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Symmetry-resolved x-ray absorption spectroscopy has been first carried out on high-temperature
molecules. From the angle-resolved ion yield spectra of CO, both at room temperature and at 430 °C,
symmetry-resolved absorption profiles of the C 1s~!27, and O 1s~ 2, resonances have been extracted
for the vibrational ground state molecules and bending-vibration excited ones. The profiles change
dramatically between them, and the Renner-Teller effect becomes more evident for the vibrationally
excited molecules. The effects of the multimode vibronic coupling are suggested for the O 15~ 127, and O

1s~'3s0, resonances.
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The carbon dioxide molecules CO,, besides being a
greenhouse gas, are very important from an astrophysical
point of view. CO, constitutes about 95% of Venus’s
atmosphere, the average surface of which is ~460 °C. At
such temperatures, the molecules are partially vibration-
ally excited and these molecular vibrations must be taken
into account for proper atmospheric modeling [1].
However, there are only a few studies of vibrationally
excited hot molecules in the region of the extreme vacuum
ultraviolet absorption spectroscopy [2] and in the area of
low-energy electron collisions [3]. To our knowledge, no x-
ray absorption study has been reported so far on any hot
molecules. This Letter reports the first x-ray absorption
study on the hot CO, molecules.

The CO, molecules are also the most suitable and
simplest system to study the interaction between nuclear
and electronic motions, often called vibronic interaction.
The vibronic interaction has been one of the key issues in
molecular physics since its effects are widely spread, even
to solid state physics and material science [4]. Here we cite
only some works directly related to the present work on
C 1s and O 1s core excitations of CO, [5—14]. The stable
geometry of CO, in the ground state is linear and belongs
to the D, point group. A promotion of the 20, (C 1s) core
electron to the lowest unoccupied molecular orbital 27,
leads to the doubly degenerate I1,, state that splits into two
as a consequence of vibronic coupling via the bending
vibration v,, referred to as the Renner-Teller effect
[5,8,10,12]. Removing one O 1s core electron, or promot-
ing it to a Rydberg orbital, leads to symmetry lowering as a
consequence of vibronic coupling, referred to as the
pseudo-Jahn-Teller coupling, which mixes the nearly de-
generate states lo,' and 1o, ' via the antisymmetric
stretching vibration v; [6,7,13]. In the present work, we
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demonstrate that the vibrational excitation of the CO,
molecules dramatically affects the x-ray absorption profile
because of the enhanced vibronic coupling effects.

The experimental technique we employ here is angle-
resolved ion yield spectroscopy, whereby fragment ions are
detected parallel and perpendicular to the light polarization
vector E, hereafter referred to as the 0° and 90° spectra,
respectively. This technique is often called symmetry-
resolved absorption spectroscopy [15] based on the fact
that the direction of ion ejection directly reflects the axis of
the linear molecule at the time of photoabsorption (axial-
recoil approximation) [16,17]. This means that fragment
ions from the 3 — 3 and X — II transitions are detected
preferentially in the 0° and 90° directions, respectively. It
has been demonstrated that this technique is also very
powerful in studying vibronic coupling effects in linear
molecules [8]. Using this technique, Yoshida et al. charac-
terized the splitting of the C 1s~'27, state into Renner-
Teller states, i.e., the bent A; and linear B, states [12].

The experiment has been carried out at the beam line
27SU at SPring-8 in Japan, using a high-resolution soft
x-ray monochromator [18]. Two identical ion detectors, to
each of which a retarding potential of 6 V is applied, are
mounted at 0° and 90° with respect to the E vector [11].
The angle-resolved measurements of the ion yields using
these detectors have been carried out at room temperature
and at 430 °C. The high-temperature sample gas was pro-
duced by the resistively heated molecular beam source. A
47r-sr ion detector is placed 250 mm away and used to
measure the total ion yield (TTY) simultaneously with the
angle-resolved ion yields. Note, however, that the TIY
spectra always represent room-temperature spectra, since
we use the residual gas in the vacuum chamber for the TTY
measurements. The pressure in the vacuum chamber was
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~8 X 107* Pa during the measurements. The photon
bandwidth of the monochromator was set to 38 meV for
the C 1s excitation region and to 50 meV for the O 1s
excitation region. The photon energy scales were cali-
brated using the peak energies, 290.77 [19] and 535.4 eV
[5] for the C 1s '27, and O 1s '27, resonances,
respectively.

In each of the spectra measured at room temperature and
at 430 °C, the baseline, comprising contributions from the
valence ionization and ionization by the second order and
assumed more or less constant, was first subtracted. Then it
was assumed that the total number of populations was
conserved between the ground state and the combined
vibrationally excited states. According to the above as-
sumption, the combined spectra [ = I(0) + 2 X I(90)
were normalized to the same area for both room- and
high-temperature measurements, so that the change in the
density of the molecules in the source volume by the
temperature difference was compensated. The normaliza-
tion coefficients thus obtained were then applied to the
original 0° and 90° spectra, which are presented in Figs. 1
and 2, for the C 1s~'27, and O 1s~'27, resonances,
respectively. The simultaneously measured TIY spectra
are also included for reference. The room-temperature
spectra are in good agreement with previous measurements
recorded with similar resolutions [9—12].
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FIG. 1 (color online). Absorption spectra in the CO,
C 1s~!27, excitation region: (a) 0° spectra measured at room
temperature and at 430 °C and the TIY spectra; (b) extracted
ground and vibrationally excited state 0° spectra. (c),(d) 90°
spectra with same descriptions as (a) and (b), respectively.

