due to the Renner-Teller effect, discussed in
detail in Ref. [19], and extensive electronic-vibronic coupling
in the final states [20]. In these cases symmetry assignment is
difficult without advanced theory, and is beyond the scope of
this paper.

In the second part of the paper we discuss Rydberg-excited
states in terms of a simple two-step model [21], in which
the population of Rydberg orbitals in a first excitation step
is presumed to be preserved during the second emission step.
We interpret possible deviations from this model as due to
spectator electron shake processes during the decay step of
the scattering process. We find no evidence for the violation
of the parity selection rule when both electronic and vibronic
wave functions are considered.

II. EXPERIMENT

The experiment was performed at the ADRESS beam
line [22] of the Swiss Light Source, Paul Scherrer Institut,
Villigen PSI, using the SAXES spectrometer [23]. The overall
energy resolution was around 50 meV, allowing for separation
of individual vibrations [12,13]. Linearly polarized incident
radiation with the polarization vector parallel and perpendic-
ular to the scattering plane was used, and the spectrometer
measured scattered photons without polarization sensitivity
perpendicular to the incident photon beam. Gas-phase mea-
surements were facilitated using a flow-cell with a 100-nm-
thick diamond-like window, separating the ultrahigh vacuum
from the sample gas. Incoming and outgoing radiation passed
through the same window, both at an angle of 45°.

The energy scale is calibrated using the Rydberg resonance
in the x-ray absorption spectrum (XAS) near 540 eV [see
Fig. 1(a)]. The main contributions to this peak are due to
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FIG. 1. (a) Absorption spectrum of CO, near the Ols edge.
(b) RIXS spectra excited on the 7* resonance at energies marked
by vertical lines in the absorption spectrum. See Fig. 3 for spectra
measured at 539.98 and 542.65 eV. Note that the features around
zero energy loss extend beyond the intensity scale (for vertical
polarization) for all excitation energies. This increase in intensity for
0-eV energy loss is related to the elastic scattering of photons from
the diamond-like window enclosing the gas cell and has no physical
meaning for this experiment. See text for further details.

transitions to the vibrational ground state of the 1o, '5s0,
and 1og’14pnu states [24,25]. We used 539.97 eV for the
lo, '5s0, resonance given in Ref. [26]. As several other
transitions contribute to intensity in this energy region the
peak appears to be shifted to slightly higher photon energy
by approximately 10 meV.

III. RESULTS AND DISCUSSION

A. Overview

The ground state of the carbon dioxide molecule is
1(fg21(ru2 .. .4(753(731711‘[t lrr; 12;. In the symmetric represen-
tation the main resonance in the XAS spectrum [see Fig. 1(a)]
at 535.5 eV is assigned to transitions to the lag‘12nu ',
state, and the high-energy shoulder around 536 eV to the
16u’13sag s, Rydberg state [26,27], which also has valence
orbital contributions [19]. Around 539 eV there is a com-
plex feature due to several contributing transitions, and the
sharp peak just below 540 eV, that we use for calibration,
is dominated by transitions to the vibrational ground state
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FIG. 2. The vibrational excitations fitted with vibrational modes
of gerade symmetry: even number of quanta of the bending mode
2nv, (blue, at slightly higher energies than) the symmetric stretch
mode v; (red), and combinations thereof (green and yellow, at
values between red and blue). No peaks are observed at the energy
positions of the antisymmetric stretch vibrations v, indicated by
dashed vertical bars in the figure, or of odd number of bend modes
Q2n+ D,.

of the lo, '5s0, Rydberg state [26]. The vertical bars in
Fig. 1(a) indicate the photon energies where the RIXS spectra
discussed in this paper are excited.

For energy losses up to 2 to 3 eV the RIXS spectra in
Figs. 1 and 2 show resolved vibrational progressions in tran-
sitions back to the X IE; electronic ground state. The feature
around 8-eV energy loss has been assigned to electronically
dipole-forbidden 17, '27, 'A,,' T, states [5,18]. Around 12
to 14 eV there is a double peak which can be assigned to the
Iz 127, 12; and dipole-forbidden 1, 127, 'S F final states
[18]. The spectra show a strong excitation-energy dependence.

