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The group investigates the electronic structure of f-electron materials, with a particular focus on Ce- and
U-based intermetallic compounds, utilizing state-of-the-art x-ray spectroscopy. While addressing ongoing
questions in the field of strongly correlated f-electron science, the group places special emphasis on developing
new experimental and analytical techniques to better understand intermetallic uranium compounds, where
inconsistent results in the literature have caused growing frustration within the scientific community.

Among f-electron materials, particularly those contain-
ing Ce and U compounds, a plethora of exciting phenom-
ena have been observed. These include heavy fermion
behavior [1,2], hidden order, unconventional magnetism,
unconventional superconductivity, the coexistence of fer-
romagnetism and superconductivity [3-5], orbital mul-
ticomponent phenomena [6], and spin-triplet supercon-
ductivity [7-9] with unusual topological properties [10].
The hybridization of f and conduction electrons drives
these intriguing low-temperature properties, making the
understanding of f-electronic structures indispensable.
Notable newcomers to this exciting field of research in-
clude CeRh;As,, a new multiphase superconductor [11],
and UTe,, a spin-triplet superconductor candidate [7].

In rare earth elements, with their spatially well-localized
4f electrons, and in transition metals, with their spatially
extended d-electrons, there is a clear hierarchy of interac-
tions, including Coulomb repulsion, spin-orbit coupling,
hopping, and crystal-field effects. However, this hierar-
chy is lost in the actinide series because the 5f electrons
lie in-between. Consequently, it becomes challenging
to quantitatively describe the electronic structure of 5f
intermetallics. It remains unclear whether an itinerant
band approach or an impurity-type model, which ex-
plicitly accounts for local degrees of freedom, is more
suitable.

This complexity is further compounded by the lack of
crucial information, such as the formal valence, the
actual filling of the 5f shell, the degree of covalence,
and the relevant symmetries of the 5f electrons. For in-
stance, determining the formal valence of U compounds
is difficult because x-ray absorption spectra (XAS) are
very broad (approximately 8 eV at the U M, s edge), ob-
scuring potential multiplet structures beneath them [12].
Similarly, core-level photoelectron spectroscopy (PES)
spectra typically exhibit a single broad main emission
line, with at most one satellite feature [13,14]. Interpret-
ing such data is challenging, often leading to conflicting
interpretations of x-ray data for U intermetallics.

Therefore, while the study of topical Ce compounds us-
ing well-established x-ray methods continues [15-20],
the group’s recent efforts have shifted towards devel-
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oping new experimental techniques and approaches to
better describe the electronic structure of U intermetallic
compounds [21-24].

Element-specific Inelastic X-ray Scattering (IXS), in-
cluding both resonant (RIXS) and non-resonant (NIXS)
techniques, serves as an important and innovative
tool. Using NIXS at large momentum transfers at the
U O4 5 edges (5d — 5f), the group demonstrated that,
unlike the dipole signal in XAS, the multipole signal
is excitonic and can be modeled with an ionic calcula-
tion [25,26] using the QUANTY code by M.W. Haverkort
[27]. Even the dichroism can be described within a local
crystal-field model, confirming the presence of multi-
plets.

However, measuring ff excitations directly with RIXS
in U intermetallics is challenging compared to Ce, be-
cause the RIXS signal at the U O4 5 edges (5d = 5f)
lies in the extreme ultraviolet and is dominated by
the elastic tail. While RIXS measurements at the
U N4 5 edges (4d — 5f) in the soft x-ray range have
been successful for U oxide samples [28,29], no in-
tensity was detected for U intermetallic samples. This
is likely due to the combination of weak absorption at
the U Ny 5 edges and broader signals in intermetallics.
The strong U My 5 (3d — 5 f) transition, however, falls
within the tender x-ray regime, where achieving high
resolution is a significant challenge. Currently, only
one spectrometer in the world provides sufficient reso-
lution: the MPIIRIX spectrometer at beamline PO1 at
DESY/PETRA-III, which was upgraded for ruthenate
research [30].

