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High-pressure x-ray diffraction up to 30 GPa, in conjunction with resonant emission x-ray spectroscopy and
partial fluorescence yield x-ray absorption spectroscopy up to 52 GPa, were used to study how the structural
and electronic properties of UTe, evolve with pressure at room temperature. An orthorhombic-to-tetragonal
phase transition was observed to occur between 5 and 7 GPa, with a large volume collapse of nearly 10% and a
nearest U-U distance increase by about 4%. This lower-to-higher symmetry transition suggests less 5f electron
participation in bonding when the weakly correlated superconducting phase in the tetragonal structure of UTe,
appears. Beyond 7 GPa, no new structural transitions were found up to 30 GPa. The resonant x-ray emission
spectra clearly demonstrate an intermediate valence of U, nearly +3.74 at 1.8 GPa and room temperature, and
reveal that the U valence shifts towards 44, passes through a peak at 2.8 GPa, then decreases towards 3+ and
settles down to a nearly constant value above 15 GPa. These experiments reveal that some fundamental structural
and valence changes occur in UTe, at relatively low pressures, which could be responsible for the interplay
between unconventional superconductivity, magnetic ordering, and weakly correlated superconductivity that is
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manifested in the temperature-pressure phase diagram of UTe;.
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I. INTRODUCTION

The heavy-fermion f-electron superconductor UTe, has
attracted a great deal of attention, driven by an interest in
developing a fundamental understanding of its extraordinary
unconventional superconducting properties and the possibility
that it exhibits spin-triplet superconductivity with potential
applications in quantum computation [1,2]. The compound
UTe, has an enormous reentrant upper critical field He,(T') of
the order of 40 T, considering its low superconducting critical
temperature 7. of only 2 K. In addition, there is a pocket
of high magnetic field superconductivity (so-called Lazarus
phase) which occurs at magnetic fields B between 40 and 60
T and at angles 8 between 23° and 45°, where 6 is measured
with respect to the b axis in the b — ¢ plane of the UTe,
body-centered orthorhombic unit cell [3,4].

Our approach to study the electronic properties of UTe;
uses pressure (P) to tune electronic interactions in UTe;.
Pressure (P) is a clean and powerful parameter for tuning
electronic interactions in heavy-fermion compounds, often
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resulting in dramatic changes in physical properties in the
vicinity of a critical pressure P, at which a second-order phase
transition, usually antiferromagnetic, has been suppressed to
0 K, referred to as a quantum critical point (QCP). Re-
markably, unconventional forms of superconductivity, exotic
magnetic phases, and non-Fermi-liquid behavior are often
found in the vicinity of the QCP. For UTe,, specific-heat
and electrical transport measurements reveal that pressure
suppresses the superconducting transition temperature and
induces an antiferromagnetic QCP with non-Fermi-liquid
character [5]. We applied two different spectroscopic tech-
niques, U Ls-edge partial fluorescence yield x-ray absorption
spectroscopy (PFY-XAS) and resonant x-ray emission spec-
troscopy (RXES), to explore the U valence change and the
degree of 5f electron delocalization in UTe, under high pres-
sure. The U L3 edge was chosen because of the better energy
resolution from the longer 3d core-hole lifetime (~ 4eV)
compared to the 2p core-hole lifetime (~ 8 eV) [6]. The L,
emission from the 3d to 2p transition was found to split due
to different screening effects on the 2p core hole by the 5f
electron in different configurations [7,8], pointing unambigu-
ously to the multiconfigurational features of U in UTe;. X-ray
diffraction (XRD) measurements under high P were also used
to determine the P dependence of the lattice parameters a, b,

©2024 American Physical Society
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and ¢, and volume of the body-centered orthorhombic unit
cell of UTe,, and search for possible crystallographic phase
transitions. Measurements were taken at room temperature
(RT) up to 30 GPa for XRD and up to 52 GPa for PFY-XAS
and RXES.

From XRD data, we observed a structural phase transition
from the body-centered orthorhombic structure (space group
Immm) to the body-centered tetragonal structure (space group
14/mmm) in the range of 5-7 GPa, confirming the results
in Refs. [9,10] at ~ 5 and ~ 4 GPa, respectively. A non-
monotonic change in the U L; white-line position was seen
in the PFY-XAS spectra, which indicates a pressure-induced
change in the U valence or a change in the degree of localiza-
tion of the 5 f electrons. From RXES measurements, we found
evidence for an initial increase in the U valence toward 4+ up
to 2.8 GPa, in partial agreement with the x-ray absorption near
edge structure (XANES) measurements in Ref. [5] and the
XANES and x-ray magnetic circular dichroism measurements
in Ref. [11]. Strikingly, with increasing pressure beyond 2.8
GPa, the U valence drops toward 3+ until ~ 15 GPa, where it
remains stable up to 52 GPa. The unusual U valence change
and the appearance of the high-pressure tetragonal phase har-
boring another superconducting state [10] may be related and
warrants further investigation.

