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The recent discovery of spin-triplet superconductivity emerging from a non-magnetic parent state
in UTe2 has stimulated great interest in the underlying mechanism of Cooper pairing. Experimental
characterization of short-range electronic and magnetic correlations is vital to understanding these
phenomena. Here we use resonant inelastic X-ray scattering (RIXS), X-ray absorption spectroscopy
(XAS), and atomic multiplet-based modeling to shed light on the active debate between 5f26d1-
based models with singlet crystal field states versus 5f3-based models that predict atomic Kramers
doublets and much greater 5f itinerancy. The XAS and RIXS data are found to agree strongly
with predictions for an 5f26d1-like valence electron configuration with weak intra-dimer magnetic
correlations, and provide new context for interpreting recent investigations of the electronic structure
and superconducting pairing mechanism.

The compound UTe2 has been subject to recent at-
tention following the discovery that it hosts spin-triplet
superconductivity (Tc ∼ 1.6K) emerging from a non-
magnetic parent state, resembling a solid state analogue
of superfluid He3 [1–3]. This exciting discovery sug-
gests that the material may host Majorana boundary
modes of interest for fault-tolerant quantum computa-
tion [4]. Theoretical modeling has predicted a strong fer-
romagnetic (FM) interaction between dimerized uranium
atoms, which is widely speculated to be a driver of the
triplet pairing [5–7]. However, experimental investiga-
tions of the uranium 5f electron configuration have been
subject to divergent interpretations [8–11]. Here we com-
bine evidence from RIXS, XAS, and atomic multiplet-
resolving modeling to assess the multiplet symmetry and
intra-dimer interactions of uranium electrons, showing
that a fully consistent picture is achieved with an effec-
tive 5f26d1 valence state.

The UTe2 lattice is orthorhombic and belongs to the
Immm space group [12]. Two uranium atoms in each
unit cell form a closely spaced dimer structure separated
along the c-axis, and these dimers act as the rungs of a
quasi-one dimensional ladder that runs along the a-axis.
Unlike other spin-triplet candidates such as UGe2 [13],
URhGe [14], and UCoGe [15] in the family of uranium-
based superconductors, no long range magnetic order
is observed at ambient pressure for UTe2 [1]. Momen-
tum resolved inelastic neutron scattering (INS) exper-
iments have observed antiferromagnetic fluctuations at
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the (0,0.57,0) wavevector within UTe2 [16, 17], and an
inelastic structure factor consistent with intradimer FM
correlations [18]. However, such scattering features have
not been observed in the elastic channel, and require fur-
ther research to fully integrate in a broader picture of the
electronic structure. Core level measurements of uranium
charge density are suggestive of a U3+-like or intermedi-
ate U3.x+ valence state [10], a result that has been sep-
arately interpreted as supporting both 5f26d1 and 5f3

effective valence pictures [8, 9].

Measurements at the uranium O-edge were performed
under ultra-high vacuum (P < 4×10−10 Torr) at the ALS
BL4.0.3 MERIXS endstation, with better than δE < 50
meV RIXS resolution at hν = 100 eV. Large ∼1 mm3

samples were cleaved in situ at T=20K along the [011]
surface, and aligned to include the [100] axis within the
scattering plane. A near-normal 23◦ angle of beam in-
cidence was used for all measurements, and RIXS mea-
surements were performed with π polarization and a 90◦

scattering angle to reduce the intensity of elastic scatter-
ing. The penetration depth of both XAS and RIXS was
comparable to & 2 nm, and RIXS provides larger pene-
tration depths throughout most of the spectrum. This is
in principle large enough to sample bulk-like properties
but does not rule out surface-derived spectral features.