At IRIX, we performed valence band RIXS measure-
ments at the U My 5 edges with sufficient resolution, en-
abling the detection of ff excitations in intermetallic ura-
nium compounds with an excellent signal-to-background
ratio. These ff excitations serve as unique fingerprints of
the formal U S f configuration, helping resolve disputes
concerning the formal valence states and confirming the
presence of local physics and strong correlations in these
itinerant compounds. Additionally, the orientation de-
pendence of the multipolar excitations in NIXS (and to
some extent in RIXS) provides crucial information about
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Fig. 1: RIXS: (a) XAS data of CeRhyB; for linear linear polarized light and simulation for pure |J = %, J;) states in
inset in (a). RIXS data (black dots) of CeRhyB, at 295 K measured at resonance energy of the Ce Ms edge with full
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multiplet simulation assuming a |J = %, J, = £5) ground state (red line) (b).

orbital occupation.

PES, on the other hand, is sensitive to covalence. For
rare earth compounds, the quantitative analysis of core-
level PES data using configuration interaction-type cal-
culations is relatively straightforward [31]. However,
this approach is not feasible for U intermetallics, where
hybridization is significantly stronger, leading to contri-
butions from multiple 5 f"* configurations (e.g. n =0to 5)
to the non-integer valent ground state. In such cases,
more sophisticated approaches are necessary. Specifi-
cally, a combination of valence band (VB) PES measure-
ments with both soft and hard x-rays is employed to dis-
tinguish subshells. This enables the determination of re-
liable material-specific parameters for density-functional
theory (DFT) combined with dynamical mean-field the-
ory (DMFT) calculations. This integrated approach of
PES and DFT + DMFT provides new, reliable quantita-
tive insights into the number of electrons in the 5 f shell
and their degree of covalence.

The report begins with the most significant results on
Ce compounds, followed by the group’s initial findings
aimed at gaining a deeper understanding of the electronic
structure of U intermetallic compounds.

Orbital selective coupling in CeRh3;B,: Coexistence
of high Curie and high Kondo temperatures [19]

The seemingly contradictory properties of strong in-
termediate valency with a high Kondo temperature
(=400 K) and ferromagnetic order with an exceptionally
high ordering temperature (7'¢c = 115 K), coupled with a
significantly reduced ordered magnetic moment in the so-
called giant crystal-field compound CeRh3B, [32,33],
have been investigated using a combination of XAS,
RIXS at the Ce M4 5-edges, and ab initio DFT calcula-
tions.

The point symmetry of Ce in CeRh,B; is hexagonal,
meaning the crystal-field ground state must be a pure J,
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state. The linearly polarized XAS data in Figure 1a, as
well as the RIXS data in Figure 1b, are best described by
the expected ground state symmetry of |J = %, J, = i%).
However, in XAS, the experimental dichroism is smaller
than the theoretical prediction, and the RIXS data show
intensities corresponding to AJ, > 1 that are more pro-
nounced in the experiment than anticipated from the
calculations.

In combination with DFT, we find that the ground
state must have multi-orbital character. The state
|J = %, J; = i%) contributes to the ground state, despite
being forbidden by symmetry: the Kondo effect effec-
tively mixes the |J = %,Jz = i%) state at ~ 60 meV
with the |J = %,JZ = i%) at zero energy. This inter-
mixing accounts for the experimental observations of
reduced dichroism and enhanced transition intensities.
Furthermore, the presence of two distinct active Ce 4 f
orbitals, each selectively coupling to different bands in
CeRh3B,, explains the unusual combination of proper-
ties. The inter-site hybridization of the |J = % J, = _%)
crystal-field state and Ce 5d band, combined with the
intra-site Ce 4 f—5d exchange, creates the strong ferro-
magnetism. Meanwhile, the hybridization between the
|J = %, J, = i%) and the B sp orbitals in the ab-plane
contributes to the Kondo interaction, which leads to the
moment reduction.