II. EXPERIMENTAL METHODS

UTe, single crystals were grown by chemical vapor trans-
port and then powdered for the measurements. Two batches
of samples (S1 and S2) were measured in this work. Batch S1
was grown following the method described in Ref. [12]. Batch
S2 was synthesized using the following procedure: uranium
and tellurium in a 2:3 atomic ratio were sealed in a quartz tube
with 3 mg/cm? of iodine and kept at a temperature gradient of
1060° C at the hot end and 1000° C at the cold end for 2 weeks.
Two high-pressure XRD runs on S1 and S2 were carried out
at RT in beamline 16-BMD of HPCAT, the Advanced Photon
Source (APS) in Debye-Scherrer geometry. Uranium Lz-edge
RXES and PFY-XAS data at RT under various pressures were
collected using samples from batch S1 at the HPCAT 16-
IDD beamline. Fluorinert FC70 : FC77 = 1:1 was used as the
pressure-transmitting medium for these high-pressure mea-
surements. More details are in Supplemental Material [13].

II1. RESULTS AND DISCUSSION
A. High-pressure XRD

Figure 1 shows waterfall plots of the UTe, (S1 and S2)
XRD spectra under high pressure up to 30 and 20 GPa, re-
spectively. At near-ambient pressure, the UTe, XRD spectra
were identified with an orthorhombic structure and space
group Immm [14] with no impurities. Obvious changes in the
diffraction patterns, seen in Fig. 1(b), between 5 and 7 GPa,
indicate that a structural phase transition has occurred. The
transition is complete at ~ 8 GPa, which agrees with results
of Refs. [9,10], with no further phase transitions observed up
to 30 GPa. Small discrepancies in the transition pressure could
be explained by our choice of different pressure-transmitting
media.

The reduced number of peaks in the XRD spectra of
the high-pressure phase indicates an increased symmetry,
which was identified as a body-centered tetragonal structure
(space group I4/mmm) [9,10,15]. Following the analyses in
Refs. [9,10,15], the lattice parameters (a, b, ¢) and unit-
cell volume (V) of UTe, under pressure were calculated
via Rietveld refinement of XRD peaks using the open-
source software GSAS-II [16], and are shown in Fig. 2. The
atomic positions of U and Te atoms in the unit cell of the
orthorhombic—tetragonal phase were also refined and used
to find the pressure dependence of the nearest uranium-to-
uranium distance, dy_y, in Fig. 3. The initial unit-cell volume
(Vo) was refined from ambient-pressure XRD spectra taken
at RT from the same batch used in subsequent high-pressure
XRD measurements. Structural data (i.e., transition pressure,
lattice parameters, dy_y) derived from measurements on the
two batches S1 and S2 of UTe, are in good agreement.

By fitting V/V; vs P data, we were able to extrapolate the
equations of state for the orthorhombic and tetragonal phases
to 7 GPa (midpoint of the structural phase transition) and
found that both samples of UTe, exhibit a relative volume
decrease AV/Vy ~ 10% at the phase transition [Fig. 2(d)]. The
b axis of the low-pressure orthorhombic lattice has the largest
compression of ~ 33% at the phase transition, followed by
~ 27% for the ¢ axis and ~ 3% for the a axis. The bulk
modulus (Ky) and differential bulk modulus (dK,/dP) were
calculated by fitting a third-order Birch-Murnaghan equation
of state [9] to the V vs P data,

=3[ (3)’]
) ) o

In Table I, we list the fitting parameters of the third-order
Birch-Murnaghan equation of state for our data shown in
Fig. 2(d).

