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Parity violation in resonant inelastic soft x-ray 
scattering at entangled core holes
Johan Söderström1*, Anirudha Ghosh2, Ludvig Kjellsson2, Victor Ekholm2, Takashi Tokushima2,
Conny Såthe2, Nicolas Velasquez3, Marc Simon3, Olle Björneholm1, Laurent Duda1,  
Arnaldo Naves de Brito4, Michael Odelius5, Ji-Cai Liu6,7, Jian Wang6,8, Victor Kimberg9,  
Marcus Agåker1,2, Jan-Erik Rubensson1, Faris Gel’mukhanov9,10

Resonant inelastic x-ray scattering (RIXS) is a major method for investigation of electronic structure and dynamics, 
with applications ranging from basic atomic physics to materials science. In RIXS applied to inversion-symmetric 
systems, it has generally been accepted that strict parity selectivity applies in the sub–kilo–electron volt region. In 
contrast, we show that the parity selection rule is violated in the RIXS spectra of the free homonuclear diatomic O2 
molecule. By analyzing the spectral dependence on scattering angle, we demonstrate that the violation is due to 
the phase difference in coherent scattering at the two atomic sites, in analogy with Young’s double-slit experiment. 
The result also implies that the interpretation of x-ray absorption spectra for inversion symmetric molecules in this 
energy range must be revised.

INTRODUCTION
Scattering, absorption, and emission of x-rays are central phenomena 
for our understanding of photon-matter interactions (1). While 
interference between x-rays scattered elastically at various sites pro-
vides the prime tool for unveiling the atomic geometry of matter (2), 
inner-shell transitions uncover its electronic structure (3).

Structural information is inherent in resonant inelastic x-ray 
scattering (RIXS) due to the interference between x-rays scattered at 
specific core hole sites, selected by tuning the incident energy to 
corresponding resonances. This implies that momentum conserva-
tion can be exploited (4) to map the dispersion of elementary excita-
tions in crystals (5, 6), and for a system with two scattering centers, 
interference in analogy with the canonical Young’s double slit experi-
ment (YDSE) has been predicted (7). This prediction was recently 
confirmed in the hard x-ray regime (8), and a new tool in solid-state 
physics termed RIXS interferometry is being established (9).

The prototypical system for investigation of YDSE interference in 
RIXS is a homonuclear diatomic molecule, where the photon can 
scatter at the two different atomic sites (7). Such systems have inver-
sion symmetry, implying that the molecular wave function must 
have well-defined parity, either gerade or ungerade. In-phase scatter-
ing at the two atomic centers implies strict parity selectivity, so that 
only final states of the same parity as the initial state can be popu-
lated in the two-photon RIXS process. When the wavelength of the 

incident radiation is larger than the typical molecular dimensions, 
the in-phase requirement may appear fulfilled, and the validity of 
this molecular dipole approximation has generally been taken for 
granted in the soft x-ray range. For RIXS at short wavelengths, the 
in-phase requirement is only fulfilled in specific geometries, and 
consequently, the parity selection rule does not generally apply 
(8, 10).

Nondipole effects are being investigated in photoionization (11), 
and notably, they have also been analyzed in terms of YDSE inter-
ference (12, 13). In the strong field regime, effects beyond the dipole 
approximation now attract growing attention (14). So far, however, 
the parity selection rule has appeared to be strict in one-photon-in/
one-photon-out soft x-ray RIXS (15–17). Here, we show that, while 
the atomic dipole approximation can still be safely applied in the 
soft x-ray range, the molecular dipole approximation cannot.

By measuring high-quality RIXS spectra of gas-phase O2 as a 
function of scattering angle, using the rotatable spectrometer at the 
Veritas beamline at the MAX IV Laboratory, we demonstrate that 
parity selectivity is violated due to YDSE interference. Population of 
parity-forbidden final states is observed, and their dependence on 
the scattering angle is accurately reproduced by theory that analyzes 
the consequences of YDSE interference. Although the wavelength 
at the oxygen K edge (λ ≈ 23.5 Å) is larger than the O2 interatomic 
distance (R ≈ 1.21 Å), the phase shift for scattering at the two centers 
is large enough to give the “dipole-forbidden” channel substantial 
intensity.

RESULTS
The experimental geometry is shown in Fig. 1. RIXS spectra of the 
free O2 molecule, excited at the 1s → π* resonance and measured at 
scattering angles χ = 38°, 90°, and 145°, are shown in Fig. 2A.