It is well established that scattering to electronically
dipole-forbidden ungerade final states directly demonstrates
dynamic symmetry breaking in the intermediate state [5,6,18].
Analysis has shown that a Jahn-Teller-type coupling via
the antisymmetric stretch mode mixes the intermediate
log’IZm, 'TI, and the near-degenerate dipole-forbidden
lo, '2m, 'Tl, states to form symmetry-broken electronic wave
functions W; and Wi with core holes localized on the left and
right oxygen atoms [6,8], respectively, W = \%(1 I, + 'M,)
and Wy = %2(11'[8 — 'T1,). Thereby the scattering channels
to electronically dipole-forbidden final states are opened. A
Kramers-Heisenberg treatment of the RIXS process including
both the electronic and vibronic parts, predicts that parity
selectivity is preserved for the total wave function [6—8]. The
detuning from the main resonance is not sufficiently large
for restoration of the electronic inversion symmetry at large
detuning, which was demonstrated in Ref. [5].

If the final state can be described within the Born-
Oppenheimer approximation the symmetry of the electronic
and vibronic states can be addressed separately, and as
the total wave function in the present case should be gerade,
the parity of the final electronic state must be the same as the
parity of the vibrational state in order for the total wave func-
tion to be gerade. The observation of any ungerade vibrational
excitations in an electronically gerade final state would imply
a violation of the Kramers-Heisenberg approach and suggest
that the extensive nuclear rearrangement in the intermediate
state leads to decoherence, in the sense that the description
of the intermediate states as coherent linear combinations of
gerade and ungerade states would no longer be valid.

B. Vibrational excitations in the electronic ground state

The vibrational excitations associated with transitions to
the X 12; gerade electronic ground state are especially well
suited to address the electronic-vibronic parity selection rules,
as the coherent description strictly requires the vibrational
excitations to be gerade.

The vibrational progression show seven to eight well-
resolved peaks (see Fig. 2). The spacing between the peaks
is around 0.16 eV, and whereas the lowest-energy-loss peaks
are fairly sharp, the peaks at higher-energy loss have internal
structure and gradually develop to a double feature. The vibra-
tional excitations in the CO, ground state have been analyzed
in detail [28], and it was found that the fundamental energies
of the ungerade vibrations are 0.29 eV for the antisymmetric
stretch (v3) and 0.083 eV for the bend (v,) modes.

We mark 0.29 eV energy-loss (v3) intervals in Fig. 2
by dashed vertical lines, and it is obvious that excitation
corresponding to such energy losses are absent. The peak at
0.87 eV obviously is a part of a different progression. Easily
observable intensity corresponding to a multiple of 0.083-eV
(v,) excitations is also lacking.

Although the bend modes have ungerade (IT,) symmetry,
excitation of an even number of quanta has gerade symmetry.
It has been recognized that the excitation of an even number of
quanta of the bend mode may have the same (E;) symmetry
and almost the same energy as one quantum of the symmetric
stretch mode (v;). This gives rise to a Fermi resonance;
substantial wave-function mixing which perturbs the energy
positions and changes the intensities, thereby complicating the
analysis of the vibrations. In Fig. 2 we use the energy positions
of the experimental features assigned in Ref. [28] in fitting
the RIXS features. The fit in terms of vibrations with gerade
symmetry is excellent, implying that symmetric vibrations
are the totally dominant vibrational excitations in the final
electronic state. This observation supports the validity of the
electronic-vibronic parity selection rules, and the coherent
description of the scattering process.

In view of the violent nuclear dynamics in the intermediate
state, with a multitude of antisymmetric stretch- and bend-
mode excitations, this is a result which may seem surpris-
ing. It is well known that the Renner-Teller effect lifts the
degeneracy of the lo, '27, 'T, and lo, '27, 'T1, states
so that electronically dipole-forbidden states are observed
in RIXS [5]. This vibronic coupling leads to highly bent
molecules, and experiments suggest very small bond angles
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in the intermediate state [29]. In a simple picture, appreciable
bend-mode vibrations are therefore expected. This is in line
with the fitting results, according to which the progressions
are dominated by even bend-mode (2nv,) vibrations (see
Fig. 2). The fitting results also show that the broadening and
fine structure within each peak, especially obvious for energy
losses higher than 0.6 eV, can be interpreted in terms of a
combination of symmetric stretch and an even number of
bend excitations. This picture is complicated by the Fermi
resonance, and we note that the small energy spacing between
the vibrational states makes a definite assignment based on the
fit uncertain. It is, however, obvious that the pure symmetric
stretch vibration dominates only for the first excitation at
536.75 eV. At this excitation energy the intermediate state is
lo, '3s0, ' £, and the Rydberg character suggests that much
less bending is initiated, compared to the 108‘1271” 1, inline
with the observed results.