The value of K, (average ~ 59 GPa) for the orthorhom-
bic phase is comparable to those reported in Ref. [9] (~ 44
GPa) and Ref. [10] (~ 59 GPa). The high-pressure tetragonal
UTe, phase has a stiffer bulk modulus of ~ 65 GPa, which
is smaller than the value (~ 74 GPa) obtained in Ref. [9].
The bulk modulus of the orthorhombic phase is small, compa-
rable to tellurium (65 GPa), suggesting UTe; is a very soft
material whose physical properties are more responsive to
changes in pressure. Interestingly, tellurium also undergoes a
hexagonal-to-monoclinic structural transition at about 4 GPa
[17], which is similar to the onset pressure for the structural
phase transition for UTe,. The change in dy_y with pressure
was also calculated for the two structures and is shown in
Fig. 3. Notably, dy_y increased at the structural phase transi-
tion from ~ 3.7 to ~ 3.9 A, comparable to the values reported
in Refs. [9,10]. Even at 30 GPa, dy_y is still above the Hill
limit for uranium compounds (3.4-3.6 A).

Using the CALYPSO software package and Vienna Ab initio
Simulation package (VASP), Hu et al. predicted that the Immm
to /4/mmm structural transition would occur at 4 GPa accom-
panied by an ~ 12% volume collapse at the transition, when
implementing the Perdew-Burke-Ernzerhof (PBE) + Hubbard
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FIG. 1. XRD spectra of UTe, measured at various pressures between 0.4 and 30 GPa. (a) XRD patterns of UTe, from batch S1; (b) XRD
spectra of UTe, from batch S2, which show a structural phase transition in progress between 5 and 7 GPa. The color scheme used to delineate
the XRD spectra: Black: low-P phase; blue: high-P phase; and red: mixed low-P and high-P phases. Red vertical lines at the bottom of the
figures indicate standard UTe, diffraction peaks based on Ref. [14].

U method with U = 1 or 2 eV [15]. This value is quite compa-
rable to our experimental result of ~ 10% decrease in volume.
The denser high-pressure /4/mmm phase is achieved through
a transition from a U-Te 8-coordinated distorted square

antiprism [9] to a 10-coordinated “bicapped cube,” in which
lone-pair electrons of Te participate more in covalent bonding
with U atoms, according to the calculation of the projected
two-dimensional electron localization functions [15].

TABLE 1. V;, Ky, and dK;/dP of UTe, in the orthorhombic and tetragonal phases at RT.

Orthorhombic (Immm)

Tetragonal (I/4mmm)

Vo (A%) K, (GPa) dK,/dP Vo (A%) K, (GPa) dKy/dP
UTe, S1 356.73 60+5 6+3 163.31 62 + 13 3.6+0.7
UTe, S2 356.63 57+4 62+ 2 160.31 67 + 2 33+04
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FIG. 2. Lattice parameters for two samples of UTe, vs pressure. (a)—(c) Lattice parameters a, b, and c¢. The current figure omits data
points from the mixed phase for simplicity. (d): Normalized unit-cell volume (V/V;) vs increasing pressure with respective third-order Birch-
Murnaghan equation of state fits for both phases. The tetragonal phase V was multiplied by 2 and normalized to the Immm V; to conserve the

number of atoms across the structural phase transition.

Crystallographic and electronic structures are intimately
interrelated, which underlines the importance of studying the
pressure-induced structural phase transition in UTe,, since it
can provide insights into how 5f electrons are involved in
the bonding. When more 5f electrons participate in bonding
in actinides it is typical to observe lower crystallographic
symmetry [18,19]. With respect to the behavior of UTe, un-
der pressure, dy_y in UTe, (~ 3.8 /ok) at ambient pressure is
larger than the Hill limit (~ 3.5A), a “rule-of-thumb” pa-
rameter representing the boundary between localization and

delocalization of 5f electrons for U compounds. Thus,
we should expect magnetic order in UTe, instead of the
superconductivity [20] observed in UTe, at ambient pres-
sure. Strangely, the increase in dy_y at ~ 5 GPa indicates
the 5f electrons of UTe, become more localized under
pressure, which is consistent with the transition from the
lower-symmetry orthorhombic phase to the higher-symmetry
tetragonal phase, if the correspondence between 5 f localiza-
tion and higher crystal-structure symmetry is applicable to
UTe,. The scenario of increased localization of 5f electrons
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FIG. 3. The change in dy_y in UTe, with pressure. For both sam-
ples, dy_y increases at the structural phase transition from Immm to
14/mmm and steadily decreases with increasing pressure, where dy_y
in the high-pressure tetragonal phase at ~ 20 GPa equals the value
in the lower-pressure orthorhombic phase at 6 GPa. The vertical
bars represent the dy_y measurement uncertainty. See Supplemental
Material [13] for details.

in UTe, under pressure is supported by measurements of the
electrical resistivity as a function of temperature reported in
Ref. [10]. The measurements reveal the occurrence of super-
conductivity above 6 GPa with an upper critical field lower
than the Pauli limit and Fermi-liquid behavior in the normal-
state electrical resistivity p(7) with a small coefficient (A) of
the T2 term, indicating that the electronic state of tetragonal
UTe, is weakly correlated [10].

