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Stabilization of U 5f? configuration in UTe, through U 6d dimers in the presence of Te2 chains
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We investigate the topological superconductor candidate UTe, using high-resolution valence-band resonant
inelastic x-ray scattering at the U M, s edges. We observe atomiclike low-energy excitations that support the cor-
related nature of this unconventional superconductor. These excitations originate from the U 5f? configuration,
which is unexpected since the short Te2-Te2 distances exclude Te2 being 2—. By utilizing the photoionization
cross-section dependence of the photoemission spectra in combination with band structure calculations, we infer
that the stabilization of the U 5f2 configuration is due to the U 6d bonding states in the U dimers acting as a
charge reservoir. Our results emphasize that the description of the physical properties should commence with a

5f? ansatz.
DOLI: 10.1103/PhysRevResearch.6.033299

I. INTRODUCTION

UTe, is a recently discovered odd-parity superconductor
that emerged as a promising candidate for topological su-
perconductivity. Since the discovery of superconductivity in
2019 [1-3], a plethora of experimental and theoretical stud-
ies has boosted our understanding of this intriguing material
(see, e.g., [4] and references therein). Two central issues,
however, remain unsettled even under ambient conditions.
First, numerous proposals exist for the superconducting or-
der parameter, which include either multicomponent [5-7]
or single-component representations [8—11]. Second, whether
the local uranium multiplet configuration is U** (5f%) or
U* (5f?) remains a matter of fierce debate, experimentally
[12—19] as well as theoretically [6,20-22]. UTe, crystallizes
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in the orthorhombic Immm structure (space group 71) [23], as
depicted in Figs. 1(a) and 1(b), and exhibits superconductivity
with a critical temperature (7;.) of 2.1 K in the latest generation
of samples grown through the molten salt technique [24]. The
upper critical field is anisotropic and much higher than the
Pauli limit expected for even-parity superconductors [4,25].
The NMR Knight-shift drop at 7. is also much smaller than
expected for an even-parity superconducting state [26]. Im-
portantly, the ground state of UTe, can be easily tuned through
external parameters. Re-entrant superconductivity has been
observed in magnetic fields applied either along b or between
the b and c axes [27,28]. Hydrostatic pressure suppresses 7
at first, but above a pressure of only 0.3 GPa, two supercon-
ducting transitions are identified. At even higher pressures,
antiferromagnetic order is observed [29]. More recent in-
vestigations show that UTe, undergoes a structural phase
transition to a body centered tetragonal phase between 3 and
5 GPa [14,30-32].

A key challenge in understanding anisotropic properties,
as well as their dependence on tuning parameters, is find-
ing the appropriate ansatz for describing such a complex
f-electron system, situated at the border between localization
and itineracy. Electronic structure investigations are essen-
tial to determine the extent to which local physics persists
and to identify the electronic configuration that governs the

Published by the American Physical Society
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FIG. 1. Crystal structure of UTe, (a). First Brillouin zone of UTe, showing the main high-symmetry paths (b). Geometry of RIXS
experiment, with scattering angle 26, sample angle ¢, wave vector of incoming and outgoing x-rays ki, ou, and €y horizontal polarization
(c). Ms-edge valence band RIXS spectrum of UTe, in a large energy window showing, in addition to elastic scattering, multiplet and charge

transfer excitations (d).

unusual low-temperature properties. UTe, has been investi-
gated by several groups using various experimental methods,
but the interpretation of the data does not yield a uniform
picture [12—-19].

Generally, in uranium-based intermetallics several U con-
figurations from 5f° to 5f* or even 5f° contribute to the
intermediate valent ground state [33,34], but in the pres-
ence of electron correlations, it is important to know which
configuration, usually the 5f> or the 5f2, has the strongest
weight and sets the stage for the ground state symmetry; for
example, Kramers doublets in case of the former and singlet
states for the latter. Unfortunately, discrepancies in determin-
ing the dominant 5 f configuration are common, as also seen
in [35-40]. We believe these apparent contradictions arise
from the challenge to quantitatively analyze the spectra. Very
different U 4 f core-level spectra may originate from the same
averaged valence but different degrees of covalence [34].
Hence, U core-level data can be very misleading due to the
complexity of the underlying many-body problem and uncer-
tainties in the input model. This issue is particularly serious
when extracting information about the electronic states from
fine variations in the energy separation or intensity ratio of
broad and structureless spectral features. Also, the use of
extrapolation schemes [19,41] to extract expectation values
from integer valent (ionic) calculations [42,43] neglects the
interference terms due to configuration interaction and may
thus give unreliable results [44].