Energy losses in the 0- to 2-eV range are assigned to vibrational 
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range are primarily due to population of the B′ 3Πg state, with the 
main configuration 3σ−1
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 . This is in concordance with the results 
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and analysis of earlier investigations (16), as well as with parity 
selectivity: These final states have the same parity as the initial 
ground state.

Here, we turn our attention to the energy loss features in the 
4- to 6.5-eV range. Sharp peaks are observed around 4.3 to 4.7 eV,
followed by a broad structure toward larger energy losses with a
maximum around 5.5 eV.

In Fig. 2B, the experimental spectrum measured at χ = 145° 
is analyzed using conventional Kramers-Heisenberg theory and 
Franck-Condon overlaps with potential curve parameters used ear-
lier for the ground and intermediate states (16) and the parameters 
for the A´ 3Δu , A 3Σ+

u
 , and B 3Σ−

u
 final states from (18) (see the 

Supplementary Materials). The main configuration of these states is
1π−1

u
1π+1

g
 (Fig. 2C). The agreement between the prediction and the 

experimental results allows for the conclusion that transitions to 

these parity-forbidden final states dominate the spectrum in the 
3.95- to 6.35-eV energy region.

The intensity ratio of the forbidden ungerade to the allowed 
gerade final-state intensity is strongly dependent on the scattering 
angle, χ (Fig. 3). In the following, we will show that this angular 
dependence is in excellent agreement with a theory that analyzes 
interference in the same way as in a YDSE.

We consider the two equivalent atoms to have identical atomic 
amplitudes for photon scattering,  =  (e′ · d′)(e · d), where e and e′
are the polarization vectors of incoming and scattered photons, and 
d and d′ are the “atomic” transition dipole moments of the absorp-
tion and emission transitions (see the Supplementary Materials). 
The atomic dipole approximation is justified for core excitations in 
the soft x-ray regime, since the wavelength of the radiation is much 
larger than the extension of core orbitals for atoms with the nuclear 
charge Z < 30. Within this approximation, it can be shown that (see 
the Supplementary Materials) the combined scattering amplitude 
for two atoms with radius vectors R1 and R2 is (7) (see Fig. 1)

Here, q = k′ − k is the difference between the wave vectors of the 
scattered, k′, and incident, k, photons, and f  is the parity of the 
final state of the scattering process.

In RIXS, f = 1 for parity-allowed gerade final states and 
f = −1 for parity-forbidden ungerade final states. This theo-
retical result (Eq. 1) gives a clear physical picture: While the scat-
tering is local at any of the atomic sites, the combined scattering 
amplitude is strongly dependent on the global inversion symmetry 
of the molecule. The process can be understood as scattering at 
entangled core-hole resonances at the two centra. The π difference 
in the phase shift of the electronic wave functions for ungerade 
and gerade final states results in a corresponding phase shift of the 
scattered radiation.

F = F1 + F2 = (eiq⋅R1 + f e
iq⋅R2 ) (1)

Fig. 1. Schematics of the experimental setup. Incident radiation with wave vec-
tor k is scattered at an angle χ. The wave vector of the scattered radiation is k′, and 
q = k′ − k. The variables are defined in wide-angle photo of the rotatable soft x-ray 
spectrometer at the Veritas beamline at MAX IV, which was used for the measure-
ments. The essence of the theory is that scattering occurs at two identical atoms at 
the sites R1 and R2, with the same amplitude  . The parity of the final state deter-
mines the sign of f =  ±1, see text for details.

In
te

ns
ity

 (a
rb

. u
ni

ts
)

10 8 6 4 2 0
Energy loss (eV)

= 38º

= 90º

=145º

In
tn

si
ty

 (a
rb

. u
ni

ts
)

9 8 7 6 5 4
Energy loss (eV)

 Experiment
 Theory sum
3∆u
3Σu

+

3Σu
−

1 g

1 u

3 g

1 u

1 g

CA B

Fig. 2. Experimental and theoretical RIXS spectra excited at the π* resonance of O2. (A) RIXS spectra of the free O2 molecule excited at the π* resonance, measured 
at scattering angles χ = 38°, 90°, and 145°. The spectra are normalized to the maximum of the peak around 7-eV energy loss. The inset shows a magnification of the intensity
in the 4- to 6.4-eV energy range. (B) The spectrum in the 3- to 9-eV energy-loss region measured at χ = 145° is compared to a Franck-Condon analysis (see the Supplementary