Huston et al. [9] pointed out that in other uranium chalco-
genides such as USe and UTe, which have a ferromagnetic
ground state and a value of dy_y that exceeds the Hill limit,
pressure also drives a transition from lower to higher struc-
tural symmetry [9,21]. It is interesting to note, regardless of
whether the ground state is superconducting as in UTe,, or
ferromagnetic as in USe and UTe, uranium chalcogenides
seem inclined to transform into a higher-symmetry phase at
high pressure. In the first-principles study of UTe, by Hu
et al., it was shown that covalent bonding between lone-
pair electrons of Te and U atoms forms in the high-pressure
tetragonal phase [15]. Perhaps this covalent bonding localizes
5f electrons, thus inducing the higher-symmetry tetragonal
phase and increasing the bulk modulus appreciably since a
three-dimensional network of covalent bonds (e.g., diamond
and quartz) is usually quite rigid (although lattice stiffening is
common in many kinds of pressure-induced phase changes)
[22].

B. Probing 5f electrons by resonant x-ray
emission spectroscopy

There have been several reports [5,11,23] of the electronic
configuration of U in UTe, based on ambient or high-pressure
studies using a variety of x-ray spectroscopy techniques.
Among them, the integrated intensities of white lines at the
Mys My :dspp — 5fs5p2, Ms: dsjp — 5f5/2,7/2) absorption
edges were used to determine how the occupancy of 5f elec-
trons varies with pressure [11]. RXES is an effective technique

that has been employed to investigate the role of 5 f orbitals in
the chemical bonding of U, Np, and Pu actinides [24]. Here,
we explore the PFY-XAS of the L3 absorption from 2p3/; to
unoccupied 64 and the RXES of the L, emission from 3ds,,
to 2p3, to study the electronic state of UTe,. Though L; PFY-
XAS and RXES spectroscopies are indirect ways to probe
the 5f state, the higher incident and emission x-ray energies
(~ 17 and ~ 13 keV, respectively) enable them to penetrate
deeper inside materials to obtain information about the bulk
[25,26]. The attenuation depth of x rays at 13.6 keV in UTe,
(~ 15 um) is larger than our sample dimensions, which makes
PFY-XAS and RXES measurements less sensitive to surface
contamination [27]. Thanks to the line-narrowing effect due
to the longer lifetime of 3d core hole than that of 2p core
hole, we were able to see clear peak splitting in the RXES
reflecting the multiconfigurations of 5f electrons in UTe, at
ambient and high pressures.

Similar to their Ce and Yb compound cousins, the 5 f2
(J =4) and 5% (J = 9/2) configurations of U in many U
intermetallics are not well separated in energy, leading to
an intermediate (fluctuating) valence. Because different 5 f-
electron configurations are able to screen the 2p3,, core hole
differently, the 6d state will split in energy. More 5 f electrons
in a localized orbital means larger screening of the 2p core
hole, so the Coulomb attraction between the core hole and
the photoelectron is weakened, leading to a smaller energy
separation between 2p and 6d [7]. The main consequence is
the splitting of the white line in the PFY-XAS spectrum and
of the emission peak in the RXES spectrum corresponding to
the 2p — 6d and 3d — 2p transitions, respectively. This sce-
nario applies well to Sm and Yb compounds [25,28,29], where
both PFY-XAS and RXES measurements show the splitting
features. However, it is usually not possible to observe the
white-line or emission peak splitting in U compounds [26,30],
although it has been possible to detect a shift in the white-
line energy (e.g., UPd,Al; [30] and UCoGas [7]). Unlike
4f orbitals that are spatially confined to the vicinity of the
lanthanide atomic cores, 5f orbitals are spatially more ex-
tended so they interact with conduction electrons or orbitals
of neighboring atoms and contribute to metallic bonding and
covalency. This delocalized character of the 5 f electrons is re-
flected in the conduction band resulting in a narrower or flatter
band and heavy-fermion properties in many U compounds.
The change in screening strength due to a delocalized 5f
orbital may not be strong enough to split the 6d states but may
be able to shift the white line in PFY-XAS to higher energy
[7,8]. Putting all of this together, extra caution is required
when analyzing the pressure-induced changes in shape of the
PFY-XAS and RXES spectra because they can originate from
both valence changes and delocalization of 5 f electrons.

