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Rydberg-valence (RV) mixing and doublet-quartet (DQ) interchannel coupling in the core-excited states of
triplet open-shell O, are experimentally and theoretically unveiled through the resonant inelastic x-ray scattering
around the O 1s — o, resonance. Ab initio calculations explain complicated excitation energy dependence of
the spectral profile by the interplay of the DQ interchannel coupling under the presence of the RV mixing.
Complicated intermediate states with valence and/or Rydberg character are successfully analyzed through the

filtering of pure valence and pure Rydberg final states.
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I. INTRODUCTION

Nonadiabatic interaction between potential energy surfaces
of different electronic states is a fundamental phenomenon
to determine dynamical processes including the coupling of
nuclear motion with electronic states (vibronic or electron—
molecular-vibration coupling) in physics, chemistry, and bi-
ology. However, interaction even between two states has not
yet been fully understood [1]. Recently, by using femtosecond
lasers, control of chemical reactions in a simplified system is
made possible and even artificial potential energy curve (PEC)
crossings can be manipulated under intense laser fields [2].
To carry out such advanced studies of complicated excitation
dynamics, we need to accumulate detailed information on the
interaction of PECs experimentally and theoretically. We can
now use not only lasers but also intense x rays from recently
available high-brilliant synchrotron radiation and free electron
lasers. The PEC crossing between bound and dissociative
states is one of the most fundamental interactions. The core-
to-Rydberg and o* valence excited states are typically bound
and dissociative [3]. O, has a weak o bond in the triplet ground
state (3Zg‘) andits O 1s — o (30,) excitation level is lowered
into the Rydberg region. Then, x-ray absorption spectroscopy
(XAS) shows extremely complicated spectral features due
to the Rydberg-valence (RV) curve crossings in the doublet
(*z,,) and quartet (£, ,) ionization manifolds [4,5]. In the
present work, we use intense tunable soft x-rays to observe res-
onant inelastic x-ray scattering (RIXS) from the core-excited
states and successfully analyzed not only the RV interaction
but also the doublet-quartet (DQ) interchannel coupling in
the doublet and quartet ionization manifolds [6]. Our idea
is to observe RIXS between these complicated intermediate
states and several well-characterized final states after the
symmetry-selective dipole transition. Based on a similar idea,
resonant photoemission between the intermediate and final
states has been measured but its analysis is not straightforward
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or conclusive between the neutral excited state and the ionized
state after the nondipole Auger decay [7-9]. Very recently, a
high-resolution RIXS profile of O, demonstrates spatial quan-
tum beats caused by interference between scattering channels
through the two (doublet and quartet) core-hole dissociative
states [10]. However, the contribution from Rydberg states is
not discussed from the viewpoint of the RV mixing. The im-
portance of both the RV mixing and DQ interchannel coupling
has not yet been recognized in O 1s RIXS of O, [10-13],
though recent progress of synchrotron radiation sources and
soft x-ray emission spectrometers makes RIXS an excellent
tool to reveal the excitation dynamics of the intermediate and
final states in the second-order optical process.

II. EXPERIMENT

Figure 1 displays the present O 1s RIXS spectra of O,,
showing strong incident photon energy (hv;,) dependence. The
RIXS spectra were measured by using a high-performance slit-
less spectrometer equipped with the compact flange-mounted
liquid and gas flow cell with a 150-nm-thick Au-coated SiC
membrane window [14]. The spectrometer is installed at the a
branch of the soft x-ray undulator beamline BL17SU, SPring-8
[15,16]. The energy resolution of the incident photon beam
was set to be about 65 meV at 530 eV, and its degree of
circular polarization P, was about 0.98. The use of circular
polarization light ensures that the RIXS cross sections are free
from the anisotropy effects. The energy calibration was done
by measuring total ion-yield XAS spectra of O, gases.