There is a noticeable excitation-energy dependence of the
vibrational excitations. Clearly the vibrational progression
is shortened for excitation at 534.15 eV, corresponding to
a detuning of 2~ 1.4 eV below the peak at 535.54 eV.
Using the scattering duration concept [30], and assuming a
core-hole lifeftime width of I" ~ 0.165 eV [31,32], it can be
estimated that the scattering duration changes from 7 =~ 4 fs
on resonance to T = ﬁ ~ 0.5 fs. This is qualitatively
inline with the reduced vibrational progression upon detuning.

Finally, we emphasize that within the experimental accu-
racy there is no evidence for intensity corresponding to a
symmetry-breaking odd bend mode [(2n + 1)v;] or antisym-
metric vs vibrations. Thus we find no evidence for violation
of the parity selection rules, at the very resonance, which
has earlier been used as a showcase for dynamic symmetry
breaking [5,6,18]. The coherent description of the scattering
process can be applied to the 7 * resonance in CO,, if the total
wave function is considered.

This result is significant when RIXS is applied to larger
symmetric molecules, molecular solids, and condensed matter
with symmetry-dependent properties. In contrast to what is
reported here, vibrational excitations in solids have earlier
been assigned to dynamic symmetry breaking [10,11], im-
plying a loss of coherence during the scattering process. It
is anticipated that such phenomena can be investigated in
detail as vibronic excitations in solids are resolved at the new
generation high-resolution RIXS facilities.

C. Electronic-vibronic excitations

The energy loss in the 7-9 eV range [see Fig. 1(b)] is
assigned to the lowest electronically excited 'A, and 'Z
states with 1, 127, as the leading configuration, and in
addition there is an allowed 'I1, state of 17, '3s0, Rydberg
character in the same energy region [20]. The latter is expected
to gain intensity around 536.75 eV, corresponding to the
lmy '350, excitation, as the intermediate 1o, '3s0, ' T, state
is contributing to the high-energy flank of the main absorption
feature. It has been shown that the Born-Oppenheimer approx-
imation cannot be applied to the description of these states
[20], and therefore the symmetry of the vibrations cannot
be separately addressed. The Renner-Teller effect breaks the
symmetry and mixes these final states, most of them are

predissociative, and the states are subject to avoided crossings
and conical intersections [20,33] suggesting that it may be
misleading to use the inversion symmetric notation for these
final states [19]. Yet, for very large detuning, where the short
scattering duration seems to inhibit vibronic coupling in the
intermediate state, the peak corresponding to these final states
does loose intensity [5]. This is to be expected if the electronic
final states to some extent retain ungerade symmetry, which is
forbidden in RIXS.

The analysis of the polarization dependence (Fig. 1) is
hampered since the observed features are associated with
several final states, as indicated in Fig. 1. For the linear
molecule it is expected that the ratio between the intensity
excited with vertical (/,) and horizontal (I,) polarization is

I, 24+R
LA g’ (1)
I, T 2-2R,

where Rs+ = 0.4, Ro = 0.1, and Rx- = —0.5 [6], which
implies that f—h = 2 for E;M final states, % = % for the Ag,

Iy
final states, and ﬁ—h = % for the X, final states.

We now turn our attention to the experimentally observed
ratios. The peak at 8-9 eV, assigned to A, and X, final
states, shows 57 ~ 0.9 [Figs. 1(b) and 1(c)]. Assuming equal
contribution from both final states, 7an1 average theoretical
value for the linear molecule is 571 = %
to the experimental observation.