C. High-pressure PFY-XAS

PFY-XAS measurements were taken by exciting the U
Ls-absorption edge with incident energy between 17.140 and
17.210 keV, while detecting emission at the U L,; = 13.614-
keV line. Measurements were performed at RT at various
pressures in diamond-anvil cells. As can be seen in Fig. 4,
our PFY-XAS spectra for UTe; show the white line (main
peak) from the 3ds;, to 2p3,, transition, a step-function-like
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FIG. 4. PFY-XAS spectra of UTe; at different pressures. Curves
are offset vertically for clarity. The emission intensity is normalized
to the incident intensity. The two blue dashed lines enclose the region
where the preedge quadrupole resonance occurs. The red curves are
fits to the data, which are represented by solid black squares (see
Supplemental Material [13] for more discussion).

background associated with the excitation into the continuum
above the 6d states, and a small preedge shoulder at 6-7
eV below the white line. The shoulder can be attributed to
a preedge quadrupole transition from 2p3,; to 5f [31], which
is usually smaller compared to the dipole-allowed white line.
A similar feature on the left side of the white line was also
found in U**, U*, and U%* compounds, with a separation
of 5-7 eV [26,31]. PFY-XAS spectra were normalized to the
postedge step above 17.170 keV due to the excitation into
the continuum using the open-sourced LARCH XAS analy-
sis software [32], while additional post white-line flattening
was applied to the data at P = 1.8 GPa due to synchrotron
beam current instability that occurred during measurement
(subsequent measurements did not have this issue). Spectra
were fitted with a combination of an arctangent step func-
tion for data above 17.170 keV and a Gaussian function for
the white-line, using the method outlined in Ref. [5]. The
model was adjusted by varying all parameters with initial
guesses for the step function width set to the uranium Lj
core-hole lifetime (~ 3.9 eV) and the step function position
set by the first derivative of the interpolated PFY-XAS data
curve. A detailed description and a figure showing all de-
convoluted PFY-XAS spectra are presented in Supplemental
Material [13].

Figure 5 shows the change in the white-line peak position
under pressure, which was found by plotting the E; of the peak
maximum (see [Ref. [13]]). The white-line position blueshifts
by ~ 0.7 eV up to 2.4 GPa. However, subsequent increases in
pressure results in a redshift white line up to 4.1 GPa, after
which there is little change in peak position up to 52 GPa.
In previous studies of uranium intermetallics, changes in the
U Ls-edge white-line position were attributed to a change
in U valence (or 5f-electron count) [5] or a change in the
degree of delocalization of the 5f electrons [8]. Although
there are contradictory conclusions on the 5 f-electron count
of UTe, (closer to 3 [11,33] vs closer to 2 [5]) at ambient
pressure, UTe, is believed to have an intermediate valence.

0.8

e
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'_.—‘—-——)—I—OI-—___
- —_— -
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FIG. 5. Change in UTe, (batch S1) U L;-edge white-line position
for UTe, with pressure relative to its position at 1.8 GPa. The verti-
cal bars indicate the fitting error determined by estimated standard
deviation [13].

Thomas et al. reported a small increase in U valence towards
44 above 1.25 GPa [5] in UTe; under pressure. Using U
M, s-edge XANES, Wilhelm et al. [11] observed an initial
increase in valence towards 4+ with pressure up to ~ 2 GPa,
followed by a decrease in valence back to 3+ with pressure.
The white-line blueshift below 2.4 GPa can be ascribed to a
pressure-induced delocalization of 5f electrons, or a transfer
of spectral weight from 5f3 to 52 configuration, or a combi-
nation of both. Considering that dy_y is larger than the Hill
limit, delocalization can occur through hybridization between
the conduction band and 5f orbitals. Between 2.4 and 4.1
GPa, the observed redshift of the L; white line indicates a
reverse trend: 5 f electrons become more localized or there is
an increase in the occupancy of the 5f3 configuration. The
stable white-line position between 4.1 and 52 GPa reveals
a 5f configuration with a stable degree of localization or a
stable 5 f configuration. The multiple origins of the white-line
shift and the limited resolution of PFY-XAS data prevented
an estimation of the 5f occupancy using standard first x-ray
sum rules [34], so an estimation of the 5f occupancy was de-
termined from deconvoluting RXES data instead, as described
below.