III. THEORY

The intermediate states in the RIXS process of O, (X 32@
have the ’%; and 1, symmetries and have O 1s ion
core channels of four different symmetries *S,, and %,
(hereafter denoted simply by [Q, ] and [D, ,]). Then, the
final states have the > and *TT, symmetries and have valence
ion core channels of eight different symmetries: quartet and
doublet, IT and X~, and gerade and ungerade. The XAS
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spectrum shown in Fig. 1 includes the O /s resonant excitation
to the valence-type state o,[D,] and the 3so,, 3po,, and
3 pm, Rydberg-type states, and also the off-resonant excitation
above the O 1s ionization thresholds 543.4 eV (Qg,) and
544.4 eV (Dg ). Following the previous discussion [17],
o, [D,] is based on the picture of the diabatic representation
for the o, electron bound in the D, (zEg_ ) channel but can
be coupled with 6,7[Q,] within the same dipole-allowed *%,
symmetry. In the Rydberg states, the DQ interchannel coupling
among [Q,], [Q,], [D,], and [D,] is quite small, though the
3po,[Q] Rydberg state is strongly mixed with the o) [Q,]
state having the DQ interchannel coupling with the o7 [D,] in
the Franck-Condon region [6].

Figure 2 shows ab initio PECs of the core and valence
ionized states, responsible for the off-resonant x-ray emission
spectrum [Fig. 1(f)]. Figure 3 shows ab initio PECs of the core
and valence excited states, responsible for the RIXS spectra
shown in Figs. 1(a)-1(e). The splitting between core-ionized
gerade and ungerade states in ab initio predictions using the
symmetry-adapted molecular orbitals (MOs) is very small in
0, (0.03 eV in “=~ and 0.004 eV in 2~ [18]), which ratio-
nalizes the use of the same PECs obtained using the localized
core orbital for gerade and ungerade channels. Therefore, the
core ionized and core excited state PECs [Figs. 2(a) and 3(a)]
were taken from the previous configuration interaction (CI)
calculations using the localized core orbitals [4,6], which show
faster convergence to variationally lower energies. On the other
hand, the valence ionized and excited-state PECs [Figs. 2(b)
and 3(b)] corresponding to the final states of the off-resonant
x-ray emission and RIXS processes were calculated using
the ground-state (delocalized) MOs. The basis set and CI
scheme was the same as the previous one [6] using the GSCF3
program package [19,20]. Since the CI calculations using the
ground-state MOs show very slow convergence to describe the
core ionized and excited states, the transition dipole moment
was regarded as independent of the internuclear distance. In
addition, some small energy shifts (0.5-1.0 eV) in the final
state PECs were introduced.

IV. COMPARISON BETWEEN EXPERIMENT
AND THEORY

Figure 4 shows the theoretical RIXS and off-resonant spec-
tra obtained by the time-dependent solution of the Schrodinger
equation [21,22] using the PECs shown in Figs. 2 and 3.
This approach treats the resonant x-ray scattering as the
one-step process and allows us to take into explicit account
the vibronic (or nonadiabatic) coupling in the intermediate
core-excited state [6] and the DQ interchannel coupling. Let
us first discuss the off-resonant x-ray emission spectrum
at hvy, = 549.56 eV in Fig. 1(f). There are four possible
intermediate core-ionized states ‘S, ‘S, T, and %
In the case of the off-resonant condition, all the scattering
channels are independent and the total spectrum is obtained
as a superposition of the individual channels. Theoretical off-
resonant x-ray emission spectra are shown in Fig. 4(f), where
the lifetime broadening of the core-ionized state at HWHM
is 80 meV (Lorentzian) and the instrumental broadening at
HWHM is 250 meV (Gaussian). Each peak assignment is
the same as the previous one [11]. The low-lying valence
ionized states with the binding energy (ionization energy) of
1225 eV are le'Ig, a'll,, AT1,, b42g’, B 22;, and C4E;,
where the scattered photon energies hv,, for the quartet and
doublet final states are determined relative to the quartet and
doublet ionization thresholds, 543.4 eV (Q, ,) and 544.4 eV
(Dg ), respectively. The theoretical intensity of the X 1, final
state is overestimated due to the accidental self-absorption
effect in the vicinity of the O 1s — 7, (17,) resonance energy
(hvi, = 530—-531.5eV) in the experimental spectrum. A small
peak around hv;, = 527.5 eV (as well as another smaller and
broader peak at hvy, = 528.7 eV) is not found in the ab
initio calculations. It is shown experimentally that this feature
increases the intensity with the increase of the excitation
photon energy (not shown here) and is dependent on the
excitation source, photons or electrons [11]. Therefore, the
satellite features of hvyy = 527—529 eV in the off-resonant
spectra may arise from the x-ray scattering processes involving
shake-up states.
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FIG. 2. (Color online) PECs for the electronic states responsible
for the off-resonant x-ray scattering. Panels (a) and (b) show
intermediate core-ionized states and final singly ionized valence
states, respectively, where solid lines denote doublet states and dashed
lines denote quartet states. The energy is relative to the minimum
energy E, of the ground-state PEC.