The peak at 12-14 eV, assigned to £ and X, states also

gives % ~ 0.9. Again, assuming an equal contribution from
the two final states, an average theoretical value for the linear

molecule is f—h = % = % which slightly deviates from the
experimental observation.

For losses larger than 6 eV, the energy-loss features in the
RIXS spectra shift towards higher losses when the excitation
energy increases across the 7* resonance [see Fig. 1(b)], i.e.,
the features stay at constant energy on an emission energy
scale. Such apparent independence of the excitation energy
is often taken as an indication that specific excitations in
the first step do not influence the second emission step. In
this case this instead indicates that excess vibrational energy
absorbed in the intermediate state is directly transferred to
a quasicontinuum of electronic-vibronic final states in this
energy region. Thus, while the shape of the peaks are sim-
ilar in the 534.65-535.54 eV excitation-energy range, final
states at the higher excitation energies comprises substantially
higher vibrational excitations. A similar behavior is observed
for small molecules in cases where the potential surfaces of
the intermediate and final states are alike: higher vibrational
excitations in the intermediate state give higher excitations in
the final state, resulting in emission at almost constant emis-
sion energy [34]. The one-step nature of the RIXS process,
demonstrated in the analysis of the vibrationally resolved part
of the spectrum, shows that the decoherence, that excitation-
energy independence seems to indicate, is only apparent, and
that the process is in fact fully coherent.

Note also that at the lowest excitation energy, the spec-
tral shape is significantly different, apparent around 8-9-eV
energy loss, with a sharp edge around 7.1-eV energy loss.
The later energy is lower than any feature in the VUV
absorption spectrum, and lower than the O 'D 4 CO(X)

= 2 which is close
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photodissociation threshold at 7.41 eV [28]. For bent
molecules nondissociative states are indeed predicted below
this threshold [20,28,35], and the data suggest that low-energy
vibrations in such an electronic state is reached via the in-
termediate state dynamics, which also includes Renner-Teller
coupling.

The overall shape of the RIXS spectra excited across the
* resonance is in line with the earlier RIXS theory [18],
where, e.g., the predicted double structure in the peak at 12—
14-eV energy loss is clearly observed. The relative intensity
decrease of the high energy-loss partner of the peak upon
detuning the excitation energy corroborates its assignment to
an electronically dipole forbidden final state, whereas the low
energy-loss partner is assigned to transitions to an allowed
final state. In Ref. [18] RIXS spectra were predicted to com-
prise extensive well-resolved vibrational progressions with an
assumed experimental resolving power much lower than for
the spectra presented here. We believe that the discrepancy is
due to interactions neglected in the theory, e.g., the omission
of bend-mode excitations, and state mixing in the final states.
The present results suggest that both these effects are essential
to understand the RIXS spectra.

Finally, we note that the spectrum excited at 536.75 eV
differs substantially from spectra excited at lower energies.
This is due to the contribution of a 1o, 1350g 'S, Rydberg
state to the resonance, with an expected population of final
states with a valence hole and the excited 3so, electron as a
spectator. The sharp peak at 9.3-eV energy loss (see Fig. 1)
corresponds to a feature found in electron-energy loss spectra
[36], which indeed was assigned to the lrrg’ 13sag 11'18 state,
with likely valence mixing.

D. Excitations above the ionization limits

To analyze the spectrum excited on the Rydberg reso-
nance at 539.98 eV, we compare to the spectrum excited
at 542.65 eV, above the ionization thresholds (Fig. 3). The
comparison on the emission energy scale is relevant if
we assume a quasi-two-step picture of the RIXS process
where the electron excited in the first excitation step is
regarded as a spectator during the second decay step. The
Rydberg-excited spectrum will be further discussed in a model
based on this simple picture below. The intermediate state at
above-threshold excitation has the spectator electron in the
continuum, where the only influence on the emission is that
its energy distribution is reflected in the broadening of the
spectral features due to the finite lifetime of the intermediate
state [37]. The similarity of the two spectra (Fig. 3) shows
that this comparison is a good starting point for the analysis.
As usual the spectra can be put on the final-state energy
scale by subtracting the emission energy from the excitation
energy. For above-threshold excitation we use the core-level
ionization energy, 541.17 eV [24,27,32] as reference.