D. High-pressure RXES

Representative RXES spectra of normalized L,; emission
of UTe, at 2.1 GPa are shown in Fig. 6 as a function of inci-
dent x-ray energy (E;) and transferred energy E, = E; — E.,
where E. is the emission energy. Even before deconvolut-
ing configuration peaks there is a distinguishable doublet in
the spectra at E; below the white line. Peak positions stay
nearly constant with E; when E; is lower than a threshold
Et = 17.170 keV, above which the nonresonant x-ray emis-
sion becomes dominant. This is characteristic of the resonant
emission from 3ds,, to 2p3 > [6]. When E; is higher than Et,
the excitation into the continuum overwhelms the excitation
into the 6d states, and the emission spectra as a function of
E; shift linearly with E; [6,7], as indicated by curves with
E; > E7 in Fig. 6. The multiple peaks in the RXES emis-
sion spectra indicate multiconfigurational 5 f states and agrees
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FIG. 6. RXES of UTe, (batch S1) at 2.1 GPa and RT. The red dashed lines indicate the two 5f configurations and the black dashed-dotted
line indicates the shift in the nonresonant emission. The colors in the vertical scale bar of (b) show the normalized emission intensity. When
E; > 17.170 keV, a clear linear correlation can be seen between E, at the emission maximum and E;, indicating emission is from nonresonant

excitation to the continuum.

with the PFY-XAS results. This suggests UTe, falls into a
similar grouping of intermediate valence materials like SmBg
[28], YbAI;s [29], and UPd,;Als [30].

The 5f-configuration weights (5f3, 5f2) were calculated
using the methodology in Ref. [7] for UCd;; and PuSb,.
Since the total number of unoccupied 6d states is almost
fixed, the relative excitation amplitude should be proportional
to the occupancy in each 5f configuration [7]. The 5f-
electron occupancy can then be calculated from the weighted
sum of the integrated multiconfiguration peaks that are de-
convoluted from the RXES spectra. Fortunately, unlike some
other U intermetallics (e.g., UCd;; [7] and URu,Si; [26]), our
RXES data at energy below Er clearly exhibit separate f* and
f? peaks from the emission signal which helped identify the
position of each configuration. Deconvolution of RXES data
was accomplished via a nonlinear least-square-fitting PYTHON
module (LMFIT) [35], by using two skewed Lorentzian func-
tions corresponding to the £ and f2 peaks, and a third skewed
Lorentzian function corresponding to the fluorescence peak
(FP) when E; approached Et of 17.170 keV to account for the
electrons excited to the continuum.

An example multiconfiguration peak deconvolution at
2.4 GPa is shown in Fig. 7(a), where green and red peaks
correspond to the 5f3 and 5/ configurations, respectively,
and the purple dashed FP corresponds to the nonresonant
emission at selected E; at 2.4 GPa. The areas under the curves
are integrated to calculate the respective peak coefficients,

shown in Fig. 7(b). The resulting normalized peak coefficient
data were then fitted to an associated Lorentzian (for 5f°3
and 5f2 peaks) and integrated to calculate the configuration
weight at each pressure. A more detailed summary for peak
deconvolution and error analysis is discussed in Supplemental
Material [13].

The 5f occupation (ny) and f* and f? configuration frac-
tion results are shown in Fig. 8. At low pressure, an initial
5f occupancy ny =~ 2.26 (valence of 3.74) at 1.8 GPa de-
creases with pressure until a minimum at ~ 2.8 GPa where
ny ~ 2.21 (valence of 3.79). Afterwards, n, increases with
pressure until ~ 15 GPa where a plateau appears at ny ~ 2.24
(valence of 3.76) and persists up to 52 GPa, indicating that
the UTe; valence stays mostly constant at high pressures. The
nonmonotonic valence change preceding the pressure-induced
phase transition (5 GPa) qualitatively agrees with Ref. [11]
which claims a valence maximum at about 2 GPa. The move-
ment of the valence towards 34 seems to be associated with
the phase transition to the tetragonal structure, which has more
room for U atoms due to the larger dy_y (see Fig. 3). The
increased volume can more easily accommodate the U3t ion,
which has a larger ionic radius than the U** ion. Stability of
the valence above 15 GPa appears to be consistent with PFY-
XAS data, which exhibit little energy shift in the white-line
position with pressure (see Fig. 5). Although the PFY-XAS
white-line shift can be due to both the change in ny and in the
localization of 5f electrons [36], we do see some similarities
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between the PFY-XAS and RXES data, as manifested in the
mirrored curves in Figs. 5 and 8. The discrepancy between
the two curves reflects the extra contribution to the PFY-XAS
spectra from the change in the degree of itinerancy of 5f
electrons under pressure.