Cross sections for RIXS and XAS were obtained from
atomic multiplet modeling. Slater-Condon terms were
obtained from first principles Hartree-Fock calculations,
with renormalization of 70% for 5f -5f interactions, 60%
for 5d-5f interactions, and 85% for 5f spin orbit cou-
pling, comparable to Ref. [19]. Calculations are Boltz-
mann weighted to temperatures indicated in the text.
Magnetic coupling within a uranium dimer is assigned
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a J=50 meV ferromagnetic exchange constant [5]. As
only one uranium atom is explicitly included in the mod-
eling basis and the crystal field is not fully understood,
the amplitude of the intradimer exchange perturbation is
obtained from the expectation value of easy-axis moment
amplitude versus temperature on the neighboring site in
an Ising-like Boltzmann weighted 2-atom model with no
crystal field. This is expected to provide an overestimate
(or upper bound) of the easy-axis magnetic exchange per-
turbation. The approximate crystal field symmetry is
obtained by acting on uranium orbitals delta function
potentials at the 8 nearest-neighbor Te coordinates iden-
tified in [20]. The 6 further Te neighbors are taken to
apply identical perturbations on z3 orbitals aligned with
the relevant U-Te axis, while the closer 2 atoms are as-
signed a 25% larger perturbation. This symmetry repro-
duces the easy and hard axes (a and b respectively) for
magnetic polarization. The amplitude of the crystal field
is set to give singlet states at energies corresponding to
E/kB= 0K, 40K and 139K, consistent with [21].

FIG. 1. Atomic f-electron symmetries from X-ray absorption.
(a) XAS curves for UTe2 at different temperatures. Horizon-
tal (HP, black) and vertical (VP, red) incident photon polar-
ization is indicated by the color of the curve. (b) Multiplets
simulations for 5f2 and 5f3 configurations. The 5f2 simula-
tion is shown for the same temperatures as the data in panel
(a). (c,d) The dichroic difference (HP-VP) of the XAS scan
and multiplet simulations, normalized by the feature height
of the hν ∼ 99 eV resonance. Curves in panel (c) are enlarged
by a factor of 3 for better visibility.

Uranium O-edge resonant spectroscopies have recently
been identified as powerful tools for identifying the mul-
tiplet symmetry of uranium 5f -electrons, which is gener-
ally not resolved at other resonance edges [19, 22–24].
Curves in Fig. 1(a-b) show XAS measurements on a
UTe2 sample at three different temperatures alongside
5f2 atomic multiplets simulations. A 5f3 simulation is
also shown in Fig. 1(b), and reveals a very different spec-

trum with a more equal branching ratio between the low
and high energy resonances at hν ∼99 and ∼110 eV as
well as a prominent resonance at hν ∼103 eV that is not
visible in the experimental data. The enhanced leading
edge of the experiment relative to the simulation is a
common feature with earlier measurements on 5f2 sys-
tems [19], and may relate to the trend toward greater
energy-axis broadening of excitations at higher incident
photon energy within a resonance [25–27].

Linear dichroism of the XAS curves is presented in Fig.
1(c) to more closely investigate the ground state symme-
try and interplay with magnetic correlations. The line-
shape of dichroism features a dip at the leading edge (∼98
eV) followed by a region of positive intensity on top of
the ∼100 eV resonance. Higher energy features are not
closely analyzed as they are susceptible to strong bias
from Fano interference in the photoemission process [19].
The sign and global amplitude of X-ray linear dichroism
is determined by the multiplet symmetry of f-electrons
[28], however the lineshape is fixed for a 5f2 multiplet
simulation (see Fig. 1(c)) and bears a dip and peak that
correspond to the experiment. Our model yields a match-
ing global sign for the dichroism curves, which supports
the accuracy of the simulated crystal field. However,the
experimental amplitude is smaller by a factor of & 3 at
low temperature, and does not appear to evolve with
temperature as would be expected for a system governed
by single-atom 5f2 multiplet physics [9] (see Fig. 1(d)
simulation).

One possible explanation for the discrepancy is that
scattering that exchanges angular momentum between
5f and 6d electrons will result in an ensemble of 5f mul-
tiplet symmetries, which on average is expected to sup-
press the amplitude of the dichroism curves. One should
also note that the 5f2 crystal field ground state can un-
dergo dichroic sign reversal with only rather minor tuning
of the crystal field parameters. Hence the small experi-
mental dichroic amplitude could potentially be accounted
for through fine tuning of the crystal field, and does not
necessarily require additional physics.

A deeper understanding of the electronic structure can
be obtained by using RIXS to observe final states that
are projected into following the photon-mediated decay
of a core hole resonance state [29]. The RIXS spectrum
after removing the elastic peak is presented in Fig. 2(a)
together with multiplet simulations for 5f2 and 5f3 sce-
narios (panels b-c). The total angular momentum quan-
tum number J is used to label low energy excitations, as
the the energy scale of intra-atomic j-j coupling is larger
than that of crystal field splitting.