Here, we choose a spectroscopic method that provides a
“fingerprint,” i.e., a distinctive set of strong spectral features
if local f-electron physics is present and that are unique for
any U 5" configuration [45]. In our previous work [46], we
demonstrated that a novel setup for high-resolution valence-
band (VB) resonant inelastic x-ray scattering (RIXS) at the
U M5 edge (3d — 5f) in the tender x-ray regime offers suf-
ficient resolution to reveal atomiclike low-energy excitations
in UGa,, a prototypical uranium intermetallic material. We
successfully distinguished whether the main configuration is
5f2 or 5f3. The signal-to-background ratio of VB-RIXS at
the U Ms edge is high. In this study, we additionally uti-
lize the U M, edge to provide yet another “fingerprint” of

localized 5f configuration, further confirming the reliability
of our method.

II. EXPERIMENT

The U M, 5s-edge RIXS experiments were conducted at the
Max-Planck IRIXS endstation of the POl beamline at Petra
III/DESY (Hamburg, Germany) [47-49]. The resolution at
the U M5 edge (3.5 keV) initially was 150 meV and later
improved to 70 meV. At the U M4 edge (3.7 keV), the resolu-
tion progressed from 250 meV to 150 meV. The experimental
setup is depicted in Fig. 1(c). Spectra were gathered at var-
ious incident photon energies across the absorption edges to
capitalize on the energy dependence of the cross section. We
will focus on the energies at the resonance maximum, E,
and 4 eV below the resonance, E,. - 4 eV. Additional details
about the experiment and sample synthesis can be found in the
Supplemental Material [50].

III. RESULTS

Figure 1(d) displays Ms-edge VB RIXS data of UTe, in
an energy range up to 12 eV for two incident energies, E e
(blue curves) and E,.s - 4 eV (red curves). In addition to the
elastic peak, we observe sharp peaks that we attribute to U 5 f
atomiclike multiplet excitations from the ground state (GS)
of the type 5f5¢ — 5/, and a broad shoulder which we as-
sociate with charge transfer scattering reaching 5 f° ;‘“L ; final
states where L denotes a ligand hole. The multiplet excitations
determine the leading 5f configuration in the mixed valent
ground state as we will show below, and the charge trans-
fer signal reflects the intermediate valent character of UTe,.
Figures 2(a)-2(f) presents experimental Ms- and My-edge
VB-RIXS spectra in a smaller energy window of —0.5to 2 eV
of UGa,, UCd;;, and UTe, for the same incident energies.
UTe, data are compared to those from ferromagnetic UGa,
(Te = 125 K [51]), serving as a 5 £? reference material [46],
and antiferromagnetic UCd;; (Ty = 5.3 K [52]), serving as a
5f 3 reference [38,53]. The M5 spectra are normalized to the
most intense inelastic peak just above 1 eV energy transfer
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FIG. 2. (a)-(f) Valence band M-edge RIXS spectra for two dif-
ferent incident photon energies, at resonance E. (blue, light blue)
and at E, - 4eV (red, magenta), for UTe, (a) and (b), UGa, (c) and
(d), and UCd;; (e) and (f) at the Ms (left) and M, edge (right),
respectively. The thicker lines represent the data, the thinner lines
the atomic multiplet calculations (see text).

without any background subtraction. Upon comparing the
M edges, we observe a prominent inelastic feature just above
1 eV in all samples, which appears broader and at slightly
higher energy transfer in UCd;;. The Ms-edge RIXS data of
UGa; and UTe, reveal two additional excitations below the
strongest feature, whereas the UCd;; spectra in the lower en-
ergy region show only one less pronounced excitation. At the
M, edge, the strong excitation above 1 eV persists only in the
UCd;, data, while it is strongly suppressed in UGa, and UTe;.
As demonstrated below, the intensity suppression around 1 eV
in the M, edge is a characteristic cross-section dependence for
the 5f2 configuration.

RIXS spectra are simulated using full atomic multiplet
calculations implemented in the Quanty code [54], starting
with the atomic input values from the Atomic Structure Code
by Cowan [55]. These values are reduced to account for co-
valence effects and configuration interaction, which are not
included in the Hartree-Fock scheme [56-58]. Further infor-
mation about the simulation can be found in the Supplemental
Material [50].

Multiplet excitations are configuration specific so that they
show at the same energy in the M5 and M4-edge RIXS spectra.
However, cross sections may vary from edge to edge due to
different quantum numbers involved. Consequently, the spec-
tral weights of the respective multiplet excitations can differ

significantly at the Ms or M4 edge. Indeed, simulations based
on a U 5f7 configuration capture the suppression of spectral
weight around 1 eV in the M4-edge data compared to M5 for
UGa; and UTe,; [see simulations in Figs. 2(a), 2(b), 2(c), and
2(d)]. Conversely, a simulation based on the 5 f* configuration
would yield much more intensity in this energy range at the
M, edge, as evident in Figs. 2(e) and 2(f) for UCd,;.