A physical picture that has been applied to U-based heavy-
fermion systems which provides insight into the transition
from a nonmagnetic ground state to a magnetically ordered
ground state in a Kondo lattice (KL) is provided by the
“Doniach phase diagram” scenario [37]. This is based on
an argument concerning the competition between two energy
scales, the Kondo energy, which induces a demagnetization of
the U ions, and the Ruderman-Kittel-Kasuya-Yosida (RKKY)
interaction, which causes the localized magnetic moments on
the U ions to form a magnetically ordered state. Both the
Kondo effect and the RKKY interaction originate from an
intra-atomic exchange interaction between the spins of the
conduction electrons and the spins and orbital moments of
localized f electrons.

For the Kondo effect to be operative, the intra-atomic
exchange interaction between the conduction electron spins
and U magnetic moments must be negative, i.e., favoring

their “antiferromagnetic” alignment. In a KL, this leads to the
gradual formation of a coherent nonmagnetic ground state via
compensation of the magnetic moments of the U ions by the
spins of the conduction electrons. The characteristic temper-
ature which describes the crossover to a nonmagnetic ground
state is the Kondo temperature Tx. In the Doniach picture, the
Kondo temperature is given by Tx ~ Tr exp[—1/N(Eg)|Jex|],
where T is the Fermi temperature and N(EF) is the density of
states at the Fermi level Er of the conduction electrons and
Jex 1s the strength of an onsite exchange interaction between
the localized f moments and the conduction electrons. In
contrast, the interatomic RKKY exchange interaction between
localized magnetic moments, which is mediated by the spins
of the conduction electrons, leads to magnetic ordering at a
temperature Trxky (in the absence of the Kondo effect) that
scales as JZ . In the Doniach scenario, the “knob” that tunes
the ground state of the KL between a heavy Fermi liquid
(HFL) and a magnetically ordered phase is the absolute value
of the intra-atomic exchange-interaction parameter J.x which
is given by Jox = —V,3/|e¢|, where Vis represents the strength
of the hybridization between localized f- and conduction-
electron states and ¢f is the energy separating the localized
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FIG. 8. The calculated 5f occupation 7, and configuration frac-
tions of f3 and f? (inset) as a function of pressure for UTe, at RT.
The vertical bars indicate the estimated standard deviation (refer to
Supplemental Material [13]). The right y axis indicates the U valence,
which is equal to the difference between the number of valence
electrons of uranium atom (6) and the 5 f occupancy.

f-electron state and the Fermi level Eg. This leads to the T vs
|Jex| Doniach phase diagram in which the f-electron system
exhibits magnetic order with an ordering temperature Ty vs
|Jex| curve, with a dome shape that passes through a maximum
with increasing |Jex| and then vanishes at a QCP when |J|
reaches a critical value (i.e., when Trxxy = Tx), at which
point it enters a region with a nonmagnetic spin-compensated
HFL ground state for larger values of |Je|.

The situation encountered in many heavy-electron systems
studied under pressure involves the suppression of a magnetic
phase, usually AFM, at a QCP at which the system undergoes
a transition to a nonmagnetic HFL [38,39]. In the Doniach
model, this transition corresponds to an increase of |Je|
with pressure. A dome-shaped region of unconventional su-
perconductivity and/or V-shaped region of non-Fermi-liquid
behavior [e.g., p(T) «x T, C(T)/T x —In(T)] are frequently
found in the vicinity of the QCP. In contrast, applying pres-
sure to UTe, induces a transition from a nonmagnetic HFL,
manifested at ambient pressure in a large Sommerfeld coef-
ficient y = C(T)/T [1] and a large coefficient A = p(T)/T?
[10], to an AFM state that appears between 1.5 and 4 GPa
[5,10]. According to p(T') and ac—C(T') measurements under
hydrostatic pressure by Thomas et al. [5], there is an AFM
QCP at 1.3 GPa, estimated by extrapolating the boundaries
of regions in T vs P, where the exponent n of the electrical
resistivity p(T') o« T" equals 1 near 7 = 0 K. Moreover, two
superconducting phases are found at low pressure that appear
to vanish at a pressure of ~ 1.6 GPa, where for one of the su-
perconducting phases the 7 vs P data have a dome shape with
a maximum in 7. near the AFM QCP. Knafo ef al. [40] have
recently reported similar behavior for the 7; vs P phase bound-
aries of the two superconducting phases and established that
long-range incommensurate antiferromagnetic order occurs at
1.8 GPa by means of neutron-scattering measurements. The
antiferromagnetic phase has a propagation vector close to that

of the wave vector where antiferromagnetic fluctuations were
previously observed at ambient pressure [12,41-43]. Thus,
in UTe, under pressure, two unconventional superconducting
phases are apparently found near the AFM QCP at 1.3 GPa.