Spectroscopic evidence of Kondo-induced quasiquar-
tet in CeRhyAs;, [20]

CeRh,As; is a newly discovered multiphase supercon-
ductor [11], with indications for an additional itinerant
multipolar ordered phase [34]. We conducted core-level
PES using hard x-rays (HAXPES) to confirm the pres-
ence of the Kondo effect in CeRhyAs,. Additionally, we
performed XAS at the Ce M4 5(3d — 4f) edges with lin-
ear polarized light to investigate the ground state orbital
occupation.
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The satellites observed in the HAXPES and isotropic
XAS data confirm the presence of Kondo hybridization
in CeRhyAs;. Our findings indicate that the ground state
must posses a Kondo-induced multiorbital character, as
the thermal occupation of states alone cannot reproduce
the temperature (7') dependence of the linear dichroism
LD(T). In contrast, assuming a finite occupation of ex-
cited states due to the Kondo effect at low T provides a
good description of LD(T") and the associated entropy,
which suggests a quasi-quartet ground state. Such a
quasi-quartet ground state, in turn, may allow the forma-
tion of a multipolar ordered phase.

For our results on CeRhyAs, see Status Report
section 1.3.

Singlet magnetism in intermetallic UGa; unveiled by
inelastic x-ray scattering [22]

UGaj is a ferromagnetic U intermetallic compound with
U-U distances well above the Hill limit. In the search
for multiplet excitations in U intermetallic compounds,
UGa; appears to ba a promising candidate due to its
high Curie temperature and large magnetic moment
(Tc=116K, porq > 3up), which suggest that the U5 f
electrons are on the more localized side.

The RIXS spectra of UGa, exhibit three multiplet exci-
tations in addition to elastic scattering [see Figure 2a],
on top of charge transfer scattering, which is observable
over a larger energy range that is not shown here. The
two panels below present multiplet calculations based
on a 5f? (middle) and 5 f3 configuration (bottom). The
reduction of the Hartree-Fock values for the 3d-5 f and
5f-5f Coulomb repulsion and 5 f spin—orbit interaction
to 60, 55 and 90%, respectively, yields a good agreement
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Fig. 2: (a) Top Ms-edge RIXS spectra of UGa,, mea-
sured with incident energies at the Ms resonance (blue)
and 4 eV below (orange), and full multiplet simulations
based on the 52 (middle) and 5 3 configuration (bot-
tom). (b) RIXS signal of UGa, for different crystal ori-
entations ¢, measured with two incident energies.
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with the 5 f? calculations. In contrast, no satisfactory
accord could be achieved for the 5 f3-based simulation.
Therefore, the ground state must posses formal U 5 f2
character and exhibit the symmetry of one of the states
of the crystal-field split *H, multiplet in hexagonal point
symmetry.

The energy resolution of the RIXS experiment is insuffi-
cient to resolve the crystal-field splittings, however, the
impact of the anisotropic charge density is evident in
the orientation dependence of the scattering signal when
the sample is rotated (see Figure 2b). The NIXS data
shown in Figure 3a, measured for momentum transfers
parallel to the ¢ and a axes, exhibit a strong direction
dependence that aligns with a I} singlet or I'¢ doublet
state, as indicated by the full multiplet calculations in
Figure 3b. However, for the ordered moment to lie in the
hexagonal ab plane, the I'; singlet state must be the one
lowest in energy. Therefore, the magnetism can be clas-
sified as either a singlet or induced-type of magnetism.
Based on theoretical work by Thalmeier et al. [35,36],
we demonstrate that a I'y-singlet and I's-doublet crystal-
field state, split by energy A and coupled by the effective
exchange interaction I, can yield an in-plane ordered
moment as high as 3up (see Figure 3c¢).

Having established the M-edge RIXS technique, with
the M-edge now also accessible, we are positioned to
systematically investigate the formal valence states of U
intermetallic compounds. For instance, UTe, has been
measured and exhibits the typical multiplet excitations
of the USf 2 configuration [24].