Materials) using the potential curves in (18) for the “parity-forbidden” A′ 3Δu, A 3Σ+
u

 , and B 3Σ−
u

 final states, derived from the 1π−1
u
1π+1

g
 configuration. (C) A simplified level 

scheme showing the relevant transitions. Assuming strict parity selectivity an ungerade core hole opens when the electron is excited to a gerade orbital, and it is filled 
only by an electron from an orbital of the same (gerade) parity (“allowed” transitions, solid lines). Filling by an electron from an orbital of the opposite (ungerade) parity 
(“forbidden” transition, dashed line) implies violation of the molecular dipole selection rule.
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As an illustration, we show a simplified two-dimensional simula-
tion of the interference between waves from two point sources in 
Fig. 4. The sources correspond to scattering into gerade and ungerade 
final states from the two atomic scattering centers of a free fixed-
in-space molecule. While scattering to allowed (gerade) final states 
implies no phase shift, scattering to forbidden (ungerade) final states 
implies a phase shift of π. The former case gives nearly isotropic scat-
tering (Fig. 4B), whereas the latter gives a strong anisotropy (Fig. 4A): 
In forward scattering, the phase shift leads to destructive interference 

and negligible intensity, while additional phase shifts due to path 
length differences increase the scattered wave amplitude with in-
creasing χ and give maximum intensity for backscattering.

Equation 1 is valid in the present case, as the splitting between 
the 1σg and 1σu core levels is small in comparison with the lifetime 
broadening of the core-excited state. A theory valid also for large g-u 
splitting will be published elsewhere. For a fixed-in-space molecule, 
Eq. 1 implies (see the Supplementary Materials) that the scattering 
cross section σf = ∣F∣2 takes the form
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Fig. 3. Spectral dependence on scattering angle. The ratio of the intensity in the 3.95- to 6.35-eV region (“low”) and the intensity in the 6.35- to 9.55-eV region (“high”) 
as a function of the scattering angle χ. The separation between these two regions is indicated by a vertical dashed line in Fig. 2B. The experimental data are plotted using 

the scale of the left axis. Theoretical ⟨ σu ⟩
⟨ σg ⟩

 , according to the strict expressions (solid line) and approximate expression (dashed line) in the limit of 2kR << 1 are plotted using 

the scale of the right axis. The equations are derived in the Supplementary Materials, and we use the calculated ζ = d2

u

d2
g

= 0.7.

BA

Fig. 4. Simulation of the scattered wave for a fixed-in-space molecule. (A) Scattering to ungerade final states and (B) scattering to gerade final states, assuming equal 
scattering amplitudes on both atomic sites. The intensity distribution is anisotropic for the ungerade final states and almost isotropic for the gerade final states. The 
incident radiation, indicated by a red arrow, enters from the left in the figure and scatters on the two atoms schematically shown as red circles. The molecular dimensions 
relative to the wavelength are not to scale. The wave amplitudes are normalized to the same maximum value in both figures.
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where R = R1 − R2 is the interatomic radius vector, σdir
f

=∣ (e� ⋅ d̂
�
)(e ⋅ d̂) ∣2 

represents the cross section for independent scattering at one of the 

two equivalent sites, d̂ = d∕d and d′ = d′/d′ are the unit vectors 
along the atomic dipole moment of the absorption and emission 
transitions, respectively. The cosine term in Eq.  2 describes the 
interference between scattering at the two centers in the same way as 
in YDSE. Strict parity selectivity requires q · R << 1, so that cos(q · 
R) ≈ 1 in Eq. 2. So far, it has been assumed that this requirement is 
fulfilled in the sub–kilo–electron volt region. Our results demon-
strate, however, that this assumption is unjustified and that the spec-
tral dependence on the scattering angle is due to YDSE interference.

RIXS spectra are measured as a function of scattering angle, χ. As 
only small energy losses are considered k ≈ k′, and the relation between 
q and χ is given by simple geometry, q = 2k sin

χ

2
 . Thus, while q = 0 

in forward scattering (χ = 0), it reaches maximum in backscattering 
(χ = π). For scattering at the π* resonance of O2, with 530-eV pho-
ton energy and 1.21-Å bond length, the maximum phase factor is 
(qR)max ≈ 0.65. With R and q parallel, this gives cos(q · R) ≈ 0.8, and 
a substantial deviation from strict parity selectivity is to be expected 
(Eq. 2).

