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Interference between scattering channels is observed in resonant inelastic x-ray scattering (RIXS) at the
Ne K threshold. Final states with [2p~'np) as the main configuration are populated via |[1s~'n’p)
resonances, where large-amplitude one-electron (n’ = n) channels interfere with small-amplitude
two-electron (n’ # n) channels. The interference is manifested in an asymmetric line profile where the
two-electron resonance occurs in the tail region of the one-electron resonance. In RIXS, this slowly varying
tail plays the role of the continuum for the Fano effect. The asymmetric profile is well modeled by means of
a single asymmetry parameter, determined by the amplitudes of the scattering channels and the energy

separation between the resonances.

DOI: 10.1103/c5Smk-trlz

Asymmetric spectral line shapes arise due to interference
between a discrete resonance and a continuum, as origi-
nally described by Fano in the early 1960s [1]. The Fano
effect is ubiquitous in resonant photoionization spectra of
atoms, molecules, and materials with local excitations. In
resonant inelastic x-ray scattering (RIXS) [2—4], on the
other hand, final states situated below the ionization
threshold preclude continuum interference as a mechanism
for line-shape asymmetry. In this Letter, we analyze the
observation of a Fano-like mechanism due to interference
between two discrete resonances, as one resonance occurs
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on the slowly varying tail of another. This tail plays the role
of the continuum for the classical Fano effect.

We investigate RIXS spectra excited at the Ne K
edge, where |2p%) — |1s7!'n'p) excitations are followed
by |[ls7'n'p) = [2p~'np) decay. One-electron decay
(n = n’) interferes with two-electron decay (n # n’) where
the 2p — 1s transition is accompanied by a Rydberg
electron shake process (Fig. 1). Because of this shake
process, more than one scattering channel contributes to the
population of the same final state,

[1s7'3p)

o) = {0

} Py bl (1)

and consequently, one-electron-two-electron channel inter-
ference (OTCI) is expected. Here w and o' are the energies
of incident and scattered radiation, respectively. The upper
row is the one-electron RIXS channel where the initially
excited Rydberg electron stays a spectator during the decay
step, while the lower row is a two-electron channel, which
opens due to Rydberg shake processes. In our spectra,
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OTCI is manifested in a Fano-like asymmetry in the cross
section for populating specific states. We develop a theory
that excellently describes the behavior in terms of a single
q; asymmetry parameter, determined by transition matrix
elements, which we calculate from first principles.

While the neon atom is chosen as a prototype system, the
results are relevant for RIXS spectra, in general, whenever
there are two or more discrete excitation-emission path-
ways to the same final state. Such situations are common,
e.g., for multiplet-split or chemically shifted resonances in
atoms, molecules, and condensed matter.

The Fano effect is intrinsic in all photoionization
processes, where resonances due to inner-shell excitations
are embedded in the continuum of direct photoionization
[6-8]. Interference between discrete states has primarily
been investigated for vibrational sublevels [2], while much
less attention has been paid to interference between discrete
electronic states [2,8—11]. At close-to-threshold excitation,
an initially excited Rydberg electron is subject to pro-
nounced shake processes during the electronic decay,
resulting in a wide distribution of final states [12]. This
opens different pathways with comparable amplitudes to
the same final state, and interference between discrete states
must be taken into account to describe the threshold
behavior. Typically, however, prominent continuum-bound
Fano interference masks the interference between the
discrete resonances in the electronic decay channel [8].
In RIXS, on the other hand, direct ionization into the
photoelectron continuum can be neglected. In principle, the
final states of the process can be reached via nonresonant
inelastic scattering, corresponding the nonresonant channel
in photoemission and implying a Fano-like behavior.
However, the contribution of this process to the x-ray
spectra is very small [13]. In the radiative decay channel,
also the change in potential upon charge-conserving photon
emission is small. Thus, Rydberg shake processes in the
second step of the RIXS process are much less prominent
[14] than in resonant photoemission, and threshold behav-
ior has earlier been well described under the assumption
that they can be neglected [15,16].