All measured ion yield spectra can be taken as compris-
ing of two “pure”” photoabsorption spectra—one from the
ensemble of molecules in the vibrational ground state and
the other in the vibrationally excited state. The population
of these ensembles is given by the Boltzmann distribution
at a given temperature. In our case of CO,, the first vibra-
tionally excited state, at 83 meV above the ground state, is
due to a bending vibration [20]. The Boltzmann distribu-
tion probabilities of 74.6% and 95.6% were assumed for
the ground state at 430 °C and at room temperature, re-
spectively. Solving the two simultaneous equations derived
from these probabilities, we obtain the following relation-
ships between the measured spectra I, and I, and the
pure spectra Ioroung and Leygiieq:

Iexcited = 4-545(Ihot - 0-7801r00m)’ (D

Iground = 0‘211(5'773Ir00m - Ihot)' (2

At these temperatures, the probability of exciting thermally
two quanta of the bending mode is very small, being only
~4.8% for v, = 2, and, thus, we will regard . .q as a
spectrum from the molecules in the first vibrationally
excited state. Based on Egs. (1) and (2), the excited and
ground state angle-resolved absorption spectra were de-
rived from the measured room-temperature and 430 °C
spectra and for the two detection angles of 0° and 90°.
These results are shown in Figs. 1 and 2, for the C 15127,
and O 1s~'27, resonances, respectively.
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FIG. 2 (color online). Absorption spectra in the CO,
O 15~ '27, excitation region. See the caption of Fig. 1 for
details.
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First we consider the C 1s~'27, resonance. As men-
tioned earlier, the C 15~ 277, photoabsorption takes place
preferentially for the molecules whose axes are aligned in
the direction at 90° to E. Therefore, in the limit of the
axial-recoil approximation [15-17], energetic fragments
from the linear CO, molecules can be detected only at
the 90° angle. The C 1s~ 27, state, however, splits into
two due to the Renner-Teller effect, the lower-energy
branch being the bent A; state and the higher-energy
branch the linear B, state [5,8,10,12]. The formation of
the bent geometry in the core-excited state violates the
axial-recoil approximation. The detection of fragment
ions by the 0° detector reflects the bending motion of the
molecules in the bent A, state [8,12].

We first compare the ground and excited state 0° spectra
in Fig. 1(b). These spectra include only the excitation to the
bent C 157127, A, state. The band profile of the excited
state spectrum is much broader and its peak energy is
shifted to lower photon energies by ~0.4 eV, in compari-
son to the ground state spectrum. The broadening and shift
can be understood with the help of the potential curve for
the A, state as a function of the O-C-O angle. The potential
curves in Fig. 3 are generated from the results given in
Ref. [14]. The ground electronic state of CO, is linear, and
the nuclear wave function of the ground state has its
maximum at the O-C-O angle of 180°. Because of the
Franck-Condon principle, the photoabsorption from the
vibrational ground state to the bent A; state preferably
populates vibronic states with energies close to the top of
the central maximum, since their wave functions also have
maxima near the 180° O-C-O angle. On the other hand, the

(a) C1s'2n,

Potential energy (eV)
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FIG. 3. Potential energy curves for the C 1s 27, A, and
O 1s~ 27, A, states as functions of the O-C-O angle, calculated
using the Hartree-Fock approximation within the equivalent core
model. The curves are generated from the results given in
Ref. [14].

nuclear wave function for the first excited level of the
bending mode in the electronic ground state has a node
at the 180° O-C-O angle, and the probability density
maxima are shifted away from 180°. By projecting these
maxima onto the potential energy curve of the excited
state, i.e., in the reflection approximation, it can be seen
that the photoabsorption now preferentially reaches the
vibronic states with energies lower than the local maxi-
mum of the A state, where the slope of the potential curve
is steeper than at 180°. Note that the width of the vibra-
tional envelope is determined by the rate of change slope of
the potential curve, i.e., the slower the change of slope, the
narrower the feature, and vice versa. Thus, already this
qualitative argument predicts a broadening and a shift
towards lower photon energies of the vibrational envelope
in the photoabsorption spectrum for the vibrationally ex-
cited state, compared to the ground state spectrum.