A one-to-one correspondence of features can be eas-
ily identified between the data and 5f2 simulation (Fig.
2(a-b)), and the measurement closely resembles the 5f2-
derived spectrum of URu2Si2 [19]. Both the simulation
and data feature two excitations spaced apart by ∼0.2
eV at the hν ∼99 eV resonance and one energetically dis-
tinct excitation at the hν ∼ 110 eV resonance. The key
factor distinguishing the 5f3 scenario is that regardless
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FIG. 2. Atomic multiplet excitation spectrum. (a-c) RIXS spectra for UTe2 and multiplet simulations for 5f2 and 5f3

configurations. Total angular momentum (J) is indicated in red for key excitation features of the simulations. (d) Electronic
transitions associated with excitation from the 5f2 ground state (J=4) to excited states with J=2 and 5 angular momentum.
Single-electron states with j=5/2 are labeled in blue, and with j=7/2 are labeled in red. (e) A diagram shows the primary
electronic transition associated with the low energy J=5.5 excitation of 5f3 atoms.

of the choice of modeling parameters, there is only one
low energy spectral feature with energy E<1 eV (labeled
J=5.5). The principal f-electron transitions are shown in
2(d-e) for 5f2 and 5f3 scenarios. In the 5f2 configura-
tion, the lowest two excitations have angular momentum
J=2 (∼0.6 eV) and J=5 (∼0.73 eV), and can be created
through j = 5

2 −→
5
2 and j = 5

2 −→
7
2 single electron

transitions. The higher energy E=1.1 eV excitation has
J=4 (3G4 multiplet symmetry), but is not a focus of this
investigation. For 5f3, the < 1eV sector contains just
one excitation excited through a j = 5

2 −→
7
2 transition,

as transitions within the j = 5
2 manifold create anti-

parallel electron spins, which pushes excitation energy to
>1 eV. (see supplement for further symmetry details [30])
The large ∼130 meV energy difference between these fea-
tures at the low- and high-energy resonances is therefore
strongly indicative of a 5f2-based electronic structure. In
a itinerant picture the J=2 excitation is a single-particle
transition within the j = 5

2 state manifold, and thus is
expected to be nearly gapless. The observed ∼0.6 eV ex-
citation energy matches expectations from Hund’s rule
coupling, and is confirmation of the locally correlated
nature of the f-electrons occupying uranium.

Energy level splitting from the magnetic exchange in-
teractions between dimerized uranium atoms is signifi-

cant for understanding the Cooper pairing mechanism
[5–7], but is too small to resolve directly in the RIXS
spectra. However, other consequences of magnetism are
resolvable within simulations. Strong magnetic align-
ment within a dimer will increase the energy gap between
the ground state and the J=5 excitation, as the associ-
ated j = 5

2 −→
7
2 transition flips the spin of one electron

(see Fig. 2(d)). The J=5.5 5f3 excitation also occurs
via this transition and has nearly identical temperature
dependence to J=5, but is not separately considered in
Fig. 3. Magnetic alignment of the simulated dimer atoms
is maximized at low temperature, resulting in a 25 meV
greater energy cost to create this excitation at T=20K
compared with room temperature (see Fig. 3(d)).

Lorentzian fits of the experimentally observed J=5 and
J=2 features are shown in Fig. 3(a-b), and the tempera-
ture dependence of feature energies is summarized in Fig.
3(d-e). The observed energy difference across the temper-
ature range is E(20K)−E(300K) = −1± 3 meV, which
is incompatible with the predicted value of 25 meV. The
trend for J=2 cannot be quantitatively compared due to
contamination from the elastic line, which contributes to
large error bars. As with the weak experimental XAS lin-
ear dichroism signal, a likely reason for the lack of tem-
perature dependence in the J=5 feature energy is that
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FIG. 3. Magnetic coupling in a uranium dimer. (a) Energy
of the J=5 excitation is fitted as a a Lorentzian function for
temperature-resolved RIXS measurements at hν=99.5 eV. A
single Lorentzian peak fixed at zero energy loss is used to ac-
count for extended tail of quasielastic scattering. (b) The J=2
excitation is fitted from RIXS scans at hν=110 eV. (c) Multi-
plet simulations of the 5f2 hν=99.5 eV RIXS spectrum. (d-e,
black) The temperature dependence of J=5 and J=2 excita-
tion energies is shown with standard deviation fitting error,
and compared with (red) peak energies from the multiplet
simulation.

scattering with itinerant 6d electrons causes the low tem-
perature symmetries to be less cleanly defined than the
multiplet model predicts, with weaker alignment of angu-
lar momentum between the dimerized atoms. Differences
in the atomic coordinates between high and low temper-
ature may also be a factor. Regardless of the reason,
the result suggests that intra-dimer magnetic interactions
play a much less determinative role in local energetics and
symmetries than is expected from a from a minimal lo-
cal picture that combines atomic physics and the large
predicted ∼50 meV intra-dimer exchange interaction [5].