The experiment was performed at the Veritas beamline at
the MAX IV synchrotron radiation facility. The large RIXS
spectrometer [17] measured at 90° scattering angle in the
horizontal plane, using a cylindrical grating with 67 m
radius, and 1350 grooves/mm in the second order of
diffraction. The incident radiation was polarized in the
vertical plane. The combined resolution for spectrometer
and beamline was measured via elastic scattering to be
around 120 meV.

We used a cell with a 200 nm thick and 1 mm wide SizNy
membrane to separate the sample gas at 1.0 bar from the
ultrahigh vacuum. The incident and the emitted radiation
penetrated the same membrane, the glancing angle of
incidence being 30°. For the optically thick sample, we took
saturation [18,19] into account for the predictions using the
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FIG. 1. Scheme of the transitions at the Ne K edge that we

analyze in this Letter. As shown in Supplemental Material [5], the
mechanism is general. Left: the one-electron transition where a 15
electron is excited to a 3p orbital, and the 1s vacancy is filled by
an electron from the 2p orbital. Middle: the two-electron
transition where a ls electron is excited to a 4p orbital, and
the filling of the 1s vacancy by an electron from the 2p orbital is
accompanied by 4p — 3p shake down. Right: the state repre-
sentation of the same transitions: the [2p%) — |1s713p) —
|2p~'3p) channel (blue) populates the same final state as the
[2p%) — |1s7'4p) — [2p~'3p) channel (red), and the two chan-
nels interfere.

conditions described above, the x-ray absorption spectrum
from Ref. [20] and absolute cross sections from Ref. [21].
Details are described in Supplemental Material [5].

To model the inelastic scattering of x-rays, the multi-
configuration Dirac-Hartree-Fock (MCDHF) method has
been applied to compute all second-order amplitudes in the
resonant approximation. For atoms with inner-shell holes,
in particular, the MCDHF method has been found versatile
for systematically combining the excitation and emission
process via the formation of different resonances [22],
including the treatment of nonorthogonal sets of orbitals.
To this end, we have expanded the Jena atomic calculator
[23], to generate all many-electron amplitudes of the RIXS
process including their relative phase. Emphasis has been
placed to obtain a reasonable fine-structure splitting, even if
the amplitudes themselves are slowly varying with details
in the wave function expansion. We also performed a jj—LS
recoupling to isolate the correct LS terms in the overall
multiplet of singly excited neon atoms. While we shall not
discuss details of the electronic structure calculations, the
efficient implementation of the RIXS amplitudes is a key
feature to quantitatively analyze these experiments.

At the Ne K edge, we consider [2p°®) — |1s7!n/p) —
|2p~'np(L)) transitions (Fig. 1), where |2p%) represents
the 1522522p°1S,, ground state, and L refers to the orbital
angular momentum of the final state. We can restrict the
discussion to the singlet space since intercombination
transitions into the triplet space are very weak for all light
elements. Thus, only [2p°('Sy)) = 'P; = 1S,,'P,,'D,
transitions are dipole allowed and, for simplicity, we refer
to the final-state terms as S, P, D in the following.

Features corresponding to these transitions for low n and
n’ are marked in the two-dimensional (2D) RIXS map
(Fig. 2). The vertical Raman ridges at constant energy loss
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FIG. 2. 2D RIXS map (in logarithmic intensity scale) covering

the Ne K edge, with projections on the energy-loss scale (top,
linear intensity scale) and the resonance energy scale (right, linear
intensity scale). Vertical Raman ridges correspond to the
[2p~'np(L)) final states, where for n = 3, states of L = P, D
character are found at the energy loss @ — @’ = 18.66 eV, well
separated from the L = S state at 18.97 eV, and the unresolved
multiplets of the n =4 and n =5 configurations are found at
20.28 and 20.85 eV energy loss, respectively. The resonance

energies associated with |1s~!n/p) states are marked with black

horizontal lines for n’ = 3, 4, 5, 6 at 867.29, 868.928, 869.530,
and 869.815 eV, respectively [20] (21.565 [24] and 870.33 eV
[20]). The ionization limits are also shown in the figure.

