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Materials with strong correlations exhibit a diverse range of physical phenomena, such as 

unconventional superconductivity, heavy fermion behavior, metal-insulator transitions, exotic magnetism 
such as quantum spin liquid, multiferroicity. Typically composed of transition-metal, rare-earth, or actinide 
elements, the atomic-like d or f orbitals are the key component to create these exciting phenomena. The 
complex interplay between band formation, local correlation, and atomic multiplet effects results in 
numerous phases nearly degenerate in energy, allowing for highly tunable material properties through 
doping, temperature, pressure, or magnetic field variations. Understanding the behavior of d and f electrons 
is crucial, requiring the identification of orbitals actively involved in ground state and low-energy excitations. 
Currently, these orbitals are mainly inferred from optical, x-ray, and neutron spectroscopies, where spectra 
analysis relies on theory or modeling. However, this poses a challenge as ab-initio calculations usually face 
limitations due to the many-body nature of the problem. Recently, a novel experimental approach was 
proposed to yield a direct imaging of the atomic orbitals at play in materials from spectroscopic 
measurements [1–3]. The technique relies on non-resonant inelastic x-ray scattering (IXS), also known as X-
ray Raman Scattering (XRS), performed at high momentum transfer with intense synchrotron light. Owing to 
this methodology, a visual representation of the active orbital can be obtained, possibly helping to discern 
the actual structure of the relevant atomic orbitals in a crystal (see Fig. 1), which can be confronted to 
calculations of the electronic structure eventually.  

 
Fig. 1 : XRS integrated intensities of M1 (3s 
→ 3d) edge spectra plotted on the 
projections of the orbital shape of the 3dx2−y2 
and 3dz2 hole density (from Ref. [1]) in NiO 
single crystal. 
 
 

Lately, our team has succeeded in developing this technique at Synchrotron SOLEIL, acquiring 
expertise in data measurement and analysis. As a result, we have imaged relevant orbitals in different 
compounds of recent interest such a BaCoS2, BaNiS2, V2O3 or CuO. This PhD project aims to take this new 
approach to address several of the most challenging topics in quantum materials, namely :  
- Quantum molecular magnets, whose occupied orbitals, responsible for magnetism, change depending on 
pressure [4], requiring instrumental development. 
- Metal-Insulator transitions in vanadates (VO2, V2O3) under temperature and pressure [4-6]. 
- Unconventional one-dimensional superconductors with orbital order in superconducting compounds [7] . 
Possibility to performe state of the art DMFT calculation to corroborate the results are possible in 
collaboration with Benjamin Lenz (IMPMC, Sorbonne Université 
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Orbital Imaging in of Correlated Fermions Materials. 
A recent technique reported in march 2019 enable the direct imaging of orbitals. Such technique has been used 
on NiO with a 3d8 electronic configuration, revealing the dz2 and dx2-y2 orbitals of the 3d holes of Ni atoms 
(see figure [Nature Physics 15, 559 (2019)]). This technique uses is based on RIXS Inelastic x-ray scattering 
(IXS) in a special way so that the resonance of the 1s-3d transition resonance is defined observed by in the 
transferred energy loss spectrum(incident minus final energy). This new kind of imaging opens up a wide and 
completely new field for of investigations, in particular for strongly correlated electrons materials such as heavy 
fermions, superconductors and Mott insulators.  

 
During this internship, we propose to explore this technique 
on relatively simple cases where only 1 hole is present (3d9 
of 4f13 configurations) but where the question of the nature 
and evolution of the electronic structure is central. This is the 
case of superconducting cuprates (we dispose of a large 
variety of samples with several cuprate families and 

numerous compositions), but also the newly discovered superconducting nickelates (discovereds in august 2019) 
where the unusual N1+ oxidation state and 2D configuration is supposed to be an analogue of the enigmatic 
cuprates.  
    During this internship, located between the Laboratoire de Physique des Solides and SOLEIL Synchrotron 
(GALAXIES beam line), the student will participate to the experiment preparation (sample characterization and 
alignment, bibliography) and will participate  both to specific experiment for orbital imaging and other RIXS-
based experiments on GALAXIES beamline. Possible experiments on different synchrotron are also possible 
depending on acceptance of the proposals.  
 
    For an eventual PhD continuation, a collaboration and eventually a few weeks stay with other groups including 
short stays is are envisaged for specific calculation on of the electronic structure and orbital shape. These 
calculations are necessary in the case of the presence of several holes in order to separate the contribution the 
different orbitals to the RIXS signal.  
 
