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High-resolution symmetry-resolved O K-edge spectra of O, have been obtained by collecting
fragment ions emitted parallel (AA = 0) and perpendicular (AA = +1) to the electric vector of the

incident light.

In the AA = 0 spectrum some unassigned peaks are found in the 1s-3po Rydberg

state, converging to the *3~ ionized state, on the resonance feature around 541 eV. Comparison with
ab initio potential energy curves indicates that the 1s-3pa(*S~) Rydberg state is mixed with the 1s-
o” repulsive state with the same ion core (*37) and the avoided curve crossing enhances vibrational
excitations. The resonance feature around 539.5 ¢V is attributed to the 1s-o*(*3,”) state arising from

the exchange splitting in the 1s-o™ excitations.

PACS numbers: 33.70.—w, 33.80.Eh, 33.80.Gj, 33.90.+h

The Rydberg structures in the O K-edge spectrum
of O, were veiled as a consequence of insufficient
energy resolution or signal-to-noise ratio, even after
advances in photoabsorption and electron energy-loss
spectroscopies [1-3]. Very recently Rydberg structures
of O, have been unveiled using high-resolution soft x-
ray synchrotron radiation [4—6]; several Rydberg peaks
are clearly observed on the broad resonance absorption
that is split into two main features, B and C, as shown
in Fig. 1. Differing from the closed-shell N, [7] and
CO [8] molecules, however, the open-shell O, molecule
shows unusual near-edge structures that make it difficult
to give definite interpretation. There still are some
serious controversies on the assignment of the near-edge
structures in spite of improved resolution [1-6,9-11].

In our previous work we concluded that the resonance
features B and C arise in the exchange splitting in the
Is-2po*(30,) excited states, where the lower 1s-2po™
state is related to the 23~ ion core and the higher one
to the *3~, and found that most of the fine structures
on the o* resonances are due to Rydberg transitions
converging to the two ionization thresholds, *3~ and
23, and that the po-type Rydberg series show relatively
intense structures [6]. Although we were aware that
the 1s-3po and 4po Rydberg states with the *3~ ion
core are observed near the higher 1s-2po™* excited state
with the same ion core, we could not find experimental
evidence of the Rydberg-valence mixing. In order to shed
light on the conflicting arguments of the two resonance
features B and C and the Rydberg-valence mixing, we have
developed a new detection system which makes it possible
to measure the symmetry-resolved spectra using much
more highly monochromatic synchrotron radiation, and
calculated ab initio configuration interaction (CI) potential
energy curves for the 1s excited and ionized states of O,.

Experiments were carried out using the 10-m grazing-
incidence monochromator [12] installed at the soft x-ray
undulator beam line [13] of the Photon Factory storage
ring. Fragment photoions emerging from the interaction
region, in which monochromatic synchrotron radiation
and O, gas beams crossed, were detected by three chan-
neltrons operated at a time. The channeltrons were set
at 0°, 54.7° (magic angle), and 90° relative to the elec-
tric vector of the incident light. The acceptance angles of
the orifices in front of the channeltrons were +10°. To
eliminate thermal molecular ions the positive voltage of
2 V was applied to the retardation electrodes which were
made of a net of mesh and were located between the in-
teraction region and the channeltrons. The channeltron
set at 0° collects fragment ions emitted through the decay
processes following the AA = 0 (referred to 3 hereafter)
photoexcitation and the channeltron at 90° collects frag-
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FIG. 1. A high-resolution total ion-yield spectrum at the
O K-edge of O, with a resolving power of about 10000.
The Rydberg transitions are observed on the broad resonance
features B and C.
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ment ions emitted following the AA = +1 (referred to
[1) one [6,14-16).

We obtained diabatic potential energy curves by ex-
tended CI calculations to search for the Rydberg-valence
mixing. The method is based on the first-order CI, al-
lowing the single substitution to the virtual-orbital space
from the full-valence space involving the O 1s, 2s, and 2p
orbitals. In the CI calculations the Rydberg states are ex-
cluded. We have drawn diabatic potential energy curves
for the Rydberg states by referring to the potential en-
ergy curves of the ionized states and the term values ob-
tained in the previous work [6]. Primitive basis functions
were taken from (73/7) contracted Gaussian-type func-
tions of Huzinaga et al. [17]. They were augmented with
one d polarization function ({; = 1.154). The contraction
schemes were (4111111/31111/1%) and (721/511/1%) for
the ionized and unionized oxygen atoms, respectively; in
the former basis the innermost 2s exponent was changed
to 2.00392 from 10.19552. In the core-hole states cal-
culated the hole is kept localized. The calculations were
performed by using the originally developed code GSCF3
[18,19] on a MIPS RS3330 workstation.