Contrary to the 0° spectra, the 90° spectra in Fig. 1(d)
include both contributions from the bent A; and linear B,
states. The excited state spectrum has a longer low-energy
tail than the ground state spectrum. This low-energy tail
mimics the low-energy part of the 0° spectra and, thus, can
be attributed to the contribution from the bent A, state. The
main peak and the high-energy tail, on the other hand, can
be attributed to the linear B; state. The peak energy and the
profile of the higher-energy tail do not change between the
excited and ground state spectra, suggesting that the po-
tential curves along the bending motion for the ground and
B, state are parallel. See the discussions above (and below)
on the relationship between the spectrum energy position
and profile and the potential curve.

Now we consider the O 15~ 27, resonance spectra. The
ground and excited state 0° spectra in Fig. 2(b) do not
include the excitation to the linear O 1s~'27, B, state.
Thus, the main peak is attributed to the photoabsorption to
the bent O 15~ 127, A, state. The peak energy of the A,
band in the excited state spectrum is shifted towards lower
photon energies by ~0.8 eV relative to that in the ground
state spectrum. This shift is 2 times larger than that in the
C 1s 27, resonance spectra in Fig. 1. The broadening of
the A; band in the excited state spectrum relative to that in
the ground state spectrum is not as dramatic as that in the
C 1s~'27r, resonance spectra in Fig. 1. These differences
can be explained with reference to the difference between
the potential energy curves between the C 15127, A and
O 1s '2m, A, states illustrated in Fig. 3. The photoab-
sorption from the ground and excited states to the A; state
reaches the vibronic states with energies at the O-C-O
angles close to ~180° and at smaller O-C-O angles, re-
spectively. The potential curve of the O 15~ 27, A, state
has a cusp structure at 180° sharper than that of the
C 1s7'27, A, state. As a result, the energy shift in the
absorption peak in the excited state spectrum relative to the
ground state spectrum is much larger in O 1s~!277, than in
C 15~ '27,,. However, the slope of the potential curve does
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not change much at the O-C-O angles concerned and, thus,
the similarity in width between the vibrational envelope of
the ground state and that of the excited state spectra. These
features contrast with those for the C 1s~!'2, resonance,
where the width of the vibrational envelope changes dras-
tically depending on whether the initial state is vibration-
ally excited or not. The shoulder at the higher-energy side,
above 535.9 eV in the ground state spectrum, is attributed
to the photoabsorption to the O 1so,, 13s0g2u state. In the
excited state spectrum, the 3s band stands out clearly
separated from the A; band.

The ground and excited state 90° spectra in Fig. 2(d)
include excitations to both the O 1527, B, linear and A,
bent states as well as the O 1so,, 13s0'g2;{ state. As dis-
cussed for the C 1s~!277, A; and B, states, the B, state is
located at higher energies than the A; state. Thus, the
energy of the main peak in the 90° ground state spectrum
is slightly higher than that in the ground state 0° spectrum.
In the excited state 90° spectrum, the three components
become more clearly visible. The main peak at 535.1 eV
can be attributed to the linear B, state. Both the low-energy
tail below 534.5 eV and the high-energy broad peak above
536 eV mimic the excited state 0° spectrum, the low-
energy tail being attributed to the bent A, state and the
high-energy broad peak to the 350, band. The 350, band
appears in the 90° spectrum because of the vibronic cou-
pling between the O 1so, '27,I1, and O 1so; 3507, 3,
via the bending vibration with 7, symmetry, i.e., the so-
called pseudo-Jahn-Teller coupling. The 3s band in the 90°
spectrum 1is thus assigned to the O lsa'g_13sag2g ® 7,
(odd number of vibrations) II, vibronic state.

There are a couple of points which cannot be explained
within the framework of only the single-mode vibronic
coupling outlined so far. First, the peak energy in the
excited 90° spectrum, which is attributed to the
O 1s7'27, B, band, is shifted down by ~0.4 eV in
comparison to that in the ground state 0° spectrum. This
contrasts with the fact that the corresponding peak energy
for the C 1s~'27, B; band does not change when the
initial state is vibrationally excited. Second, the peak en-
ergy of the 3s band in the excited state spectrum is shifted
up in comparison to that in the ground state spectrum. In
case of the O 1s excited states, both Renner-Teller coupling
via the bending vibration v, and pseudo-Jahn-Teller cou-
pling via the antisymmetric stretching vibration v play a
significant role. Thus, multimode couplings which involve
these two vibrational modes are also expected. A theoreti-
cal study which includes multimode vibronic couplings
seems to be indispensable to fully understand the O 1s
absorption spectra of the vibrationally excited CO, mole-
cules. For details on these multimode vibronic couplings
and their effects, see Ref. [21], and references therein.

In conclusion, we have for the first time succeeded in
obtaining symmetry-resolved Xx-ray absorption spectra of
the vibrationally excited CO, molecules in the regions of
the C 15~ '277, and O 1s~ 27, resonances. The enhanced
Renner-Teller effect has been observed for both resonances
and qualitatively explained referring to the relevant poten-
tial curves. Some observations for the O ls excitation
suggest the effects of multimode vibronic couplings and
remain a challenge for further theoretical study for the
complete elucidation.
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