PHYSICAL REVIEW A 111, 022808 (2025)
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The x-ray absorption spectrum of the OF molecular cation is measured. The ions are stored in a cryogenically
cooled radiofrequency ion trap and probed by tunable synchrotron radiation. The spectrum exhibits several
salient features: a three-state composite 7w * resonance at the low-energy side followed by a two-component
exchange split, a highly dissociative, o* resonance pulled down well below the ionization limit; and a complex
valence-Rydberg high-energy part, including several resolved bands. Small structures are interpreted as correla-
tion state satellites with leading internal or semi-internal configurations. Calculations using the restricted active
space wave functions and quantum wave packet dynamics offer an overall excellent interpretation of the spectral

features.
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I. INTRODUCTION

The capability to measure high-quality x-ray absorption
spectra (XAS) of small molecular ions has generated a lot of
new insight in recent years [1-13]. Apart from constituting
a new challenge for fundamental molecular theory [14], the
results are of relevance in many different fields. First, they
provide the reference data needed in ultrafast time-resolved
experiments at high-harmonic generation and free-electron
laser sources [15,16]. Such data are especially important
for attosecond transient absorption spectroscopy [17] where
charge migration in molecular ions is investigated, but also for
characterizing the background due to transient ionic species
that are created in high-intensity experiments [18]. Second,
the description of molecular ions is important for model-
ing plasmas of technical relevance, e.g., in the context of
discharges and combustion [19]. Third, molecular ions are
of astrophysical interest due to their role in planetary iono-
spheres [20] and interstellar clouds [21].

As a natural extension of earlier studies of cation near
edge x-ray absorption fine-structure (NEXAFS) addressing
molecules with a closed shell in their neutral ground states,
we here present and analyze the XAS spectrum of a molecule
which is open shell in its neutral ground state: molecular
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oxygen, here measured at the ion trap end-station at the
UES52-PGM beamline at the BESSY II synchrotron radiation
facility [22,23]. The spectrum was analyzed by means of
the restricted active space computational technique for x-ray
spectra [24] using implementations [25,26] in the OPENMOL-
CAS program suite [27]. In this way it was possible to analyze
the effects of relaxation and electron correlation with proper
spin coupling. A wavepacket technique was used to character-
ize the vibrational fine-structure.

Our work reveals several different phenomena with ad-
ditional insight. The 1s — m* excitation gives rise to three
multiplets with vibrational progressions, similar to the corre-
sponding excitation in the isoelectronic open-shell molecule
NO [28]. While the same configuration is populated in core-
level photoemission of the neutral molecule [29], the selection
rules lead to a population of states that have not been observed
before. The second broad band is also novel in appear-
ance: it is assigned to excitation to two dissociative 1s~'o*
states with different internal spin couplings, which, in con-
trast to the corresponding transitions in the XAS spectrum
of neutral O,, reside well below the ionization limits and
are largely separated from Rydberg excitations. Closer to
the ionization limits the spectrum exhibits a rich structure,
which can be assigned to mixed valence-Rydberg and Ryd-
berg transitions where states with internal and semi-internal
excitation patterns can be assigned. The excellent agree-
ment between observations and the predictions of Restricted
active space second-order perturbation (RASPT2) theory
demonstrates that the specific electron correlation effects

©2025 American Physical Society
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associated with cationic XAS [6,10,11] are now fully taken
into account.

II. EXPERIMENT

The x-ray absorption spectrum of O;r was measured using
synchrotron radiation at the ion trap end-station at the UE52-
PGM beamline at the BESSY II synchrotron radiation facility
[22]. The same experimental procedure as in our earlier stud-
ies [6,7,10,11] was used. Oxygen gas is leaked into a helium
plasma, created by magnetron sputtering, where the molecules
are excited and ionized. These ions are extracted from the
source, O;’ ions are selected in a quadrupole mass filter and
guided into a cryogenically cooled radiofrequency ion trap.
Upon interaction with the synchrotron radiation the ions in
the trap are excited and ionized, and the content of the trap is
analyzed in a reflectron mass spectrometer. Mass spectra are
recorded as the energy of the incident photon energy is varied.
Here we assume that the yield of O fragments is proportional
to the x-ray absorption cross section of O3 .