Figure 2(a) shows the symmetry-resolved O K-edge
spectra of O, measured with a resolving power of about
5000. The spectra obtained by the channeltrons at 0° (3)
and 90° ([]) were normalized so that their sum could
coincide with the spectrum obtained by the channeltron at
the magic angle, which corresponds to the total ion-yield
spectrum. Figure 2(b) shows the blowup of the AA =0
ion-yield (2) spectrum with the peak assignments, and
Fig. 2(c) shows the AA = +1 ion-yield ([]) spectrum.
There are four candidates of dipole-allowed Rydberg
series in the [] spectrum [Fig. 2(c)]: np7 and nd 7 series
converging to the *3~ core-ionized state, and np’7 and
nd'7 series converging to the 23~ state. The exchange
splitting in the Rydberg series is not so different from
the splitting in the core-ionized states of *S~ and 23~
(1.1 eV), though the exchange splitting in the core-excited
(1s-0*) state is completely different from that in the
core-ionized states as predicted by our previous limited
CI calculation (-2.75 eV [6]) and present extended CI
calculation (-1.64 eV). Taking into account the term
values and oscillator strengths for the Rydberg transitions
[6], we have assigned peaks in the 3 and [] spectra as
indicated in Figs. 2(b) and 2(c).

At the resonance feature B shown in the X spectrum
[Fig. 2(b)] the 1s-3s0(*3~) Rydberg state lies simply
on the 1s-2po*(*T~) state with no Rydberg-valence
mixing, because the 1s-2po* and ls-3so states have
different ion cores. The o* resonance has a rather broad
structure due to the bound-free transition arising from
a repulsive potential energy curve of the 1s-2po*(*T ™)
excited state as shown in Fig. 3 and discussed by Kuiper
and Dunlap [11]. Therefore, we could speculate that the
asymmetric 1s-3so(*S7) peak shows a Fano line shape
due to interaction between a discrete Rydberg state and
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FIG. 2. High-resolution AA = 0 (2) and AA = +1 ([]) ion-

yield spectra (“symmetry-resolved” photoabsorption spectra)
with a resolving power of about 5000: (a) symmetry-resolved
spectra and their sum corresponding to the total ion-yield
spectrum, (b) blowup of the 3 spectrum, and (c) blowup of
the [] spectrum with the assignment of the Rydberg series. The
vertical lines marked 3~ and 23~ indicate the energy positions
of the ionization thresholds.

a dissociative continuum [20]. On the other hand, it
is possible that the higher 1s-2po*(*S7) state interacts
with some npo(*3~) Rydberg states. In Fig. 2(b) the
npo(*S7) Rydberg series (n = 4) and np'a(*37) series
(n = 3) show single peaks similarly to the np(*S7) and
np'm(*S7) Rydberg series, but the 3po(*3~) Rydberg
transition cannot be assigned to a single peak. The
potential energy curves shown in Fig. 3 clearly show
that the 1s-2po*(*=7) repulsive state strongly interacts
with the 1s-3po(*3~) Rydberg state in the Franck-
Condon region and that the transition to a new bound
state (upper state) produced through the avoided curve
crossing can have several vibrational excitations. We
believe that the 1s-3po(*S~) Rydberg excited state is
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FIG. 3. Potential energy curves for O 1s excited and ionized
states calculated with the first-order CI method. The solid
and broken lines denote the potential energy curves of the
states with the *3~ and 3~ ion cores, respectively. The
equilibrium bond length of the ground state is 1.207 A
The avoided curve crossing between the 1s- 3po'( 37) and
1s-o*(*3 ") states, namely Rydberg-valence mixing, is found in
the Franck-Condon region, and causes vibrational enhancement
in the transition to the upper state.

strongly perturbed by the 1s-2po*(*3 ™) excited state with
a repulsive potential energy curve and shows unusual
vibrational structures.

The present high-resolution symmetry-resolved spec-
trum shows that the 3p#(*S7) and 3p’#w(*3~) Rydberg
peaks are asymmetric, where the latter is broader in
the low energy side than the former. This indicates
that the *3~ and 23~ core-ionized states have differ-
ent equilibrium geometries from the 2 ground state
(R = 1.207 A). This agrees with the equnllbrlum bond
lengths obtained with the ab initio SCF calculations by
Agren et al. [21] (1.276 A for *3~, 1.331 A for 37)
and the ones with the present ab initio CI calculations
(1.264 A for *3~, 1.314 A for 237). As was discussed
in the high- resolutlon O 1s XPS spectrum of O, by
Larsson et al. [22], the bond length of 1.26—1.28 A gives
the peak maximum of the 1s-3p#(*S~) Rydberg excita-
tion lying between the v = 0 and v = 1 vibrational levels
and the bond length of 1.31-1.33 A gives the peak maxi-
mum of the 15s-3p’7(*3~) one at the v = 2 level.