The good agreement between experimental and simulated
cross-section dependence not only confirms the U 5f2 anal-
ysis of UGa; in Ref. [46], it also supports the assumption
of Refs. [38,53] that UCd;; is a 53 compound. In contrast,
UTe,, akin to UGay,, exhibits suppressed spectral weight of the
multiplet structure around 1 eV when comparing the M5 edge
to the M, edge. Hence, we conclude that the M-edge RIXS
spectra of UTe, resemble the multiplet structure of the 5f>
configuration, supporting the (less intense) Oy s5-edge RIXS
data and analysis by Liu et al. [18].

IV. DISCUSSION

The presence of dominant local multiplet excitations in
the My s-edge RIXS spectra of UTe, is a direct signature
of electronic correlations in the U 5f shell. However, the
5f? character of the main local uranium configuration raises
questions from a chemistry point of view because it implies
that the U is formally 4+, suggesting all Te ions in UTe,
should be formally 2—. A Te?~ ion is a notably large anion
with an ionic radius of 2.21 A [59]. For comparison, the Te-Te
distance in EuTe (Eu’*, Te?") is as large as 4.67 A [60].
Examination of the Te-Te distances in UTe, reveals that only
the Tel-Tel distances of 4.123 A are compatible with such
a large ion. Te2 ions form chains along the b direction with
Te2-Te2 distances of only 3.0355 A [23] (see Fig. 1), which is
too short to support a divalent state. These considerations were
already put forward by Stowe [61], who proposed the formal
chemical charge state U3+Te%_Te;_ if integer valences were
to be used.

We performed density functional theory (DFT) calcu-
lations for UTe, to investigate the charge states of the
noncorrelated, i.e., non-5f, states. The calculations were per-
formed using the full potential local-orbital code (FPLO) [62],
employing a local density approximation (LDA) (functional
from Perdew and Wang [63]) in a full-relativistic approach
that includes the spin orbit splitting (see the Supplemental
Material for further details [50]). In Figs. 3 and 4, we highlight
the Sp bands of Tel (green) and Te2 (dark/light blue), and the
6d of U (gold/red). While the results for the correlated U 5 f
states require caution, the energy positions and dispersions of
the broader Te 5p and U 6d bands can be reasonably trusted.
In Fig. 3(a), all thick Tel 5p bands lie 2 eV below the Fermi
level, consistent with the formal charge of 2—. In contrast,
Fig. 3(b) shows that parts of the Te2 5p bands cross the Fermi
level, exhibiting strong dispersion in the shaded regions that
are cuts along the b direction [see the first Brilloin zone in
Fig. 1(b)], in agreement with ARPES measurements along
the T-Y cuts [13]. These strongly dispersing bands are the
Te2 5p, bands (highlighted in light blue), forming bonding
and antibonding bands along the Te2 chains. Roughly half of
these bands are below the Fermi level, and the other half is
above Er, as shown by the Te2 5p, partial density of states
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FIG. 3. Projected full relativistic band structure (DFT) of UTe, (a)—(c) and UO, (d) with U 5f states in black and the ones not explicitly
highlighted in gray. Sp bands of Tel (green) in (a), Te2 5p,, (blue) and Te2 5p, bands (light blue) in (b), and U 6d;_,> (red) and other
U 6d states (gold) bands in (c). Shaded regions represent the high-symmetry cuts along b. The gray ellipses in (b) and (c) highlight regions of
avoided crossing of Te2 5p, and U 5f, and of U 6d,2_,» and U 5f. Band structure of UO, with all U 6d bands in gold in (d).

(pDOS) in light blue in Fig. 4(b). These results support the
notion of Te2 being 1— and not 2—, implying that one electron
is donated from the Te2 5p, state to U.
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FIG. 4. (a)—(c) Partial density of states (DOS) corresponding to
the band structure in Fig. 3. (d) Photoemission valence band data of
UTe, measured with 6000 eV (black) and data at 800 eV (gray) as
adapted from [12], and the difference plot (magenta) that no longer
contains the 5f states. The arrow highlights the shallow peak around
0.5 eV. (e) Simulation of difference plot by adding up the respective
partial DOSs from (a)—(c), weighted by their respective energy and
shell-dependent photoionization cross sections (see text). The arrow
indicates the enhanced U 6d5_2_,> contribution at 0.5 eV.