In the spectrum excited above the ionization limits
emission from all symmetries is allowed and we expect
transitions to the outermost 17'(8’1 2l'Ig, lrru’l n,, 30,;1 Zy.,

and 40,' 2%, ionic final states, with the adiabatic transi-
tions at 527.39, 523.86, 523.10, and 521.78 eV, respectively
[38,39]. This enables the assignment of the main features

542.65 eV
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(5s04 Rydberg)
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FIG. 3. RIXS spectra recorded for both linear horizontal (LH)
and linear vertical (LV) polarization, excited above threshold and at
the Rydberg resonance at 539.98 eV. Above threshold transitions
to the lng‘l [, (527.39 eV), 1z ! %11, (523.86 eV), 30, ! 2%,
(523.10 eV), and 40, ' *%, (521.78 eV) ionic final states are seen
(see Refs. [38,39]). We used the 4ag_] 2 ¥, final state to set the energy
scale. These well-known features are then used to assign the main
features in Fig. 3. As expected there are some intensity differences
between the final states observed in LH compared to LV which are
briefly discussed in the text, and the lifetime broadening is clearly
visible in the nonresonant spectrum. The two bottom spectra show
a zoom-in of the low-intensity regions highlighting the differences
between the polarization states in these energy regions.

in the spectrum excited above the ionization threshold (see
Fig. 3), in agreement with earlier studies [3,5,40].

Fine structure in the emission bands can be attributed
to vibrational excitations, and it was shown early on that
excitations of the core-hole localizing antisymmetric stretch
mode in the intermediate state must be taken into account
[3,41]. Thus, for excitation above the ionization threshold,
we expect emission not only from the vibronic ground state,
but also appreciable emission from the first antisymmetric
stretch excitation in the core ionized state (v; = 1) at 307-
meV [31] higher emission energy. Emission from these states
to v5 = 1 final states is expected to largely overlap with tran-
sitions between the vibronic ground states v; =0 — vy =0,
whereas transitions from v; = 1 to v; = 0 final states should
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be shifted towards higher energies on the order 307 meV.
We note that several features, e.g., 4crg’1 and 1w, ! peaks
have replicas on the high-energy side, see Fig. 3. We assign
these to such “vibronic-gain” transitions, and we note that the
observation of such antisymmetric stretch excitations in the
x-ray emission spectrum was the first observational evidence
of ultrafast symmetry breaking in molecular core ionization
[3]. The present data confirm the predictions in the early paper
in detail, especially for the 17, ! final state.

We note a slight polarization dependence, where emission
from orbitals of 7 symmetry is enhanced relative to emission
from o orbitals when the polarization of the incident radiation
changes from horizontal to vertical. This implies that the
continuum just above threshold is dominated by o symmetry,
confirming results from symmetry-resolved absorption mea-
surements [26].

For diatomics RIXS sensitivity to the parity of the contin-
uum is well established [1], here such an analysis must await
theoretical development.

E. Rydberg excitations

Compared to the spectrum excited above threshold the
overall shape of the spectrum is retained when exciting on
the Rydberg resonance at 539.98 eV (see Fig. 3), inline with
the assumption that there is one dominating intermediate state,
where the Rydberg electron couples only a little to the rest
of the system, and primarily acts as a spectator during the
radiative decay. At 539.98 eV the absorption spectrum is
dominated by the sharp 10,550, 'S, Rydberg resonance,
and consequently the most intense peak around 527.3 eV in
the RIXS spectrum is dominated by scattering to the electron-
ically allowed 1, 1SS(rg 11'[g final state.

Also at lower emission energy, in the 521-524-eV region,
we observe features which are narrower than the lifetime
width of the intermediates state. These features are assigned
to transitions to final states far above the 1, n ¢ ionization
limit at 13.78 eV [39], corresponding to emission energies
below 526.2 eV. Most of these states are difficult to observe in
VUV absorption, electron-energy loss, and other low-energy
methods [36,42,43] due to the high background of contin-
uum states. We assign the single sharp peak at 521.5 eV,
corresponding to transitions to a final state with an energy of
18.48 eV, to the ground vibrational state of the 40~ 15S0'g IE;
state, i.e., a state where the hole is in an orbital of primarily C
2s character and the electron in a gerade Rydberg orbital.

