
PHYSICAL REVIEW B 113, L161116 (2026)
Letter

1s2p resonant inelastic x-ray scattering natural circular dichroism

James M. Ablett ,1,* Nazanin Kordestani ,2 Amélie Juhin ,3 Alessandro De Frenza ,3 Marie-Anne Arrio ,3

Patrick Rosa ,2 Elen Duverger-Nédellec ,2 Edwige Otero ,1 Jean-Pascal Rueff ,1,4

Philippe Sainctavit ,1,3 and Elizabeth A. Hillard 2

1Synchrotron SOLEIL, L’Orme des Merisiers, Départementale 128, 91190 Saint-Aubin, France
2Université Bordeaux, CNRS, Bordeaux INP, ICMCB, UMR 5026, F-33600 Pessac, France

3CNRS, Sorbonne Université MNHN, IMPMC UMR 7590, F-75252 Paris, France
4Laboratoire de Chimie Physique-Matière et Rayonnement, CNRS, UMR 7614,

Sorbonne Université, 4 Place Jussieu, 75252 Paris, France

(Received 26 August 2025; revised 15 February 2026; accepted 23 March 2026; published 21 April 2026)

Natural circular dichroism (NCD) provides fundamental insight into molecular chirality and stereochemical
environments. Extending this concept into the hard-x-ray regime enables element-specific and site-selective
chiral sensitivity inaccessible to optical wavelengths. Here, we demonstrate that 1s2p resonant inelastic x-ray
scattering (RIXS) can be used to probe NCD in the enantiomeric model compound [Co(en)3](NO3)2. Using
high-resolution detection of Co Kα emission under circularly polarized excitation at the cobalt 1s pre-edge,
we observe pronounced dichroic behavior directly linked to the Co-centered chirality. The RIXS-NCD signal
reaches ≈ 23% of the pre-edge maximum—more than twice the amplitude of the previously reported x-ray NCD
signal for the same compound—and exhibits the expected angular dependence for the crystal’s P6322 symmetry.
Two-dimensional RIXS-NCD maps further reveal strong helicity-dependent features across both excitation
and emission energies, providing a richer description of the chiral electronic structure. These results establish
RIXS-NCD as a photon-in–photon-out methodology for investigating natural optical activity with elemental and
orbital specificity, paving the way for future applications to complex chiral and bioinspired materials.

DOI: 10.1103/pgjx-znm3

Natural circular dichroism (NCD)—the differential ab-
sorption of left- and right-handed circularly polarized light—
is a cornerstone technique for probing molecular chirality
[1]. Conventional optical and infrared NCD provide infor-
mation on the electronic and vibrational transitions of chiral
molecules, but they are limited by the often delocalized nature
of optical transitions and by the lack of element selectivity.
In contrast, x-ray natural circular dichroism (XNCD) offers
site-specific access to the chiral electronic structure by ex-
ploiting the interference between electric dipole (E1) and
electric quadrupole (E2) transitions near an absorption edge
in ordered media [2,3]. Hard x-ray XNCD has been success-
fully demonstrated at several synchrotron facilities, including
the European Synchrotron Research Facility (ESRF) [4–15]
and the Advanced Photon Source (APS) [16], typically at
the K edges of transition metals or the L edges of heavier
elements such as iodine [4] and lanthanides [12–15]. These
experiments have revealed that hard x-rays offer true bulk
sensitivity, minimal birefringence, and compatibility with
in situ environments—advantages that make x-ray chiroptical
methods particularly appealing for condensed-phase materials
studies. Yet, despite these advances, conventional XNCD re-
mains a one-dimensional probe: it measures only absorption
differences and is thus limited by the natural linewidths of
deep-core holes and by diffraction peaks that can mask weak
dichroic signals.
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Resonant inelastic x-ray scattering (RIXS) provides a
way to overcome these limitations. As an energy-resolved,
photon-in–photon-out technique, RIXS simultaneously
probes the absorption and emission channels of a core-excited
system, revealing element- and orbital-specific information
with sub-eV resolution [17]. In 1s2p RIXS on first row
transition-metal complexes, excitation of a 1s electron into
unoccupied 3d and 4p orbitals is followed by 2p → 1s
emission, producing spectra that reflect the local symmetry,
oxidation state, and ligand field of the absorbing atom [18].
The reduced lifetime broadening of the 2p core-hole in the
final state and the suppression of diffraction peaks, and
elastic and fluorescence backgrounds by spherical crystal
analyzers (SCAs), make RIXS ideally suited for detecting
subtle dichroic effects [17,19–22].

