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A detailed study of inelastic x-ray scattering from the ground state to the 3�gð3��1
g 3s1gÞ state of the O2

molecule is presented. The observed angular anisotropy shows that the vibrational excitations within this

final state are strongly dependent on the polarization of the incident radiation. The analysis demonstrates

that this is a manifestation of interference between resonant and direct nonresonant inelastic x-ray

scattering. This interference provides a new tool to monitor nuclear dynamics by relative rotation of the

polarization vectors of the incident and scattered photons.
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The nonresonant scattering channel has so far been
neglected when considering resonant inelastic scattering
(RIXS) in the sub-keV range. On the other hand, the direct
nonresonant (Thomson) scattering channel significantly con-
tributes to resonant elastic scattering [1–5]. Nonresonant
inelastic x-ray scattering (NIXS) is prominent in the hard
x-ray range, and is exploited in well-established materials
science methods [6–9]. To the best of our knowledge,
however, a demonstration of the influence of the nonreso-
nant channel on resonant inelastic scattering phenomena is
lacking also for hard x rays.

Here we show that NIXS influences scattering deep in
the soft x-ray range, in the spectrum of the O2 molecule
excited at the 1s ! �� resonance [10–12]. NIXS interfer-
ence with the RIXS channel is reflected in the polarization
dependence of vibrational excitations within a well-
defined electronic final state. This phenomenology is an
indication of NIXS-RIXS interference because the NIXS
and RIXS channels have different polarization dependence
and induce different nuclear dynamics. The observed an-
gular anisotropy is pronounced, demonstrating that NIXS-
RIXS interference is important in this case and suggesting
that NIXS should be considered when analyzing state-of-
the-art resonant x-ray scattering spectra in general.

The observed polarization dependence of the vibrational
excitations is a consequence of NIXS-RIXS interference
and does not indicate that the Born-Oppenheimer approxi-
mation is violated. In spite of the formal analogy with the
interference between the resonant channel and the channel
of nonresonant direct ionization in resonant Auger scatter-
ing, there is a qualitative difference between the two

processes. The interference between the resonant channel
and the channel of direct ionization is a typical non-Born-
Oppenheimer effect [13–16]. Here the final state wave
function cannot be written as a product of electronic and
nuclear wave functions due to the mixing between the
degenerate autoionizing core-excited state and the contin-
uum state in which it is embedded. The picture is qualita-
tively different for x-ray Raman scattering where the
energy spacing between the final and the core-excited state
is very large (� 524 eV). In the absence of external fields,
the nuclear motion in the gerade final state is independent
of the nuclear dynamics in the ungerade core-excited state.
However, the final and core-excited states are brought
together by the two-color x-ray field: The final state,
directly populated via the NIXS channel, mixes with the
core-excited state through the RIXS channel which ends up
in the same final state, and thus the nuclear dynamics of
these states becomes entangled. Here we demonstrate that
NIXS-RIXS interference seen in the polarization depen-
dence of the vibrational profile can be monitored by vary-
ing the propagation direction of the scattered photon
relative to the polarization vector of the incident photon.
The experiment was performed at the ADRESS beam

line [17] of the Swiss Light Source, Paul Scherrer Institut
Villigen, using the SAXES spectrometer [18]. The overall
energy resolution was around 50 meV, allowing for the
separation of individual vibrations [4,11,19,20]. Linearly
polarized incident radiation with the polarization vector e
parallel and perpendicular to the scattering plane was used:
� ¼ ffðe;k1Þ ¼ 0� and � ¼ 90�, where k1 is the momen-
tum of the scattered photon. The spectrometer measured
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scattered photons with all polarization states, e1, and the
angle between the momenta of scattered and incident x-ray
photons was � ¼ ffðk1;kÞ ¼ 90�, corresponding to a mo-

mentum transfer of q�2ksinð�=2Þ¼ ffiffiffi
2

p
k (q ¼ k1 � k).

Gas-phase measurements were facilitated using a flow cell
with a 100 nm thick diamondlike window, separating the
ultrahigh vacuum from the sample gas. Incoming and out-
going radiation passed through the same window, both at
an angle of 45 deg.

The X3��
g ground state of O2 has the electronic con-

figuration 1�2
g1�

2
u � � � 3�2

g1�
4
u1�

2
g. At excitation energy

@! ¼ 539 eV the crossing of the potential surfaces
of the dissociative i¼3��

u ð1��1
g 3�1

uÞ and the bound r¼
3��

u ð1��1
u 3s1gÞ core-excited states is reached [21–23]. The

resulting scattering spectra, shown on the �@! ¼ @!1 �
@! energy loss scale in Fig. 1, comprise scattering to
vibrational excitations in the X3��

g electronic ground state

(�12 eV � �@! � 0), to the repulsive 3�gð1��1
u 3�1

uÞ
state (�@! � �14 eV) and to the 3��

g ð3��1
g 3s1gÞ state

(�@! � �14:9 eV). The narrow resonance near �@! �
�12:2 eV is the so-called atomic peak [3,24] related to the
decay of the core-excited isolated oxygen atom following
dissociation [11] (Fig. 2). Before discussing the scattering
to the f ¼ 3��

g ð3��1
g 3s1gÞ final state in detail we first

comment on the theoretical method and the polarization
dependence in RIXS.