The beamline energy was calibrated by a standard proce-
dure using XAS of N, [30]. XAS of neutral O, was measured
using a monochromator exit slit of 15 um by electron yield in
an upstream gas-cell and used for energy reference. The three
regions of the O; spectrum, 528-565 eV, 530.7-536 eV,
541-558 eV, were each recorded with a different monochro-
mator exit slit. Overview with 100 um, high energy with
50 um, and the 7* resonance with 15 um, correspond to the
estimated bandwidths of 130 meV, 70 meV, and 20 meV.

III. THEORY

The simulations of the x-ray absorption spectrum were car-
ried out by a combination of multiconfigurational electronic
structure and nuclear wave-packet dynamics methods, in sim-
ilar fashion as in previous works [6,7,10,11,14]. State-average
restricted active space self-consistent field (SA-RASSCF)
calculations were performed [24-26], followed by multi-
state second-order perturbation calculations (MS-RASPT?2)
[31]. Proper core-valence separation [32,33] restrictions on
the Ols core orbitals were imposed to avoid the varia-
tional collapse of the wave functions. Preliminary inspections
of the XAS structure for O suggest that in the 541
to 558 eV range features below the ionization threshold
are characteristic of Rydberg states. Therefore, the ANO-
RCC-VQZP basis set was used, together along with an
auxiliary Rydberg diffuse basis set for a proper description
of such states (Table S1 [34]). For this auxiliary diffuse ba-
sis set a 8s8p8d8f — [3s2p2d1f] contraction scheme is
used, in which the primitive functions were obtained from
a preset Rydberg basis set proposed by Kaufmann [35].
Since we are dealing with Rydberg states supported by a
cationic species, all the exponents in the basis set are mul-
tiplied by a factor of 4, (o ~ Z>...) before the contraction.
Scalar relativistic effects are included by using a second-
order Douglas-Kroll-Hess Hamiltonian [36,37], in combi-
nation with the atomic natural orbital-RCC (ANO-RCC)
basis. Transition dipole moments were obtained by the RAS
state-interaction (RASSI) approach [38,39]. Also, the orbitals
were localized by the PIPEK-MEZEY procedure [40], and

the calculations were performed at the C,, point group of
symmetry. In the RASPT2 step, an imaginary shift of 0.3
Hartree [41] and the default ionization-potential electron-
affinity (IPEA) shift of 0.25 Hartree [42] were applied.
The potential energy curves were computed considering the
active space RAS(13,1,0;1,14,0) active space. The RASSCF
active space is labeled RAS(n, I, m; i, j, k), where i, j, and
k are the number of orbitals in RAS1, RAS2, and RAS3
spaces, respectively, n is here the total number of electrons
in the active space, / the maximum number of holes allowed
in RASI1, and m the maximum number of electrons in RAS3.
The state-average procedure was performed considering eight
states for the 7* region and 20 states for the o* and the
high-energy region.

The vibrationally resolved spectrum was computed by
means of quantum nuclear wave-packet dynamics [43]. The
absorption cross section as a function of the incident photon
energy (w) is resolved as the following sum over the excited
states:

o) =Re ) (v|¥c(0)), )
where
[Wc(0)) = Deo / h el eaten oy (1 W)dr.  (2)
0

In the above expression, D,y depends on the transition dipole
moment between the initial (ground) state and the excited state
d.o and the photon polarization vector e as in D,y = (ed.),
e is the vertical transition energy, €,, is the vibrational
energy of the initial wave packet and I'. is the natural width
associated with state c. The propagation of the wave packet on
each excited state is given by

[Ye(t)) = e~ ™' Deglvo), 3)

where £, is the nuclear Hamiltonian related to electronic state
c. All propagations were addressed within the split-operator
technique in a spatial grid in of 2048 points. A total of 2'8
timesteps was used for the time evolution, with a total time of
10 fs. Equations (1) and (2) were solved with a half-Fourier
transform with the use of the fast Fourier transform (FFT)
algorithm. The initial wave packet |vg) in all cases was set as
the lowest vibrational level of the 2[T ground state of OF . The
broadening of the vibrational profile is given by the lifetime
broadening of the O, core-excited state taken from Coreno
et al. [44], which corresponds to I' = 74.7 meV (half-width
at half maximum, HWHM). The spectrum related to each
core-excited state was computed separately.