V. DISCUSSION

Let us now discuss the RIXS feature and its hv;, depen-
dence. The RIXS profiles are well reproduced with the help
of the wave-packet simulation as shown in Fig. 4. However,
the long tail to the lower emission energy observed in all the
experimental spectra is not reproduced and may arise from
several highly (multiply) excited states with small transition
probabilities, which are not included in the present PEC
calculations. For the excitation energies hvy, = 538-540 eV
[Figs. 1(a)-1(d)] at the 1s — o resonance, the intermediate
states are complicated; that is, in the dipole transition to
3%~ and 1, states from the X 3Zg’ ground state of O,, we
have to take into account the valence states, o;[D,] and
0,1Q,], and the Rydberg states, 3s0,[Q,], 3s0¢[D,], and
3p0,[Qg] in the 32; manifold, and an isolated Rydberg state
3pm,[Qg] in the 3l'IMmanifold [23]. As shown in Fig. 3(a), the
core-excited valence o) states interact nonadiabatically with
the 350, and 3po, Rydberg states near the Franck-Condon
region (R~1.2 A) [6]. In order to understand the detailed
RV mixing effects in the RIXS profile, we have chosen five
typical excitation energies around the ls — o resonance
as captioned in Fig. 1. Figure 3(b) shows PECs of some
low-lying valence-excited 3237 and 1 . states. The lowest

P, and 2 M, excited states with the 30, — lx} and
ln;‘ — 350,(350,[X 11 ¢]) configurations were discussed by
Lewis er al. [24], but other S, and T, states responsible
for the RIXS features have not yet been discussed. In the
32]5,_ manifold, the excited states with the 3 pm, [a “T1,,, A 21,1,

3sog[b 42;,3 225,_], 3poulc?s 1, and of[c*Z, ] configura-
tions are contributive to the RIXS feature; on the other hand,
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FIG. 3. (Color online) PECs for the electronic states responsible
for the resonant x-ray scattering. Panels (a) and (b) show intermediate
core-excited states and final valence-excited states, respectively. The
energy is relative to the minimum energy E of the ground-state PEC.

in the 1 ¢ manifold, the excited states with the 3so,[X 11 ol
3po,la aI1,,A41,], oila 1,,A41,], and 3pm,lc 42,;] con-
figurations are contributive.

Figures 1(a)-1(c) shows a rather sharp peak at hvy, =
526.7 eV. The present CI calculations do not show such a
low-lying molecular state. The energy position of this peak is
not dependent on the excitation photon energies hvy,, and it
disappears when hvj, is tuned to the bound 3 pm, Rydberg
state with no contribution from o, [3pm,[Q,]; Fig. 1(e)].
It allows us to assign this peak to an atomic emission
O* (1525s%2p°3P) — O (1s*2s%2p*3P) after the ultrafast
dissociation along the repulsive o, state. This atomic transition
is discussed in a recent high-resolution RIXS measurement
[10]; the ultrafast dissociation is also found in the atomic
Auger transition of O* (152522 p° 3P) [25]. The atomic peak is
simulated in Fig. 4 by using a Gaussian function.

The main RIXS feature (1) with hvy,, = 525.2 eV is dom-
inant for the resonance energy hvi, = 538.3 eV, as shown in
Fig.4(a), and is assigned to the transition from the pure valence
state o,/ [D,] with a small contribution of 67[Q, ] to the valence
final states 3 1 g and 4 Ryl ¢ shown in Fig. 3, where 3 Ryl ¢ and
4°T1, have main configurations of ¢*[A 1,] and o, [a ‘1, ]
and the transition probabilities are mainly given by [D,] —
[AZT,] and [Qg] — [aT1,]. The scattered photon energies
hvoy of the final states 3°T, and 4°[1, are smaller than the
off-resonant x-ray emission to the final states A 1, and a *I1,,.
This means the binding energy (term value) of the o, electron
in the valence ion cores A A1, and a ‘T, is smaller than that
in the Ols ion cores 42; and zEg‘, as indicated in Fig. 3.