correspond to [2p~'np(L)) final states, as the difference
between the energy of the incoming radiation @ and the
energy of the scattered radiation @' is close to the final-state

excitation energy, a)g;,)np ~w— . A projection onto the

energy-loss axis is shown above the 2D map in Fig. 2. The
|2p~'3p) configuration shows two well-separated features:
an intense ridge at 18.66 eV and a low-intensity ridge at
18.97 eV energy loss. The latter can be assigned to a
12p~'3p(S)) state with almost pure S character. States with
P and D character dominate the high-intensity ridge. For
the unresolved n =4 and 5 multiplets with maxima at
20.28 and 20.85 eV, respectively, the S, P, D splitting is
only reflected in the width of the ridges (FWHM =~ 0.2 eV).
For higher n, the ridges converge to the continuum at
21.565 eV, and the |2p3_/12€> final-state energies increase
linearly with excitation energy, resulting in a diagonal band
in the RIXS map.

We see sharp resonances especially in the lower n ridges,
corresponding to |1s~'n/p) resonances for n’ = 3, 4, 5, and
at higher n’ the Rydberg resonances converge to the

1 & Exp.207'3p(S)
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FIG. 3. The integrated intensity in the 18.88—-19.08 eV energy

interval (see Fig. 2) as a function of w, reflecting the population of
the [2p~'3p(S)) final state (red dots). The predicted og(w)
according to Eq. (2), using matrix elements calculated from first
principles (blue), and the prediction including the saturation effect
(green). The |1s7!3p) and |1s~'4p) resonance energies are marked
with vertical dashed lines. Inset: enlarged part of the same data,
highlighting the interference effects. The green and red curve are
normalized to have the same area in the 864871 eV range.

ionization limit at 870.33 eV [20]. The overall behavior
is in line with earlier predictions [25], as well as exper-
imental results [26]. We note in passing that RIXS data of
this kind are wanted as a reference for free-electron-laser
experiments, where this atom is typically used for bench-
marking nonlinear x-ray processes like stimulated resonant
Raman scattering [27-29].

For an isolated resonance (n =rn'), e.g., |2p6> —
[1s7'3p) = [2p~'3p), one would expect a smooth, sym-
metric resonance curve, the projection on the excitation-
energy scale of the ridge corresponding to the cross section
for populating |2p~!3p) final states.

In Fig. 2, however, we observe significant deviations
from this behavior. There is obvious crosstalk between the
ridges, e.g., we note a sharp variation of the [2p~'3p(L))
intensity in the range where the excitation energy matches
the |1s~'4p) resonance. This behavior is further high-
lighted in Fig. 3, where the population of the [2p~'3p(S))
final state is shown as a function of excitation energy. We
see that the behavior is well described by the theoretical
predictions.

The essence of the theory is that two interfering scattering
channels [Eq. (1)] lead to the same [2p~'3p(L)) final state.

The amplitude for the two-electron transition F\'”") is

much smaller than the amplitude for the one-electron

.. 3p3 .
transition FEP ) However, when  is tuned near the

ls — 4p resonance, the off-resonant one-electron channel
becomes comparable to the resonant two-electron channel,
resulting in pronounced OTCI.