IV. RESULTS AND DISCUSSION

The ground state of the molecular cation O;’ is a ’11 ¢ mul-
tiplet state originating from the 105103205203305171317{(5
electronic configuration (Fig. S1 [34]). As in earlier XAS
investigations of cationic small molecules we find it natural
to separately discuss the spectra in the three regions in or-
der of increasing energy: a “repopulation” band associated
with filling the vacancy in the outermost orbital of the ion, a
composite band of valence excitations, and a series of transi-
tions featuring Rydberg (valence mixing with strong electron
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FIG. 1. (Top) The x-ray absorption spectrum of OF . Neutral O, was measured at the Ols-7* resonance for energy reference and is shown
as a dashed line. The threshold for core ionization from the 21, ground state of the cation to the first *IT , core-valence states of the dication,
marked by a dashed vertical line, is estimated to be at 559.3 eV, by combining valence band [45] and core-valence [46] photoemission.
(Middle) Theoretical absorption cross section for the 7 region (left) and the o /high-energy region (right), together with the experimental data.
The colors of each component of the spectrum respect the color schemes of the potential energy curves shown in Figs. 3 and 4. (Bottom)
Transitions related to m,m, (left) and 7, /Ry (right) internal and semi-internal excitations (see text). The theoretical spectra are shifted by
—0.31 eV (;r* resonances, middle left), —1.2 eV (o* resonances, middle right), and +0.29 eV (Rydberg states: middle right and semi-internal

states: bottom).

correlation). The XAS (Fig. 1) spectrum is dominated by
a peak that reaches its maximum at 533.2 eV, and can be
assigned to transitions to 1o, ! 171’;' 2 states, i.e., the outermost
vacancy is filled. O;’ is isoelectronic with NO [28,47,48], and
we expect qualitatively similar electronic coupling.

The broader feature appearing at 546 eV is the composite
valence band, assigned to 1o, — 30, excitations. As in earlier
studies of cationic XAS, the final state in this region has
three open shells, the leading configuration being 1o,17,30,
with the term 2[1,. The internal spin coupling splits this
state, and the lack of fine-structure indicates that the states
are dissociative. The sharp peaks in the 550-558 eV energy
range are due to excitations of Rydberg and Rydberg-valence
mixed character, and they also involve configurations with
double excitations. In addition, we observe weak structures,
such that our analysis assigns to internal and semi-internal
double excitations, involving the singly occupied 17, orbital.
These transitions populate states where 1o, " 177, ' 177> and
lo, " " nl ™! are leading configurations, nl denoting
a Rydberg orbital. Such processes become feasible in ionic
species with open shells.

Below we discuss these three energy regions in some detail.

A. m* resonance

The lo, — 1w, peak exhibits vibrational fine-structure
(Fig. 1, middle left and Fig. 2, bottom) and contributions
from several electronic states. In A-¥ coupling, the final-state
configuration 1o;10,20.20,30, 17,17, gives the dipole-
allowed terms 2%, 2A,, and 25 (Fig. 3).

It is instructive to compare to X-ray photoemission spec-
troscopy (XPS) of neutral O,, as the same electronic
configuration is reached in both cases. Here the allowed states
are 425,_/” and 2y o/ In the middle panel of Fig 2 the ionization
energy of neutraiz O; to the ground state of the ion, measured
to be 12.074 eV [45] has been subtracted from the binding en-
ergy scale of the XPS spectrum [29] for comparison. It is clear
that only the 2% state is expected to be populated in both
spectroscopies. It is immediately obvious that only doublet
final states are observed in XAS of the ion, and that vibrational
excitations are more prominent than in XPS. Sorensen et al.
measured the energy and vibrational constants of the 22;/“
state from the XPS spectra, and theoretically they estimated
the gerade-ungerade splitting to be ~7 meV [29]. The more
extensive vibrational excitations in the NEXAFS case can be
understood from the antibonding character of the 1, orbital,
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FIG. 2. A comparison between the OF XAS spectrum at the
lo, — 1m, resonance (bottom), the XPS spectrum of O, [29] (mid-
dle), and the O K edge XAS spectrum of NO [28] (top). For
comparison, the XPS spectrum is shifted by subtracting the valence
ionization energy [45] from the measured binding energy scale.

the population of which gives an additional bond extension
compared to the opening of the bare oxygen core orbital [49].

In oxygen K edge XAS of the NO the 2%, ?A,, and %
final states give rise to a structured peak including vibrational
excitations (Fig. 2, top), which has been thoroughly analyzed
[28,48]. The comparison between the spectra of NO and O;
is motivated by their similar electronic configuration, term-
designation, and mass. Indeed, the 1o, — 17, resonance in
OgL and NO (Fig. 2) has a similar shape, with a threefold
structure, although the OF peak appears at higher energy, is

|
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FIG. 3. Potential energy curves, in eV, for the first four core-
excited states of OF .