The polarization dependence for 12; for the linear

molecule is given by ;—h = 2, which is fully confirmed by
the observation of the enhancement of the signal at vertical
polarization [see Fig. 1(b)]. The polarization dependence of
transitions to final states at 522.4 and 522.6 eV (see Fig. 3),
corresponding to final-state energies 17.58 and 17.38 eV, also
implies ' ©F symmetry.

By comparing to the spectra excited above threshold it
is natural to assign these peaks to electronically dipole-
forbidden transitions to the 30, '5s0, ' final state. If this
state indeed is inversion symmetric, the scattering channel
would only be allowed by antisymmetric vibrational excita-
tions, and we tentatively assign the peaks to such excitations in
30, 1550, 12,7, Using the polarization dependence the double

peak at 523.1 eV, corresponding to 16.88-eV final-state en-
ergy, can be assigned to the 17, 15sag 1, final state. Again,
for the total final-state wave function to be symmetric the
vibrational excitations must be antisymmetric. As in the case
of valence excitations, vibronic coupling in the final states
may hamper the assignment in terms of separate vibronic and
electronic excitations.

In the following we turn our attention to the spectral region
around the main peak around 527.3-eV emission energy,
which primarily is assigned to the 1n’15sag IHg final state
(see Fig. 3), and show it on the energy-loss scale in Figs. 4(b)
and 4(c).

Additional features that appear close to the main peak
[see Fig. 4(b)] cannot be exclusively explained by vibrational
excitations in the same electronic final state, indicating that
also other electronic states are populated. In a two-step picture
the population of final states in which the Rydberg electron is
in an orbital which is not excited at resonance can be thought
of as spectator shake-up or shake-down during the second
emission step of the process. Such processes have earlier been
termed radiative Auger [44] and radiative electron rearrange-
ment [45]. However, the cross section for such processes is
small. For atoms it has been predicted that the probability
for Rydberg-spectator shake processes is small [46], and for
the N, molecule we showed that present state-of-the-art close-
to-threshold excited Rydberg RIXS spectra can be described
without taking such processes into account [21]. For the
analysis of the N, spectrum we developed a simple model
to account for apparent Rydberg shake process in the decay
step [21]. The model showed that the observations could be
understood by taking Lorentzian-tail excitations into account,
i.e., by assuming that the probability for excitation of a certain
final state is determined by the finite Lorentz amplitude of
the state at each specific excitation energy. Here we apply the
same model to the 1o, 550, ! &, resonance in CO,.

To perform the analysis a series of assumptions has to
be made, and we describe the procedure below. We model
the absorption spectrum to estimate the tail contributions for
close-lying states [see Fig. 4(a)]. We use the assignments
of Ref. [26] and to optimize the model we recalculate the
quantum defects (QD) with the ionization threshold 541.17 eV
from Refs. [24,27,32]. To fit the data properly the QD for the
first vibrational component of the so, series (labeled so, +
001 in Fig. 4) was changed from 1.63 to 1.66 for n = 5. In
addition to this we note that the tabulated QD for 70, deviates
strongly from others in the same series, we thus chose to keep
the same QD for 70, as for 60,.

Here we also make the model assumption that the vibra-
tional excitations in the core excited Rydberg states are the
same as in core-level photoemission [31], and we simulate
the broad valence-mixed 4so, resonance around 539 eV by
multiple ad hoc Lorentzians. For all states we use a lifetime
broadening of 165 meV [31,32].

The simple model assumes that a Rydberg orbital is
populated in a first excitation step and stays in this orbital
during the second decay step of the scattering process, and
that the quantum defect is identical in the intermediate and
final states. As seen in Figs. 4(b) and 4(c) the model gives
intensity for not only the main peak which is dominated by the
lm, 1550, (12.78 eV) final state, but it also gives appreciable
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FIG. 4. (a) The absorption spectrum close to the Ols ionization
threshold, and the model used to estimate the tail excitations when
the excitation energy is tuned to 539.98 eV. The * of so, + 001
indicates that the QD for n = 5 in this series deviates from tabulated
values, this was needed to get a reasonable fit around 540 eV. (b) The
contributions to the final states without vibrational excitations in
a zoom-in of the Rydberg-excited RIXS spectrum, which is also
shown in Fig. 3. The model assumes that energy spacing between
the Rydberg states is the same as for the core-excited Rydberg
states assigned in Refs. [26,27]. (c¢) Estimated dipole-allowed stretch
vibrations are added to fit the main peak, and the intensity ratios are
assumed to be the same for the other gerade states.