Wurth et al. [9], Ruckman et al. [10], and Kuiper and
Dunlap [11] calculated the exchange splitting by assum-
ing that the lower 1s-2pa* state has an electron con-
ﬁguration [1s | #* 11 o* 1] and the higher one has [1s 1
7* 11 o* |]. We presented more appropriate description
of the spin couplings in the >3~ 1s-2po* excited states

by mixing at least configurations such as [1s { 7* 1| o* 1]
with the above configurations [6]. Our previous limited
CI treatment of the open-shell spin couplings predicts
a large exchange splitting of 2.75 eV due to large ex-
change integrals between the 1s and o* electrons and be-
tween the o* and 7™ electrons [6], whereas the treatment
by Wurth et al. [9], Ruckman et al. [10], and Kuiper and
Dunlap [11] ignores the exchange interaction between
the 1s and o* electrons and underestimates the exchange
splitting (1.2 eV [9], 0.4 eV [10,11]). In the present
extended CI calculation the exchange splitting is de-
creased to 1.64 eV due to mixing with doubly excited
configurations as suggested by Kuiper and Dunlap [11],
but is still so large as to assign the features B and C
(splitting =1.75 eV) to the exchange splitting. Based on
the solid-phase spectrum of O,, Ruckman et al. [10] and
Kuiper and Dunlap [11] assigned the two ls-2po™* ex-
citations to only the feature B and found a crossing be-
tween the 1s-2po*(S7) and 1s-2po*(*S7) states in the
Franck-Condon region. As shown in Fig. 3 such a cross-
mg does occur at about 1.1 A and does not contribute
in the Franck-Condon region. They interpreted the fea-
ture C' in the solid-phase spectrum as the intermolecular
charge-transfer band [10] and as the ionization thresholds
[11] and the feature C in the gas-phase spectrum as the
Rydberg transitions [10], based on complete absence of
Rydberg states in the solid-phase spectrum. In the spectra
of the physisorbed and multilayer O, molecules recently
reported [11,23-25], the polarization dependence of the
feature B’ indicates clearly the o symmetry but that of the
feature C’ does not so clearly indicate the o symmetry,
and in the spectra of the physisorbed O,/Ag(110) [24] we
cannot identify the feature C’. It is partly because in the
physisorbed and multilayer O, the ionization thresholds
decrease in energy and the continuum contributes largely
to the feature C’ and partly because in the physisorbed
and multilayer O, some 7-symmetry Rydberg states are
incompletely quenched or are alive as exciton states.
Kuiper and Dunlap [11] found atomic Auger lines from
the 3P atomic O 1s-2p excited state in the Auger spectrum
by tuning the photon energy at the feature B’ of solid
O, and indicated rapid dissociation of O, following the
excitation to the 1s-2po* excited states with repulsive
potential curves. The exchange splitting estimated by
them is about 1 eV for the 3P and 'P atomic O 1s-
2p excited states [(15)'(25)?(2p)°]. Schaphorst et al. [26]
found atomic Auger lines more clearly in the gas-phase
spectrum taken at the feature B (540.0 eV) and found
only the atomic Auger lines from the 3P atomic O 1s-2p
excited state [27]. Their findings mean that the 1s-2po™
state which contributes to the feature B has a dissociative
channel to the 3P atomic O 1s-2p excited state. The
exchange splittings calculated in the present work are
5.06 eV for the P and 2P atomic O 1s ionized states
[(15)1(25)*(2p)*] and 3.01 eV for the 3P and ! P atomic O
1s-2p excited states [(1s)!(2s)?(2p)°], which are in good
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agreement with the experimental data (4.87 eV [27] and
2.9 eV [26]), respectively. The potential energy curve
in Fig. 3 clearly indicates that the 1s-2po*(*37) state
related to the feature B is directly dissociated to the *P
atomic O 1s-2p excited state with no curve crossing, in
agreement with the observation by Schaphorst et al. [26].
Furthermore, they could find no atomic Auger lines from
the 3P or 'P atomic O 1s-2p excited state by tuning
the photon energy at the feature C. Their finding means
that the molecular Auger decay takes place before the
dissociation in the 1s-2po*(*7) repulsive state related
to the feature C, where it should be noticed that the 1s-
2pa*(*37) state is correlated to the *P atomic O 1s-2p
excited state through a large avoided crossing with the
ls7-o*m* doubly excited state as shown in Fig. 3. This
result supports our finding of the Rydberg-valence mixing
at the feature C; the excited state has longer lifetime in
the bound state produced by the Rydberg mixing in the
1s-2po*(*27) repulsive state as shown in Fig. 3.

Very recently, Neeb er al. [28] have assigned the two
1s-2po* excitations to only the feature B and obtained
the value of 0.6 eV as an experimental exchange split-
ting in the gas phase. Their interpretation is based on the
difference between the resonance Auger spectra, or de-
excitation electron spectra, following the core-to-valence
and core-to-Rydberg transitions. However, they did not
take into account two important features in the O, inner-
shell excitations at all, that is, Rydberg-valence mixing
and atomic Auger decay. Therefore, their conclusion is
much less convincing than the present one.
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