TABLE 1. Theoretical molecular constants for OF . Ey stands for
the potential energy minimum in relation to the ground-state min-
imum, R, is the equilibrium bond length, w, denotes the harmonic
frequency, and w, x. is the anharmonicity constant.

State Ey [eV] R, [A] w, [meV] weXe [MeV]
Ground state - 1.118 234.5 2.1
Iy~ 531.49 1.250 140.2 2.6
A 531.99 1.226 192.1 1.8
ZA 532.03 1.225 192.5 1.9
et 532.83 1.241 176.4 1.9

narrower than its NO counterpart, and the vibrational fine-
structure is not as clearly resolved.

The theoretical prediction (Fig. 1, middle left and Fig. 2,
bottom) is in excellent agreement with the observed peak
shape. It confirms that the ordering of the *x, 2A,, and
22; final states are the same as in the NO counterpart, and
it gives two close-lying spin-orbit components of the %A,
term. We see a large number of vibrational excitations in both
the NO and OF spectra, and the similarities suggest that the
lo, — 1m, excitation leads to a similar bond elongation in
the two cases. In Table I we list the theoretical constants for
the observed states. Although it is difficult to extract the cor-
responding experimental values from the spectra, the overall
agreement (Fig. 2) corroborates the theoretical values.

Finally, we compare the energy split due to 7% coupling in
three cases. Close to the 32; ground state of neutral O,, we
find the two excited singlet-oxygen states, ' A, and 12;. In
the core-excited doublet states of 02+ , the three states directly
correspond to the >, ?A,, and >%F states, where the only
difference is due to the core hole. We note that the 3% ¢ A <
and the * %, ¢ - Z; separations close to the O, ground state are
1.0 eV, and 1.64 eV, respectively [50], while the correspond-
ing values for core-excited Oj are calculated to be 0.7 eV,
and 1.6 eV. The similarity suggests that the extra unpaired
core-electron contributes very little to the valence coupling,
and that relaxation due to the core hole is of less importance.
In line with the comparison in Fig. 2, the separation between
the states in NO is somewhat larger, 1.1 eV and 2.0 eV for the
’2;-'Agand >, - £ separations, respectively [28].

B. o* resonance

We assign the broad feature at around 546 eV (Fig. 1) to
the 1o, — 30, resonance, and thus to the 2171, final state of
the 10g1 103205203305,21713171;30,} configuration. For small
molecules, this so-called o* resonance is generally situated
in the continuum, often forming a shape resonance, or lying
close to the ionization limit. In neutral O,, the valence excited
state interacts and overlaps with Rydberg states creating a
complex spectral structure [51-53]. In the case of OF the
o* resonance is pulled deeply below the ionization limit,
and is well separated from the Rydberg excitations. This is
attributed to the stronger positive potential for the o* state in
the ion. The width of the peak and its lack of fine-structure
is inline with the expectation that the state is dissociative.
We show below that the unresolved structure comprises two
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states with two different internal spin-coupling involving the
open shells, like in the neutral counterpart [51,52] and in the
XAS of other diatomic ions [6,7]. The appearance of the ¢*
resonance can also be qualified in light of earlier analysis
of cationic NEXAFS spectra involving valence levels where
these transitions are quite well described in an “extended
one-electron picture” or a picture referring to the smallest
possible linear combination of determinants that fulfill spatial
and spin symmetry [10,11]. Exchange interaction between
the open shell orbitals serves as the main source for the
energy splitting, where this interaction between valence
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) shells is generally
stronger than that between core and any of these shells. The
spatial distribution of the HOMO and LUMO orbitals is
found to strongly dictate both the energy splitting and relative
intensities. The potential curves for the two spin-coupled
states are in general quite different (Fig. 4), resulting in widely
different vibrational progressions [10,11]. Inspecting the
computational results for O we see similar features for the
spin-coupled valence transitions, although in this case we have
an open-shell ground state and valence level of o* character
(instead of m*), which, moreover, is strongly dissociative
compared to the m* states in N, and CO. Based on the
excellent agreement with the predicted o * band shape, we can
conclude that the splitting between the vertical energies for the
two spin-components is about 2.5 eV and where the intensity
of the upper component is dominant. The subtle dependence
on exchange interaction dictates the final outcome, something
that is well reproduced by the RAS calculations.