We use the LS coupling scheme, which is fully justified
for scattering to the S final state and lets us treat the other
multiplets in an approximative fashion. For the sake of
simplicity, we consider scattering to the [2p~!3p(S)) states
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in the main text and treat the general case in Supplemental
Material [5], where we also explicitly derive the expres-
sions for the scattering cross section written here,

o5, o) = esos(@)5(@ — o — 0, Ty),

2p3p>
(4p.3p) (3p3p) |2
1| F F
=— 2
as(@) 30+ T TQrALT 2)

in terms of the one- and two-electron amplitudes F{” ")

and F §4p 37) which are equal to the product of the reduced
transition dipole moments of the absorption and emission
transitions (see Table I in Supplemental Material [5] for
theoretical values),

FUP37) = (0]|d||1s13p(P)) (15~ 13 p(P)||d||2p~"3 p(S)).
FPP) = (0]|d|| 1s~"4p(P)) {15~ 4p(P)||d||2p~'3p(S)).

The normalized Lorentzian §(w — o' — wéié »» ) with the
width of the final state I'y describes the Raman dispersion,
I" is the lifetime broadening of the intermediate core excited
state, £ = @ — w4, is the detuning of the photon energy
from the 1s — 4p resonance, and A = @4, — w3, s the
difference between the resonant energies @y,

The polarization prefactor ¢; in Eq. (2) explicitly takes
the angular dependence into account and motivates the
chosen experimental geometry. In general, it can be written
in terms of the polarization vectors of incident e and
scattered e’ photons and the Clebsch-Gordan coefficients:
oL =3> > e”e’”'C?gl,lﬂCHglm 2. For scattering to
S, P, and D final states, we get

es=(e-¢)’ op=(exe)
oo =59 7e €, o)

Our spectrometer is not sensitive to the polarization of the
scattered radiation, and we average the cross section over
rotations of ¢’ around the direction of the momentum k' of

the scattered photon using (e - ¢/)> = 1[1 — (e - k’)?] and

(exe)?=1-(e-e')? where k' = k'/k. In the experi-
ment, we use vertical polarization of the incident radiation,
and 90° scattering angle, implying that Z(e, k') = 90°, and
we obtain gy = 1/2, gp = 1/4, and ¢p = 11/10. In con-
trast, horizontal polarization would have implied g5 = 0,
and scattering to S final states would not have been
observed.

We use two alternative representations of the integral
RIXS cross section that highlight different aspects of the
process. First, we separate the cross section [Eq. (2)] in
direct and interference terms,

os(w) = o () + o' (@), 4)

9 (a)

og(w)

cross section (arb. units)

g=-0.43 eV 4 45=+0.43 eV

0 T T
866 867 868 869 870
Incident photon energy (eV)

FIG. 4. (a) Direct 64" (w) term (blue), interference ¢\ (w) term
(red), and the resulting total cross section og(w) (black) [see
Eq. (4)], using theoretical matrix elements, which give
gs = —0.43 eV. (b) o5(w) [Eq. (5)] for gg = —0.43 eV (black)
compared to the hypothetical case where gg¢ = 40.43 (green) and
qs = 0 (dashed), which restores a symmetric Lorentzian centered
at the |1s7!3p) resonance. The resonance energies are marked
with vertical dashed lines.

where 6" (w) is the sum of the square modulus of two- and
one-electron contributions in expression (2) for og(w),
while 6i"(w) is the interference term (see Supplemental
Material [5]).

This conventional expression demonstrates that interfer-
ence contributes to the intensity between the resonances
[Fig. 4(a)], in line with earlier observations of interference in
the electronic decay channel [6,9]. In RIXS, the steep
variation at the resonances can be unambiguously assigned
to the interference between the discrete states as the non-
resonant scattering channel can be neglected. The variation
has the largest impact at the weak two-electron channel
resonance and gives it an asymmetric Fano-like shape.

For the comparison between the predictions and the
experimental results in Fig. 3, we have accounted for
saturation effects arising because our medium is optically
thick (see Supplemental Material [5] for details). Saturation
relatively suppresses the intense features and enhances the
weak. It makes the main |1s7'3p) peak much broader
(FWHM = 0.7 eV) than what is expected from the intrinsic
width (FWHM = 0.25 eV), and it relatively increases the
intensity of the asymmetric feature at the |1s~'4p)
resonance.