In this work, we present an experimental demonstra-
tion of RIXS-NCD using the enantiomeric model system
[Co(en)3](NO3)2. This compound, which crystallizes in the
space group P6322, has previously shown measurable XNCD
at the Co K pre-edge, making it an ideal reference for com-
parison [23]. Single crystals of �- and �-[Co(en)3](NO3)2

were prepared following established protocols [24] and their
handedness verified by single-crystal x-ray diffraction. Ex-
periments were carried out at the GALAXIES beamline
of the SOLEIL synchrotron [25], using circularly polarized
(CP) hard x-rays, with Pc close to 100%, generated by a
quarter-wave plate [26] and monochromatized by a Si(111)
double-crystal monochromator. The helicity was alternated at
each energy step, and the incident beam was focused to a
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FIG. 1. Perspective view of the experimental geometry for
RIXS-NCD. Incident CP x-rays, denoted by the red and blue circular
arrows, of energy h̄ω1 are oriented parallel (axial) or perpendicular
(orthoaxial) to the crystal optical axis. The SCA selects the emitted
x-rays of energy h̄ω2 at a scattering angle � (in the horizontal
scattering plane) relative to the incident x-ray beam and focuses them
onto a silicon drift detector (not shown).

30[vertical]×90 [horizontal] µm2 spot on the sample under
a helium atmosphere. The experimental geometry is shown
in Fig. 1: the crystals were orientated such that the incident
beam was either parallel (axial geometry) or perpendicular
(orthoaxial geometry) to the crystallographic c axis. The emit-
ted photons were energy analyzed by a single 1 m radius
Si(531) spherical crystal analyzer positioned in the horizontal
scattering plane at � = 135° or 145° and tuned to the Co Kα1

emission line. To avoid beam damage, the x-ray intensity was
reduced from its maximum value of ≈ 2 × 1013 photons/s to
≈ 2 × 1010 photons/s, and the sample position was frequently
refreshed. Detailed experimental procedures can be found in
the accompanying Supplemental Material [27].

Figure 2(a) displays representative high-energy-resolved
fluorescence-detected (HERFD) x-ray absorption spec-
troscopy (XAS) spectra at the Co K edge recorded with
opposite helicities, showing a clear pre-edge dichroism.
The corresponding HERFD-NCD spectra [Fig. 2(b)] reveal
mirror-image behavior for the � and � enantiomers. The

FIG. 2. (a) Representative HERFD-XAS spectra on � axial
[Co(en)3](NO3)2 at the Co K edge recorded with alternating heli-
cities (CP+, CP−) with the emission energy set to the maximum of
the Co Kα1 line. Inset: zoom in on the Co 1s pre-edge dichroism. (b)
HERFD-NCD spectra for both enantiomers of [Co(en)3](NO3)2. For
these data, the crystals were arranged in either axial or orthoaxial ge-
ometries and the incident energy scanned across the Co 1s pre-edge
with alternating helicities with the spectrometer emission energy set
to the maximum of the Co Kα1 line. The HERFD-NCD signal was
simply obtained by taking the difference between these two datasets.

FIG. 3. XES-NCD taken on �-[Co(en)3](NO3)2, in both axial
and orthoaxial geometries, at an incident x-ray energy of 7710 eV
corresponding to the maximum of the HERFD-NCD signal. The data
were obtained by scanning the spectrometer x-ray emission energy
across the Co Kα1 and Kα2 emission lines for alternating helicities.
The helicities were flipped after each complete x-ray emission scan,
and the dichroic x-ray emission spectrum obtained from their differ-
ence, expressed as a percentage of the average Co Kα1 maximum
intensity.

dichroic signal is maximal at the Co 1s → 3d/4p pre-edge
and reaches ≈ 23% of the pre-edge intensity—more than
twice the 9.6% amplitude previously observed in XNCD [23].
The signal reverses sign and decreases by roughly a factor
of 2 between the axial and orthoaxial geometries, following
the expected 3 cos2 θ − 1 angular dependence for D6 crys-
tal symmetry [30]. These results unambiguously demonstrate
the presence of natural circular dichroism in a chiral system
probed by RIXS-NCD.

To explore the emission dependence, we performed x-ray
emission spectroscopy (XES) at a fixed excitation energy
corresponding to the maximum dichroic response (h̄ω1 ≈
7710 eV). Figure 3 shows the difference between these spectra
taken with alternating helicities, and for both the axial and
orthoaxial geometries. In these XES-NCD spectra, both the
Co Kα1 (2p3/2 → 1s) and Kα2 (2p1/2 → 1s) emission lines
exhibit helicity-dependent intensity variations with the same
sign for �-[Co(en)3](NO3)2, as expected for a nonmagnetic
chiral effect [4]. The magnitude of the helicity-dependent
modulation in the Kα1 line reaches ≈ 44% of its mean in-
tensity in the axial geometry, making it one of the strongest
circular dichroic signals reported for a chiral system in the
hard x-ray regime.