For a quantitative comparison with RIXS measured on randomly 
oriented molecules, the cross section (Eq. 2) should be averaged 
over molecular orientations, R̂ = R∕R

The rather cumbersome derivation of the strict expressions for 
⟨σdir

f
⟩ and ϱf is carried out in the Supplementary Materials. To get a 

qualitative picture of the physics behind the dependence of the in-
terference term ρf on the scattering angle χ, we give a simplified expres-
sion for 〈σf〉 below. While YDSE interference for oriented molecules 
implies harmonic oscillations, cos(q · R) (Eq.  2), orientational 
dephasing dampens the oscillations at large qR. For randomly oriented 
molecules ϱf ≈ 〈cos (q · R)〉 = j0(qR) (see eq. S28 in the Supplementary 
Materials), where j0(qR) =

sin(qR)

qR
 is the spherical Bessel function, 

and we get

The ratio of the cross sections for scattering to parity-forbidden 
〈σu〉 and parity-allowed 〈σg〉 final states is then

where we also have introduced the transition dipole moments du and 
dg for the emission step of the parity-forbidden and parity-allowed 
scattering, respectively, calculated without symmetry constraints. 
This simple equation, which is in qualitative agreement with the 

strict expressions, shows that the parity selection rules are violated 
due to YDSE interference in the soft x-ray region and that the selec-
tion rules are restored for forward scattering χ = 0°, where q = 0.

In Fig. 3, we see that the theory (see eq. S29 in the Supplemen-
tary Materials) is in accordance with the experimental results. We 
conclude that interference of a photon scattered at two entangled 
core-hole sites is the principal mechanism behind parity selectivity 
as well as its violation.

DISCUSSION
For fixed-in-space or physisorbed molecules (19) and for two-center 
solids (8), YDSE interference, according to Eq. 2, remains important 
also in the hard x-ray regime (qR >> 1). For free molecules, how-
ever, orientational dephasing implies that the YDSE factor j0(qR) → 
0 in Eq. 4 (except for χ ≈ 0°), and the RIXS process can be described 
as independent scattering at the two atomic centers, without parity 
selectivity. When qR << 1, as in forward scattering and at very long 
wavelengths, j0(qR) = 1 implies strict parity selectivity for the RIXS 
process (Eq. 5). While it has earlier been assumed that this limit is 
reached in the soft x-ray regime, we have shown here that this is 
not the case.

We have described the phase difference for scattering at the two 
centers in terms of distance between the two scattering centers. The 
analysis can also be done in temporal terms, emphasizing the time 
difference between scattering at the two sites. Assuming that the 
photon travels at the speed of light in vacuum along the molecular 
axis, it reaches the second scattering center around 0.4 as after the 
first. This brings a small phase shift between RIXS channels via dif-
ferent centers and, hence, can affect parity selectivity related to scat-
tering time differences in the zeptosecond regime. This is in line 
with the recent demonstration that the time delay between photo-
emission from the two centers of the hydrogen molecule can be re-
solved by interferometric methods (20).

Our analysis has consequences for the interpretation of x-ray 
absorption spectra (XAS). As the core electron is excited into an 
orbital of definite parity, it is often assumed that the parity of the 
core hole must be the opposite. However, the present analysis implies 
a contribution also from transitions that conserve parity, due to the 
phase difference (k · R) for absorption at the two sites. The validity 
of this prediction is difficult to put to a direct experimental test 
because the split between allowed and forbidden excitations is due 
to the split between the core levels. This split is typically smaller than 
the lifetime broadening, and any contribution of the forbidden tran-
sition to the spectrum would be hard to discern. In RIXS, however, 
we have seen that final states of different parity can be well-separated. 
Therefore, this process can be used to monitor the minority absorp-
tion channel as a function of excitation energy (see fig. S2), and thus, 
the core-level g/u split between the 1σ−1

g ,u
1π+1

g
 states can be addressed 

in future experiments.
The present experiment is described by considering scattering at 

the sites of entangled local core holes, the entanglement being 
manifested in the parity-dependent phase shift at the two centers. In 
core-level spectroscopy in general, it has been recognized that it 
depends on the experimental arrangement whether the localized or 
the symmetric representation of the core hole is the most conve-
nient (6, 21). If the g/u split is neglected, like in the present analysis, 
then the two representations give equivalent results. While this is a 
safe approximation for O2, where the split is small (22), it is not 