spectral weight for final state 177, 450, (11.75eV), lm, 3dm,
(12.55 eV), and I, '4pm, coinciding with the main peak.
Around 13.3-eV intensity for the 17, 16507, I, '4dm,, and

lm, '5pm, are predicted by the model. In spite of the sim-
plifications this model gives a tentative assignment and a
qualitative understanding of the main features. To account for
the remaining discrepancies we discuss vibrational excitations
in the next step [see Fig. 4(c)]. Again, we assume that the
Rydberg electron has little influence on the potential surface,
so that the vibrational energies for the ionic ground state [39]
can be used. Further, we assume that only the symmetric
stretch is excited in electronically gerade states, and only the
antisymmetric stretch in electronically ungerade states.

With the inclusion of vibrational excitation this simple
model captures most features of the spectrum [see Fig. 4(c)].
This concordance suggests that the spectrum can be under-
stood without consideration of Rydberg shake processes, and
that it does not provide evidence for any violation of dipole
selectivity.

In the following we briefly discuss the remaining discrep-
ancies. The features are broader than what is accounted for
by the instrumental resolution and the model assumptions.
We believe that this is due to the omission of bending-mode
vibrations, which remain unresolved.

The intensity of the 1, 1450, state is not fully accounted
for in the model, nor is the vibrational energy spacing. We
believe that, due to valence-Rydberg mixing, its potential
surface is different from that of the ionic surface. The peak at
12.4 eV is tentatively assigned to the 17, 13dn, states, thus re-
quiring a low-energy shift of around 0.15 eV of the predicted
peak position. This would indicate that the 3dm, electron is
more tightly bound to the final-state valence hole than to the
intermediate-state core hole, in line with the assignment of
the corresponding electron energy loss [42], and VUV optical
[43] feature at 12.27 eV. With the same techniques a feature
at 12.50 eV is assigned to 17rg‘14p7ru final states, and we
speculate that also this electronically dipole-forbidden state
is pulled down below the main peak and may contribute to the
intensity in this region.

To describe the spectrum in detail, theoretical development
is called for, and if shake processes are found to be significant
they must take into account not only lifetime-vibrational but
also lifetime-electronic-state interference.

IV. CONCLUSION

The complex RIXS spectra excited at the oxygen K edge
of CO, allows for a number of conclusions. The coherent
description of the RIXS process is manifested by the ob-
servation that only gerade vibrational modes are excited in
scattering to the electronic ground state. This implies that
parity is conserved in the RIXS process as dictated by the
dipole selection rule, also when extensive bend and antisym-
metric stretch vibrations are excited in the intermediate state.
Electronically excited final states are accompanied by sub-
stantial vibronic excitations. They are typically not described
within the Born-Oppenheimer approximation, which hampers
symmetry identification. Bend-mode excitations, omitted in
earlier theoretical treatments, turn out to be crucial for the
description of the spectra. Spectra excited above the ionization
limit clearly resolve emission from antisymmetric stretch
vibrations in the ion, thereby confirming early predictions
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from the pioneering work on dynamic symmetry breaking.
The polarization dependence confirms that the continuum
just above threshold predominantly has o character. Finally,
a Rydberg resonance selectively populates final states, high
above the valence ionization limit. These states, which cannot
be identified by low-energy methods, are assigned via the
polarization dependence of the spectra. Apparent radiative
electron rearrangement, or Rydberg electron shake processes,
in the decay step is explained using a simple two-step model
that assumes that the Rydberg electron excited in the first step
stays as a spectator during the decay, takes the Lorentzian
tails of all contributing intermediate states into account, and
requires that parity is conserved. This model accounts for the
gross features of the spectrum.

In general the observations reported here demand theoreti-
cal development. This is especially urgent as larger inversion
symmetric systems are addressed at the new and upcoming
high-resolution RIXS facilities.
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