C. High-energy correlation-state transitions

Earlier recordings of the “third part” of cationic XAS spec-
tra have shown wide, very irregular, but sharp, features. In

contrast to neutral molecular XAS there is no or little indica-
tion of Rydberg series or mixed valence-Rydberg transitions.
N3 and CO" are perhaps the best examples exhibiting well
defined spectroscopic features in this high energy part [6,7].
There are a couple of reasons for this. One is that many of
the correlated, two-electron two-hole transitions that appear
above the ionization threshold in neutral molecules [54] are
pulled down below the IP by the stronger potential of the
cation where they mix with the Rydberg states. A number
of such transitions with multiconfigurational character were
assigned by MS-RASPT?2 calculations in the previous works
on NJ and CO™ [6,7].

A second reason for the appearance of distinct multielec-
tron states in the upper part of the spectra is that with an
open valence shell in the initial state so-called semi-internal
transitions can come into play. These are defined as double
excitations involving an internal excitation (occupied to partly
occupied orbital) coupled to an external excitation (occupied
to unoccupied orbital). Such transitions are also important in
the inner parts of XPS or UPS [55] spectra and in large parts of
valence Auger spectra [56,57] as well as in related processes
like the intermolecular Coulombic decay (ICD) effect [58].
It leads to the breakdown of the molecular orbital picture
implying that a one-to-one mapping between orbitals and
transitions is no longer possible, or expressed differently, a
certain one-particle transition appears in more than one state.
In the spectra of N [6], CO* [7], and NO* [11] many of
states mixed with semi-internal transitions were predicted and
observed, but with somewhat different appearance. “Normal”
transitions to states having a dominating one-electron exci-
tation with the singly occupied MO as spectator were also
predicted in these spectra.

In light of these earlier findings it is interesting to inspect
the energies, intensities, and the dominant configurations of

B,/B, A,y

560 -
~ 555 ]
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FIG. 4. Potential energy curves, in eV, for the dissociative *IT, resonance ( lo, 171[; 30!) and for the first Rydberg states. The panels are
divided by the symmetry of the electronic wave function of the cation, namely, B; /B, (left), A; (middle), A, (right), and components. The s.c.
notation in the label stands for different spin couplings of the doublet states (see text). The color scheme follows the nature of the state, with
o* (blue and black lines on the B, /B, panel), lo~'7;3s" (Ry) (pink and magenta: two states), lo~'7,;3p" (Ry) (green and lime: six states),
and lo~'7;3d" (Ry) (yellow: eight states). The energy scale is referenced at the O5 ground-state energy at the equilibrium geometry.
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the transitions of the upper part of the O XAS spectrum.
These transitions appear with quite high, and irregular, rela-
tive intensity. Assignments indicate their Rydberg nature with
some configuration mixing. They also appear considerably
broadened as confirmed by the vibrational analysis, something
that further supports their valence mixing character. In the O3
case we predict that the semi-internals not only mix with Ryd-
berg excitation, but also that groups of states appear where the
semi-internals are the configurations with the largest squared
coefficients, thus dominating the wave functions. The calcula-
tions predict these states are at 555-560 eV at the high-energy
side of the Rydberg transitions, where they probably refer to
the faint structures observed in that range. They are assigned
as coupled internal (mostly m to 7*) and external core to
Rydberg orbital excitations. However, there is also a group
of transitions predicted to be below the o* at 537-542 eV, this
group comprises internal excitations, actually double internal
excitations, where a 7 to 7 * excitation is coupled to the core
7* excitation.

V. CONCLUSION

We presented and analyzed the XAS spectrum of OF.
Overall the spectrum presents some salient differences with
respect to earlier recorded XAS spectra of molecular ions. The
7* excitation comprises three states with different coupling
due to the open shell with two 7, electrons in the final state.
The splitting between the states is smaller than in the corre-
sponding resonance in isoelectronic NO, a difference which
can be attributed to differences in the spatial distribution of the
7 orbitals. A broad spectral feature is assigned to the o* res-
onance, which is located well below the ionization limit and

seemingly separated from sharper Rydberg features. It com-
prises two steeply dissociative states with identical electronic
configuration split by their different spin coupling schemes by
an amount that is determined by the exchange interaction be-
tween the two open shells. At higher energies we find complex
structures which are assigned to states with mixed configu-
rations including excitations to Rydberg states. Two groups
of weak features in the high-energy part of the spectrum are
assigned to electron correlation states with leading internal,
respectively, semi-internal configurations. The spectrum was
analyzed by the RASPT2 computational method, leading to
excellent agreement with the experiment which in turn made
it possible to confidently assign the spectrum.
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