Two-dimensional RIXS-NCD maps, obtained by record-
ing full emission spectra as a function of incident energy
for both helicities, provide a complete picture of the phe-
nomenon (Fig. 4). The polarization-averaged map shows the
main 1s2p resonant features, while the dichroic map reveals
broad regions of helicity-dependent intensity over several
electron volts in both excitation and emission dimensions. The
extended dichroic structure indicates that multiple intermedi-
ate states contribute coherently to the overall response. Line
profiles extracted from these maps (Fig. 5) confirm that the
dichroic contrast evolves systematically across the pre-edge
and emission regions, maintaining the same sign and symme-
try as the one-dimensional spectra. The maximum RIXS-NCD
signal is found to occur around 6931.3 eV, with a similar
spectral weight between the dichroic features at ≈7708 eV
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FIG. 4. Top: A "polarization-independent" RIXS map on �-
[Co(en)3](NO3)2 in orthoaxial orientation. The map was taken by
scanning the emission energy across the Co Kα1 emission line at
each incident x-ray energy with alternating helicity (CP+, CP−). The
data were summed for each polarization and divided by 2, to mimic a
polarization-independent RIXS map. Bottom: The RIXS-NCD map
obtained from the difference between the polarization-dependent
spectra used in the top panel. A clear dichroism is observed over
several eV in incident and emission energies in the Co 1s pre-edge
region. The horizontal dashed lines indicate x-ray emission energies
used to plot the HERFD-XAS and HERFD-NCD spectra in Fig. 5.

and ≈7710 eV. The RIXS-NCD signal at 6930.3 eV resembles
that shown in Fig. 2(b), recorded at approximately the same
emission energy and showing a strong intensity difference
between these two dichroic features. This clearly indicates
that RIXS-NCD is substantially richer than XNCD, for which
both theory and experiment have demonstrated the existence
of only a single dichroic line shape in D6 symmetry.

The physical origin of the observed RIXS-NCD can be
understood in terms of the interference between E1 and E2
transition amplitudes in the intermediate state of the RIXS
process. The RIXS scattering amplitude can be written in the
standard Kramers-Heisenberg form (see, e.g., Refs. [17,31]):

I (ω1, ω2) ∝
∑

f

∣∣∣∣∣
∑

n

〈 f |Ô2p→1s|n〉〈n|Ô1s→3d,4p|i〉
Ei − En + h̄ω1 + i�n/2

∣∣∣∣∣

2

×δ(E f − Ei − h̄ω1 + h̄ω2),

FIG. 5. Top: Polarization-dependent (CP+, CP−) HERFD-XAS
spectra taken from Fig. 4 at specific x-ray emission energies. Bottom:
HERFD-NCD spectra obtained from the difference between the two
polarization datasets presented in the top panel.

where |i〉, |n〉, | f 〉 denote the initial, intermediate and final
states with energies Ei, En, E f ; h̄ω1 and h̄ω2 are the incom-
ing and outgoing photon energies; Ô1s→3d,4p and Ô2p→1s

are the absorption and emission operators, respectively; �n

is the intermediate-state lifetime broadening; and the interfer-
ence between the E1 and E2 terms in Ô1s→3d,4p gives rise to
the observed helicity dependence. The stronger dichroic con-
trast observed in RIXS-NCD compared with XNCD results
from (i) the narrower lifetime broadening of the 2p final state,
(ii) the background suppression achieved by energy-resolved
emission detection, and (iii) the coherent coupling between
excitation and decay channels that amplifies the E1–E2 inter-
ference term.

A useful comparison can be made with RIXS–magnetic
circular dichroism (RIXS-MCD) at the K pre-edge of 3d
elements [18,32,33], though with the difference that RIXS-
MCD arises in magnetically ordered materials from E1.E1
and E2.E2 terms in the absorption process. In systems such as
Fe3O4 [32] and CrO2 [18], RIXS-MCD signals were found to
exceed K-edge XMCD by an order of magnitude. The present
RIXS-NCD data show also a strong enhancement but in a
purely nonmagnetic, structurally chiral system, demonstrat-
ing the generality of RIXS dichroism as a probe of broken
symmetries.

In conclusion, we have demonstrated that 1s2p RIXS-
NCD provides a sensitive and robust means of detecting
natural circular dichroism in nonmagnetic chiral materi-
als. The RIXS-NCD amplitude in [Co(en)3](NO3)2 exceeds
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that of conventional XNCD by more than a factor of 2
and exhibits the angular dependence expected from crystal
symmetry. The two-dimensional RIXS-NCD maps reveal ex-
tended helicity-dependent features across both excitation and
emission energies, reflecting coherent multipole interference.
These findings establish RIXS-NCD as a powerful tool for
element- and site-selective studies of chirality in solids.

Looking forward, the multidimensional nature of RIXS-
NCD opens promising avenues for investigating chiral
electronic structure, orbital hybridization, and symmetry-
breaking interactions in complex systems. The development
of RIXS-NCD sum rules and tensorial formalisms [34],
analogous to those of XNCD [30] and RIXS [35], will
enable quantitative connection between dichroic intensities
and the multipole moments of chiral electronic densities.
Extending this approach to transition-metal and lanthanide
systems with strong spin-orbit coupling may provide insight
into the coupling between chirality, orbital polarization, and
magnetism.
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