Experimentally, though, we find the formal U 5f2 con-
figuration in UTe,. Hence, the donated electron must go
somewhere else. Therefore, we explore the role of the U 6d
states. For this, we compare the band structure of UTe, to
that of UO,, a well-studied semiconductor with a recognized
U*t's f2 configuration [see Figs. 3(c) and 3(d)]. In UO,, the
6d bands (gold) are situated well above the Fermi level, with
very little 6d character below, confirming the local configu-
ration of U in UO, as 5£264°. In contrast, UTe, exhibits the
empty 6d bands (gold/red) much closer to the Fermi level,
with a substantial amount of 6d character below the Fermi
level. Notably, a filled 6d band (red) at around —0.5 eV
has 3z% - r? character and is the bonding part of the two
6d orbitals pointing toward each other along the U dimer
parallel to the ¢ axis. We conclude, the U 6d;,._,» absorbs
the extra electron from Te2. Interestingly, this filled 6d;,2_,»
band is nonbonding concerning the Tel and Te2 5p bands, as
evidenced from the absence of common characters or features
in the bands and pDOS at —0.5 eV in Figs. 3(a)-3(c) and
Figs. 4(a)—4(c).

The partial filling of the 6d3,._,» at —0.5 eV as derived
from band structure is supported experimentally by photoelec-
tron spectroscopy measurements of the valence band (VB)
with hard (HAXPES) and soft x-rays (PES). In HAXPES,
the cross section of the U 5f states is strongly reduced with
respect to the U 6d and Te 5p states, whereas the U 5f states
dominate the intensity in the PES spectra [64—70]. Hence, we
can extract the non-f states using this strong photon energy
dependence of the cross sections. Figure 4(d) displays the
HAXPES VB data taken with 6000 eV x-rays (black curve)
together with the cross-section corrected PES spectrum taken
with 800 eV photons by Fujimori et al. [12] (gray curve). A
detailed description of the HAXPES experimental set-up [71],
adaption of the Fujimori data, and cross-section correction
is given in the Supplemental Material [50]. The difference
spectrum, see the magenta curve in Fig. 4(d), no longer con-
tains contribution from the U 5f states. This spectrum is
compared to the sum of the cross-section weighted pDOS of
the U 6d (gold/red), Tel (green), and Te2 (dark/light blue)
5p, as shown in Fig. 4(e). The agreement between experiment
and calculations is good, notably featuring a peak at 0.5 eV
binding energy in the experiment (indicated by the magenta
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arrow) that matches very well the peak in the U 6d;.2_,, pDOS
(red arrow).

We note that the Te2 5p, bands are essentially nonbonding
to the other Te 5p and U 6d bands. This is evident from
the lack of common characters or features in Figs. 3(a)-3(c)
and Figs. 4(a)-4(c). Thus, the Te2 5p, bands form a sub-
system well separated from the rest. This indicates that the
charge transfer of approximately one electron from Te2 5p,
to U 6d3,.2_,,, which occurs through the conduction band, is
unaffected by any potential charge transfer from the Tel 5p
and Te2 5p, . to the U 6d bands as a result of hybridization.

Finally, we explore the role of the 5f states. In the calcu-
lations, the U 5f states are positioned around the Fermi level
(black lines). Upon examining Figs. 3(a)-3(c), a noticeable
avoidance of crossing is observed between these U 5f states
and the Te2 5p, states, and even more so with the 6ds2_,
states [see the gray ellipses in Figs. 3(b) and 3(c)]. This
suggests hybridization between Te2 5p, and U 5f, as well
as between U 6d;,_,» and U 5f bands. However, there is
no evidence of direct hybridization between them because the
respective avoided crossings in panels (b) and (c) are at differ-
ent regions in k space. Therefore, the low-energy Hamiltonian
of UTe, should commence with the local 5f? configuration
found in the RIXS experiment, the 5p, states of the Te2 chains
and the bonding states of the 6d;,2_,, orbitals in the U dimer.

V. CONCLUSION

In summary, high-resolution My s-edge RIXS data of
UTe, reveal atomiclike U 5f-5f excitations from the U 5 f2
configuration, confirming the correlated nature of UTe,
despite strong covalence and settling current debates con-
cerning the dominating valence. The puzzle of the short
Te2-Te2 distances, incompatible with formal U*t valence,
is resolved through band structure calculations and photon

energy-dependent photoemission, showing charge transfer
from 5p, states of the Te2 chain is directed not to the
U 5f but to the bonding state of the U 6ds3,._,, orbitals of
the U dimer. Both hybridize with the U 5f states, so that
the description of the physical properties of UTe, should
include these two bands together with a 52 ansatz. We thus
propose a scenario of partial entanglement of 5f states, in-
volving a 5f% configuration and some extra 5f electrons,
likely forming bands or potentially participating in a Kon-
doesque manner.
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