Potential energy surfaces of the ground and dissociative
core-excited states (Fig. 2) were computed using complete
active space wave-function based approaches. The poten-
tial energy surface of the core-excited state was deter-
mined using the CASSCF-MRPT2 method, in which all
16 electrons of O2 are included in an active space consist-
ing of 10 orbitals used in the wave-function optimization,
and dynamic electron correlation effects were accounted
for using multireference second-order perturbation theory
(MRPT2). The potential curve of the 3��

g ð3��1
g 3s1gÞ final

state was approximated by a harmonic potential with the
experimental vibrational frequency 0.15 eV and the same
equilibrium distance (2.42 a.u.) as the ionic 3��1

g state

[25]. These values are close to what is predicted by our
ab initio calculations (0.147 eV and 2.45 a.u.). For the
bound core-excited 3��

u ð1��1
u 3s1gÞ Rydberg state, we

have used the potentials from Ref. [23].
The scattering anisotropy in RIXS is very sensitive to the

symmetry of the involved molecular orbitals [3]. As seen in
Fig. 1, the RIXS cross section �R for scattering to the final
states of� and� symmetry shows opposite � dependence.
This is in agreement with the theoretical prediction [11,26]
that �Rð�Þ / 1þ sin2� and �Rð�Þ / 4� sin2�. The elas-
tic peak (�@! ¼ 0) which corresponds to the scattering to
the fundamental vibrational state � ¼ 0 of the electronic
ground state shows strong and qualitatively different an-
isotropy than the scattering to vibrationally excited states.
The reason for this is the interference between the RIXS
and strong Thomson scattering channels which affects only
the elastic resonance (� ¼ 0) [2–5].
In the following we focus on the scattering to the

3��
g ð3��1

g 3s1gÞ state (Fig. 3). In accordance with our simu-

lations, we assign the two narrow peaks around �@! �
�14:9 eV to the vibrational levels � ¼ 0 and � ¼ 1 of this
final state.
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FIG. 1 (color online). High-resolution experimental RIXS
spectrum of molecular oxygen excited at the dissociative 1s !
�� 3�u resonance (@! ¼ 539 eV) measured in two geometries,
�¼ffðe;k1Þ¼0� and 90�. The scattering to the X3��

g and 3�g

final states has opposite polarization dependence. Due to ultra-
fast dissociation a narrow atomic (at) peak appears in addition to
the molecular (mol) peaks.
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FIG. 2 (color online). Scheme of transitions responsible for the
formation of the RIXS spectrum shown in Fig. 1. The excitation
energy is set to reach the potential curve crossing of the dis-
sociative state and a bound Rydberg core-excited state. The
scattering to the electronic ground state X3��

g forms the exten-

sive vibrational profile in the region �12 eV & �@!< 0 and
ends up by a narrow atomic peak. The molecular band at �@! �
�14 eV is due to the scattering to the 3�g final state. The core-

valence parity swap (PS) j1��1
g 3�1

ui ! j1��1
u 3s1gi opens the

RIXS channel to the 3�gð3��1
g 3s1gÞ 3��

g final state.
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The amplitudes for the NIXS and RIXS channels are
given [1,3] by the first and second term of the interaction
Hamiltonian, V ¼ �2ðA �A1Þ � �½p � ðAþA1Þ�, respec-
tively. Here A and A1 are the vector potentials of the
incoming and scattered photons, p is the momentum op-
erator of electrons, and � ¼ 1=137. The two contributions
have different scattering anisotropy [Fig. 3(a)] and form
the total scattering amplitude:

F � ¼ ðe1 � eÞFN;� þ ðe1 � nÞðe � nÞFR;�: (1)

The polarization anisotropy in RIXS depends on the ori-
entation of e and e1 relative to the dipole moments of the
core excitation and decay which are parallel to the unit
vector along the molecular axis, n. The NIXS transition
from the 3�g to the 3sg orbital has the amplitude FN;� ¼
hfjP e{q�rjgih�j0i � h3�gje{q�rj3sgih�j0i, where q is the

momentum transfer. It is dipole forbidden, and we take
nondipole effects into account by making a Taylor expan-
sion of e{q�r up to second order:

FN;� � �
�
�2p2 sin

�
q �R
2

�
h2pzjq � rj3si

þ �2sq
2h3sjr2j2si

�
h�j0i

� �½ðq̂ � nÞ2Fa
N;� þ Fis

N;��: (2)

The NIXS amplitude is explicitly written in terms of
its anisotropic and isotropic contributions, Fa