In addition to the main RIXS feature (1), two side
features are found at hvyy, = 524.4 eV (2) and 526.1 eV (3).
The intensities of the side features are strongly dependent
on the excitation energy. Feature (3) is growing up to the
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FIG. 4. (Color online) Theoretical simulations of the incident

photon energy dependence of the RIXS spectra (a)—(e) near the
Is — o, resonance in O,, in comparison with the experimental
spectra (circles). The final states observed are strongly dependent
on the character of the intermediate states. The off-resonant x-ray
emission spectra (f) are also shown. The vibrational structure is
smeared out in the off-resonant case due to large lifetime broadening
in the core-ionized state.

resonance energy hvi, = 540.21 eV, as shown in Fig. 4(e).
The resonance at hvy = 540.21 eV in the XAS spectrum
corresponds to the pure 3pm,[Qg] Rydberg state. Feature
(3) is assigned to the transitions to the 232; and 332;
Rydberg states with main configurations of 3pm,[A 11,]
and 3pm,[a “Tl,]character. The transition probabilities are
mainly given by [Qg] — [a “T1,]. The RIXS feature at hvyy =
526.1 eV is almost the same as the off-resonant x-ray emission
energy to A1, and a“T1, in Fig. 4(f). This is reasonable
considering the binding energy (term value) of the Rydberg
electron in the valence ion core is almost the same as in the
Ols ion core.

On the other hand, the lower energy feature (2) appears
when the excitation energy is tuned to the main peak in
the XAS resonance band hvy,, = 539.01 eV [Fig. 4(b)],
corresponding to the intermediate state of dominant 350,[Q,]

PHYSICAL REVIEW A 85, 032503 (2012)

character. The final state is 4% ¢ With a main configuration of
3s504(b 4Zg’] and the transition probability is mainly given by
[Q.]— [b 4Eg]. The RIXS features with Ave, = 523.2 and
531.5 eV are clearly observed at hvy,, = 540.05 eV [Fig. 4(d)].
The final states are 5 32; and 2 [T , Withmain configurations of
3s0,[B 22;] and 3s0,[X 11 g], respectively, and the transition
probability is mainly given by [D,] — [B zEg’] and [X A1 g],
indicating the 3so0,[D, ] state shown in Fig. 3 is contributive to
this excitation energy in the XAS spectra. The RIXS features
at hvgy = 524.4, 523.2, and 531.5 eV are almost the same as
the off-resonant x-ray emission energy to b*S,, B’%,, and

X1 ¢ [Fig. 4(D)], respectively. This is reasonable considering

the Rydberg character as above mentioned. The intensity of
feature (2) decreases rapidly as hvy, becomes larger than the
ls — o, resonance (above 540 eV). The appearance of this
resonance in the RIXS profile is a direct consequence of the
350, Rydberg component in the core-excited states. In this
regard, Fig. 4(c) indicates the 350,[Q,] Rydberg component
is overestimated at hv;, = 539.56 eV in the CI calculations of
the intermediate core-excited states.

There are still some unassigned RIXS features in Figs. 1
and 4. Figures 1(d) and 1(e) show a peak near the off-
resonant ¢*Y peak position, indicating the contributions
of 3pm,[c*E ] and 3po,[c?E] in the final state and of
3pm,[Q,] and 3 po,[Q,] in the intermediate state. Figure 1(c)
shows a very weak feature below the ¢ L peak position,
indicating the contributions of o*[c*S] in the final state
and of o;[Q,] in the intermediate state by considering
different binding energies (term values) in the valence and
O 1s ion cores. The weak feature at hvy, ~ 530 eV in
Fig. 1(a) may correspond to the inelastic scattering by the
131'Ig excited state of repulsive valence character, as shown
in Fig. 3(b), which is more clearly observed on the 1s — n;f
resonance [13].

VI. CONCLUSIONS

In conclusion, we have studied the RV mixing and DQ
interchannel coupling effects at the 1s — o, resonance in O,
in the framework of the RIXS. The resonant excitations to
the complicated intermediate states as well as the off-resonant
excitation have been compared. The dominant final excited
states observed in the RIXS are spectatorlike valence excited
states, where any strong RV mixings in the final states are
not found. It makes it simpler to characterize complicated
core-excited states of Rydberg and/or valence character.
Complicated RV mixings and DQ interchannel couplings
in the intermediate O 1s excited states of O, are unveiled
through the filtering of pure valence and pure Rydberg final
states in the incident photon energy dependence of the RIXS
spectra.
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