Given the close correspondence of these resonant spec-
troscopy data with a 5f2-based picture, it is important
to review how this can be understood with respect to
the quasiparticles observed by angle-resolved photoemis-
sion spectroscopy (ARPES), which have also been inter-
preted as providing definitive evidence for a 5f26d1-based
picture [9]. Specifically, ARPES measurements have ob-
served a highly itinerant band associated with the Te
dimers, which results in a Luttinger-based electron count
of nTe ∼11.0 for the Te atoms (Te−1.5 valence). Further-
more, a dispersive uranium 6d band with a Luttinger
count of ∼0.8 has also been observed (see supplemen-
tary material [30]), and has nonzero dispersion along the
surface-normal axis indicating bulk character [9]. These
feature attributions are consistently interpreted with core
level resonance, de Haas van Alphen measurements [11],
DFT+U [7], and DMFT [9, 31], and combine to re-

quire a roughly 5f2.2±δ6d0.8∓δ picture, where one expects
|δ| . 0.1. Deviating from this picture requires a signif-
icant re-interpretation of the U 6d and Te 5p band dis-
persions, such that the occupied k-space volume beneath
the Fermi level is much smaller than observed. These
attributions of low energy quasiparticles and local de-
grees of freedom are firmly corroborated by the 5f2-like
multiplet structure observed with RIXS and XAS, and
provide foundational ingredients for the construction of
low energy models.

Proposals of a 5f3-like valence state stem primarily
from numerical and experimental estimates of uranium
charge density [8, 11, 32], with the simulations in Ref.
[32] yielding an f -electron density that approaches 3
(nf = 2.73). However, it is important to remember that
the orbital-resolved charge density and effective valence
state are not at all equivalent, and are rarely in close
agreement for strongly correlated materials. This is due
to the role of local hybridization in expanding the ef-
fective orbitals of a cluster model, which is termed the
nephelauxetic effect when discussing transition metals.
For example, the Mott insulator NiO is a model 3d8 ma-
terial, but has a 3d electron count of nd ∼ 8.2 [33] The
difference tends to be significantly greater in cases like
that of UTe2, where the strongly correlated element has
a mostly unfilled valence orbital manifold and ligands are
electron rich. An example of this limit is the 3d1 corre-
lated insulator VO2 which has a 3d electron number that
rounds to nd ∼ 2 [34]. A similar scenario with 5f3-like
charge density and 5f2-like multiplet symmetry is found
for the electron rich compound UFe2Si2 [24]. In this con-
text, the recent DFT+U(ED) model prediction [32] of
nf = 2.73 f-electron number for UTe2 can only be taken
to imply an effective valence configuration of 5f2+δ6d1−δ

with δ < 0.7 serving as an extreme upper limit, not in-
consistent with the ARPES-based picture of 5f2.26d0.8

effective valence.

In conclusion, we have shown that multiplet-resolving
XAS and RIXS spectra at the uranium O-edge are
strongly consistent with expectations for a 5f26d1 ef-
fective valence configuration, and inconsistent with the
alternative 5f3 scenario. The RIXS spectrum reveals a
gapped J=2 excitation that implies strong Hund’s rule
alignment on uranium, and has no analogue in the 5f3

multiplet excitation spectrum. The amplitude and tem-
perature dependence of XAS linear dichroism as well as
the temperature dependence in RIXS excitation energies
are all found to be weaker than expected for the mag-
netically interacting uranium dimer. These observations
suggest that additional factors must be considered to un-
derstand the uranium dimer symmetries and intra-dimer
spin correlations that may be significant in defining the
local environment for triplet Cooper pairing. In partic-
ular, scattering from atomic 5f -6d electron interactions
is expected to reduce the amplitude of both dichroism
and temperature dependence, and is proposed to be a
significant factor.
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