For results on UGa; see Status Report section 1.3.
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Fig. 3: (a) NIXS spectra of UGas for |G| = 9.6 Afor G || ¢
and q || a with a and ¢ hexagonal axis. (b) full mulitplet
simulation of NIXS spectra for six possible crystal-field
states for U4+ in hexagonal point symmetry. (c) Induced
order: 1| singlet states coupling by effective exchange
1, to T'¢ doublet, split by energy A.
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Quantifying the U 5f covalence and degree of local-
ization in U intermetallics [23]

We demonstrate the effectiveness of a combined photon-
energy-dependent VB PES and DFT + DMFT study us-
ing two model materials: UGa; and UB,. The former
is the aforementioned high T¢ ferromagnet expected to
be a more localized candidate, while the latter being a
Pauli paramagnet with U-U distances well below the
Hill limit, suggesting it represents the delocalized end of
the localization-delocalization spectrum. Additionally,
UGa; exhibits multiplet excitations in the RIXS spec-
tra (see above) and large satellites in the 4 f core-level
PES, whereas UB; neither shows multiplet excitations
in RIXS nor satellites in the core-level spectra. Reliable
material-specific values for the Hubbard U, Hund’s J
and double counting correction u4. were identified by
reproducing the soft and hard x-ray VB spectra with the
same set of parameters.

This study demonstrates that the 5 f2 configuration is the
most prevalent in both compounds, with each exhibiting
an average 5 f shell filling of =2.2. However, for UB,,
the distribution of configurations contributing to the non-
integer valent ground state is much broader and nearly
statistically distributed. Furthermore, the time dependent
charge correlation function is larger at t=0 and decays
significantly faster over time than that for UGa,. This
indicates that UB» is indeed an itinerant, almost band-
like material, whereas UGaj is strongly correlated.

For our results on DFT+DMFT see Status Report
section 1.3.

Fe substitution in URu;Si,: Singlet magnetism in an
extended Doniach phase diagram [21]

In this study we investigate the impact of substitution
using Fe substituted URu,Si,. URu,Si; is a well stud-
ied heavy fermion U compound [5] that is famous for
its hidden order state below 17 K. Upon substitution of
Fe, URu,_,Fe,Si; is driven into an antiferromagnetic
ground state for 0.05 < x, even though the end member
UFe;Si, remains a Pauli paramagnet down to the lowest
temperature. The antiferromagntic state is suppressed
above x = 1. The similarity of the (x, T) and (p, T) phase
diagrams suggests that the formation of antiferromag-
netic order is due to chemical pressure. However, this
does not explain the suppression of antiferromagnetism
in the higher doping regime.

In previous studies, we demonstrated with NIXS that
URu,Si, and UFe,Si; share the same ground state
symmetry [25,26], which implies that core-level PES
data can be compared in a meaningful manner and
that the degree of (de)localization can be qualitatively
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inferred from the strength of the satellites. We per-
formed U 4f core-level PES accross the substitution se-
ries URu,_,Fe,Si, for ten concentrations of Fe [see
Figure 4] using the NSRRC-MPI TPS 45A Submicron
soft x-ray beamline in Taiwan. We find that the spectral
weight of the satellites behaves non-monotonically with
Fe concentration x: it initially increases, then decreases
again, and levels out at higher Fe concentrations. If only
one mechanism were at play — namely chemical pressure
as suggested by several studies — the observed increase
followed by a decrease would imply that hidden order
should reappear at the Fe concentration where satellite
strengths are identical to URu,Si,. However, this has not
been observed. Thus, two mechanism must be in effect
upon substitution: 1) chemical pressure stabilizing the
smaller ion, namely U** with two f-electrons, which fa-
vors a magnetic state; and 2) an increase in hybridization
due to the growing partial density (pDOS) of transition
metal d states close to the Fermi level, which favors the
Pauli paramagnetic state. As a result, we propose an
extended Doniach phase diagram, with the d-electron
pDOS as a third axis.

In URu,_ (Fe, Sip, magnetic order must also be induced.
We discuss how the antiferromagnetic state, with ordered
moments aligned parallel to the tetragonal ¢ axis, can be
formed through the coupling of the two singlet states, I'}
or I, that are lowest in energy according to our NIXS
results [25,26].
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Fig. 4: (a) U 4f core-level spectra of URu,_xFe,Siy for
ten concentrations of Fe, (b) Satellites from (a) on an
enlarged scale.
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