σf = (dd �)2σdir
f

[
1 + f cos (q ⋅ R)

]
(2)

⟨σf ⟩= (dd �)2⟨σdir
f
⟩(1+f ϱf ), ϱf =

⟨σdir
f
cos(q ⋅R)⟩

⟨σdir
f
⟩

(3)

⟨σf ⟩ ∝ d’2
�
1 + f j0(qR)

�
= d’2

�

1 + f

sin(qR)

qR

�

(4)

⟨σu⟩

⟨σg⟩
≈

d2
u

d2
g

�
1 − j0(qR)

�

�
1 + j0(qR)

� (5)

′

′ ′

′

′2 ′2
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justified for a molecule like N2 where the split is comparable to the 
lifetime width (23, 24). Such a case calls for a more complex analysis 
than the one presented here.

In that situation, coherent core-hole wave packet dynamics can 
be addressed in RIXS by taking advantage of well-separated final 
states of opposite parity. It has also been proposed that this type of 
dynamics can be investigated in attosecond pump-probe experi-
ments at x-ray free-electron lasers (25).

YDSE interference vanishes when which-path information is 
gained. In multiatom molecules, this can be caused by dynamic 
vibronic coupling (26–28), and for diatomics, an external distur-
bance may also break the symmetry. This is the case for adsorbed 
molecules (29), and recently, it has been demonstrated that proton-
ation of N2 molecules opens the XAS channel corresponding to 
parity-forbidden transitions in the symmetric molecule (30). Weak 
interactions between oxygen molecules and the surrounding are 
vital for numerous important processes, e.g., in reversible binding 
to metal complexes, which is essential in enzymatic and catalytic 
processes (31). The transport of O2 via hemoglobin and blood 
plasma is fundamental to aerobic respiration, and lightly bound 
O2 is also important in materials science (32) and electrochemistry 
(33). In the Supplementary Materials, we show how interaction with 
the asymmetric surrounding affects the relative intensity of the 
“symmetry-forbidden” band of O2. YDSE interference can be impor-
tant in the studied systems because the spacing between the 1s levels 
of inequivalent oxygen atoms is comparable to the large vibrational 
broadening of the core-excited state (∼1 eV). In the near future, we 
plan to make a detailed investigation of the role of YDSE interfer-
ence for the symmetry-forbidden channel in RIXS spectra of O2 in 
condensed matter.

In conclusion, we have demonstrated that the parity selection 
rule implied by the molecular dipole approximation is violated in 
RIXS excited at the π* resonance of gas-phase O2. The spectral 
dependence on the scattering angle, measured at the Veritas beam-
line at MAX IV, is excellently described by a theory that considers 
YDSE interference.

METHODS
Experiment
The experiment was performed at the Veritas beamline at the MAX 
IV synchrotron radiation facility. The beamline comprises an 
elliptically polarizing undulator, a collimated plane-grating mono-
chromator with an ellipsoidal refocusing mirror, and it is equipped 
with a large constant-line-spacing grating Rowland spectrometer 
(Fig.  1) with a collimating mirror in the nondispersive direction. 
The spectrometer can be continuously rotated in the horizontal 
plane to vary the scattering angle. We used a cylindrical grating with 
1400 grooves/mm and 67 m radius and rotated the spectrometer to 
measure secondary radiation for scattering angles in the 38° to 145° 
range. The combined resolution for spectrometer and beamline was 
around 65 meV at the oxygen edge, as determined by the width 
of the elastic peak. Measurements were done both with linear hori-
zontal and vertical polarization of the incident radiation. We used a 
cell with a 100-nm-thick Si3N4 membrane to separate the sample 
gas at atmospheric pressure from the ultrahigh vacuum of the sur-
rounding. The incident and the emitted radiation penetrated the 
same membrane, in a geometry used in several earlier experiments, 
see, e.g., (16).

Simulations
The RIXS spectra were computed using the time-dependent wave 
packet approach (19, 34) using the potential energy curves for 
the ground and core-excited from (35) and the core-excited lifetime 
width Γ = 150 meV (16). Morse constants for the final states are 
taken from the National Institute of Standards and Technology 
database, and details of the transition dipole moments calculations 
are explained in the Supplementary Materials. For the ungerade 
final states, we used the parameters from (18). See the Supplemen-
tary Materials for further details.

Supplementary Materials
This PDF file includes:
Supplementary Materials
Figs. S1 to S3
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