N;�¼
�2pq

2Rd2pz;3sh�j0i and Fis
N;�¼�2sq

2h3sjr2j2sih�j0i, res-

pectively. Here �i ¼ C
ð3�gÞ
i C

ð3sgÞ
3s (i ¼ 2s, 2p), q̂ ¼ q=q,

and R ¼ Rn is the internuclear radius vector, C
ð3�gÞ
m and

C
ð3sgÞ
m are the amplitudes of the atomic wave function (m ¼

2s, 2pz, 3s) in the 3�g molecular and 3sg Rydberg orbitals,

respectively, and h�j0i is the Franck-Condon amplitude
between the vibrational levels of the final and ground
states. As seen in Eq. (2), the 3�g ! 3sg NIXS amplitude

is due to the 2s ! 3s atomic quadrupole transition and the
two-center interference given by the sinðq �R=2Þ factor.
With this interference term, the dipole approximation is
violated when the x-ray wavelength approaches the size of
the molecule, qR	 1 (qR=2	 kR	 0:3 in our case). This
simulates the nondipole behavior of RIXS in the hard x-ray
region [3,26–28].
One reason that the NIXS channel becomes important in

this specific case is that the RIXS amplitude FR;� is small,

as seen in the experimental data (Fig. 1). Indeed, the ratio
of the intensity of the discussed transition to the total
intensity of the atomic and molecular bands is about 10�1.
As we have shown earlier [11], the population of the

f¼3�gð3��1
g 3s1gÞ final state via the 1�g ! 3�u resonance

requires a hole-electron parity swap in the core-excited
state [11]. This is accomplished by the interaction �

hrjr�1

12 jii	0:1eV between the initially excited i¼
1��1

g 3�1
u dissociative state and the r ¼ 1��1

u 3s1g Rydberg

state [14,21–23] [Fig. 3(c)]. The resonant propagator
Kri

n;� ¼ �hnj�i=½!� ðEr;n � Eg;0Þ þ {�� of a hole-electron
parity swap modifies [11] the conventional expression of
the RIXS amplitude [3]:

FR;� ¼ !1!
Z

d�
dfrh�jniKri

n;�h�j0idi0
!� ðEi;� � Eg;0Þ þ {�

: (3)

The Franck-Condon amplitudes h�j0i, hnj�i, and h�jni
describe the transitions from the ground state to the dis-
sociative state j�i, from the dissociative to the nth vibra-
tional level in the bound Rydberg state, and from this level
to the vibrational level j�i of the final state. Here,di0 anddfr
are the transition dipole moments of the core excitation and
radiative decay, respectively, Ei;� is the energy of the inter-

mediate dissociative state, and @� ¼ 0:07 eV is the lifetime
broadening of the core-excited state.
The total scattering cross section summed over polar-

izations of the final photon and averaged over molecular
orientations is

FIG. 3 (color online). The upper panel (a) shows the scattering
anisotropy of the NIXS (sin2�) and RIXS (1þ sin2�) channels.
(b) The observed polarization dependence of x-ray scattering to
the � ¼ 0 and � ¼ 1 vibrational levels of the 3��

g ð3��1
g 3s1gÞ

final state is in agreement with the theoretical prediction, when
interference between the RIXS and NIXS channels is taken into
account. (c) A detailed view of the potential curves of the states
involved in the interfering RIXS and NIXS (3�g ! 3s) chan-

nels. RIXS comprises three steps: 1�g ! 3�u, j1��1
g 3�1

ui !
j1��1

u 3s1i, and 3�g ! 1�u.
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�� ¼ r20!1

15!
jFR;�j2ð1þ 	�sin

2�Þ�: (4)

Here, r0 is the classical radius of the electron, 	�¼
½5=4�2

N;�þ�2
NR;�þjF00

R;�j2�=jFR;�j2, FR;� ¼ F0
R;� þ {F00

R;�,

�N;�¼Fa
N;��Fis

N;�, and �NR;�¼F0
R;��1=2ðFa

N;�þ5Fis
N;�Þ,

and � ¼ �ð�!þ!f;�;0;0Þ is the experimental spectral

function which includes both monochromator and spec-
trometer contributions. The dependence on the angle � ¼
ffðe;k1Þ is qualitatively different for the NIXS channel
�N / sin2� [Fig. 3(a)] which vanishes when � ¼ 0, con-
trary to the RIXS channel [11,26] �R / 1þ sin2�. This,
together with the fact that the vibrational profiles are also

very different for NIXS (h�j0i) and RIXS (h�jniKji
n;�h�j0i)

channels, explains why the vibrational profile strongly
depends on � [Fig. 3(b)]. This dependence is given by
the anisotropy parameter 	�, which, according to simula-
tions, is very sensitive to the vibrational level of the final
electronic state: 	0 ¼ 0:8 and 	1 ¼ 0:3. One should notice
that the vibrational profile ceases to depend on the polar-
ization when the NIXS is absent (FN;� ¼ 0) because the

anisotropy parameter becomes the same 	� ¼ 1 for all
vibrational levels.

In conclusion, we have shown that vibrationally resolved
scattering anisotropy in the inelastic x-ray scattering spec-
tra of the oxygen molecule reveals prominent interference
between the resonant and nonresonant scattering channels.
RIXS-NIXS interference is possible also at higher photon
energies, and based on simulations we estimate that it can
be observed, e.g., in x-ray Raman scattering at the Cl K
edge of the HCl molecule.
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