The second expression for 65(w) underlines the resem-
blance between OTCI and Fano interference; the role of the
Fano continuum is played by the smooth tail of the strong
one-electron channel,

(Q+g5) +1?

o) = A @t A T

(5)
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Here A = (F<S3p’3p) + F(S4”’3p))2/3. The asymmetry param-

eter g5 = F(S4P’3p)/(F(S3P’3p) + F§4p’3p))A explains  the

observed strong asymmetry due to the two-electron tran-
sition at the |1s7'4p) resonance (Fig. 3).

In Fig. 4(b), we show how the shape of the resonance
[Eq. (5)] varies with g;. The asymmetry critically depends,
not only on the magnitude of g; , but also on its sign, which is
determined by the sign of the scattering amplitudes. While
the RIXS cross section can often be understood in terms of
the absolute square of the electronic matrix elements, the
type of phase sensitivity manifested here is inherent when
interference is important. This is widely exploited for
vibrational wave functions in lifetime-vibrational interfer-
ence effects [2,3,30], which become especially prominent
when the vibrational spacing in the intermediate state is
small compared to the lifetime width. In contrast, OTCI
relies on a large spacing between the interfering intermediate
electronic states as g; o« A. Sensitivity to the phase of the
photon wave function in recent observations of Young-
double-slit interference [31-33] gives indirect sensitivity to
the phase of the electronic wave functions. However, a direct
observation of the relative phases of two coherently excited
discrete electronic states in a RIXS experiment has not been
reported before.

We also observe OTCl in scattering to [2p~!3 p) states of
P and D character at the |1s~'4p) resonance and also in
scattering to |2p~'4p) and |2p~'5p) final states at the
|1s713p) resonance. The analysis follows the same line as
the analysis above, and we refer to Supplemental Material
[5] for details about the general treatment.

We note that g, = F(L<"“>”’"p>/ (Fi"”‘"p) +F(L("“)”‘"”))A -0
as n increases toward threshold where A — 0. OTCI
will thus be unimportant in the immediate vicinity of
threshold. Although several strongly overlapping |1s~'n'p)
Rydberg states are simultaneously excited in the first step,
no interference effects in the RIXS process are expected.
This is in sharp contrast to resonant Auger spectroscopy,
where a multitude of interfering electronic decay channels
contribute and develop into postcollision interaction in the
continuum [12].

A threshold behavior in the present experiment that may
seem intriguing at first sight is the substantial population of
neutral final states several eV above the 1s ionization limit
at 870.33 eV (Fig. 2). The n = 3 intensity is particularly
strong, but also n = 4, 5, 6 final-state population stretches
above the ionization limit. A faint diagonal line of intensity
below the main resonances indicates that also 2p~le
continuum states are populated below the ionization limit.
This behavior is not due to nonresonant inelastic scattering
or intricate threshold dynamics. It can be understood in
terms of the same RIXS processes that have been discussed
throughout the Letter and is merely a consequence of long
Lorentzian tails due to the finite lifetime of the core hole
states. Saturation relatively enhances the weaker spectral
features.

In conclusion, we have measured and analyzed the
threshold behavior of RIXS at the Ne K edge. We
find interference between scattering channels where
|2p~'np(L)) final states are populated at |1s~'n’p) reso-
nances, also for n’ # n. Especially, the two-electron chan-
nel where n’ =4 and n = 3 interferes strongly with the
one-electron channel where n = n’ = 3. This one-electron-
two-electron channel interference leads to a Fano-like
asymmetry close to the |1s~'4p) resonance. We develop
a general theory that excellently describes the behavior in
terms of a parameter ¢g;, determined by the amplitudes for
the excitation-emission channels and the energy difference
between the resonances.
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