Please, indicate which speciality(ies) seem(s) to be more adapted to the subject: 
 
Condensed Matter Physics:  YES     Soft Matter and Biological Physics: NO 
Quantum Physics:  NO    Theoretical Physics: NO 

ARTICLESNATURE PHYSICS

M2,3 (3p), M4,5 (3d), N4,5 (4d) and O4,5 (5d)) in both NIXS7–13,16,22,23 
and XAS experiments17–21 as well as in core-level photoemission25. 
The reason for this is fundamental: the M1 (3s → 3d) quadrupolar 
excitation process involves a spherically symmetric s orbital, so the 
angular distribution of the intensity is solely determined by the hole 
charge distribution in the initial state with respect to the momen-
tum transfer q. This is similar to the dipole-allowed s → p transition 
in XAS, where an angular sweep of the polarization dependence 
maps out the orientation of the p hole directly. We emphasize that 
details of the s-NIXS final states do not matter because the informa-
tion is extracted from the integrated intensity of the spectra (that is, 
from the sum of the intensities of all final states). As a result, only 
the properties of the initial state are probed. This is true for both 
localized and itinerant systems. This procedure of using energy-
integrated spectra rather than carrying out line shape analyses has 
been shown to be a powerful method, for example, for determin-
ing the spin and orbital moments from X-ray magnetic dichroism 
experiments26–28 and spin–orbit expectation values in inelastic X-ray 
scattering14. The power of s-NIXS, as compared to XAS, is that it 
allows transitions not only from s to p, but also from s to d and from 
s to f due to the possibility of going beyond the dipole limit when 
using large momentum transfers ∣ ∣q .

The s-NIXS process involves a core hole, meaning that both 
the electronic structure of the system and consequently the mea-
sured valence hole are projected locally. The intensity distribution 
is not what would be measured in an X-ray diffraction (XRD) 
experiment, even if such an experiment could be carried out with 
sufficient accuracy. In fact, it would be extremely difficult for  
transition-metal, rare-earth and actinide compounds to be mea-
sured with the desired accuracy in XRD due to their relatively 
small number of valence electrons with respect to core electrons. 
s-NIXS provides information complementary to that from an  
XRD experiment by elucidating which local orbital or atomic 
wavefunction is active.

The s-NIXS method presented here is not limited to ionic 
materials. In cases where configuration interaction effects play 
an important role due to covalency or itineracy, the image of the 
probed local orbital will reflect these effects directly. For exam-
ple, in octahedral coordination one may detect eg and t2g orbital 
occupation ratios that are quite different from those based on 
the formal valency. The strength of s-core-level NIXS is that the 
information is extracted from the -q directional dependence of the 

integrated intensity and not from the line shape of the spectra. 
Thus, the details of the final states are no longer important, ren-
dering complex configuration interaction calculations unneces-
sary. The sole -q directional dependence is rooted in the spherical 
symmetry of the s-core hole.

The ability of s-NIXS to determine straightforwardly the local 
orbital is invaluable in tackling problems in complex systems where 
band formation and electron correlation effects are both impor-
tant. This method will be able to identify, for example, the entan-
gled spin–orbit states in ruthenium and iridium materials29,30. It is 
element-specific, and also allows for sophisticated sample environ-
ments (small samples, high pressures, high/low temperatures). New 
insights can be gained for a wide range of d- and f-electron-con-
taining materials, thereby providing guidance for the design of new 
materials with new properties.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of data availability and asso-
ciated accession codes are available at https://doi.org/10.1038/
s41567-019-0471-2.
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Fig. 4 | Integrated intensities of M1 (3s!→!3d) edge spectra plotted on the projections of the orbital shape of the 3A2 3d(x2!−!y2)3d(3z2!−!r2) hole density.  
a,b, The projections of the 3D orbital shape on two planes are defined by [001] and [100] (a) and [001] and [110] (b). The data points on polar plots 
a and b are integrated intensities for Ni M1 (3s!→!3d) for corresponding φ, which is the angle between the momentum transfer vector q and the surface 
normal vector [001] for both a and b. For a the sample is rotated such that q sweeps between [001] and [100]; for b, q sweeps between [001] and [110]. 
The inset in b demonstrates the theoretical orbital function (blue dashed line) and the corrected function as a result of an angular convolution with the 
3!×!4 analyser array. For a, the correction was insignificant. c, 3D hole density distribution of the Ni high-spin 3d8 configuration.
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Fig. 5 | Compton intensity as function of sample angle φ. Calculated and 
measured Compton intensity as function of sample angle φ with respect to 
specular geometry (φ!=!77.5°) for scattering angle 2θ!=!155°.
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