In the Doniach picture, the pressure-induced HFL-AFM
transition found in UTe, implies a decrease in |Jex| with pres-
sure. Since below 4 GPa dy_y decreases with pressure, we
expect Vi¢ to be enhanced by pressure which, in turn, would
imply that |e/| increases with pressure at a faster rate than
V2. This is similar to the scenario that was recently suggested
for the relationship between the “hidden-order” (HO) phase
and the AFM phase in the U-based HF compound, URu,Si,
[44,45]. In that case, application of pressure or generation of
chemical pressure via substitution of the smaller Fe atom for
Ru drives a transition from the nonmagnetic HO phase, which
also hosts a coexisting unconventional superconducting phase,
to an AFM phase, which implies a decrease in |Jex| within the
context of the Doniach phase diagram [44,45].

Alternatively, the hybridization of the 5f and the itinerant
conduction-band states, which determines J.x and the Kondo
screening, is governed by crystal structure and spin-orbit
coupling. This sensitivity has led to the evolution of several
pictures of U compounds with intermediate valence, involving
orbitally selective hybridization. One such model, the so-
called “dual-electron ansatz,” has been successfully applied
to describe the physical properties of several uranium-based
heavy-fermion compounds such as UPt; [46] and UPd,Al;
[47]. In the dual-electron model, it is assumed that two of
the 5f electrons are localized and the remaining 5f elec-
tron is delocalized. The delocalized 5f states hybridize with
conduction electron states and form conduction bands while
the localized 5f electrons do not. The local exchange in-
teraction between the two subsystems produces the mass
enhancement of the delocalized quasiparticles. This approach
accounts for measured de Haas—van Alphen frequencies of the
heavy quasiparticles as well as their anisotropic heavy mass
[46,47]. A similar dual model is the underscreened Anderson
model, in which orbitally selective hybridization results in the
formation of a hybridized itinerant 5f electron band and a
set of unhybridized 5 f bands. Like the underscreened Kondo
model, the number of hybridization channels is insufficient to
Kondo screen the 5f magnetic moments, allowing for long-
range magnetic ordering of the partially screened moments.
The underscreened Kondo and Anderson models have been
applied to the uranium monochalcogenides [48,49]. More re-
cently, an orbitally selective hybridization approach based on
the k dependence of Vi has been applied to UTe, [50].

It could be more than a coincidence that the U valence
change towards 44, revealed in Ref. [5] and in our RXES
data (from 1.8 to 2.8 GPa), is concurrent with the appearance
of the AFM phase. In the dual models, a pressure-induced
increase of the hybridization could produce a redistribution
of the 5f electrons between the itinerant and localized states
which, as suggested in Ref. [50], may result in the forma-
tion of an AFM phase due to a van Hove singularity. Above
5 GPa, according to our XRD results, dy_y increases abruptly
due to the structural phase transition. This agrees with RXES
results, which reveal a valence returning towards 34 just prior
to the structural transition beginning at 5 GPa. The effect of
the redistribution of 5f electrons between the hybridized and
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unhybridized bands is manifested by the coherence temper-
ature of the orthorhombic and tetragonal phases of UTe;. A
shoulder is observed in the p(7) curves at the coherence tem-
perature T* (~ 230 K) in the tetragonal phase [10], which is
higher than the value of 7% (10-70 K [1,51]) in the orthorhom-
bic phase. The anomalies in both the white-line position and
ny vs pressure curves lie well within the region of the AFM
phase of UTe,, which appears to be sandwiched in between
the low-pressure unconventional and high-pressure weakly
correlated superconducting phases [10].

IV. CONCLUDING REMARKS

We studied the electronic and structural properties of UTe;
under high pressure via RXES to 52 GPa and XRD to 30 GPa,
pressures higher than those previously reported [5,10,11], and
mapped the valence across the pressure-induced structural
phase transition between 5 and 7 GPa from Immm (orthorhom-
bic) to I4/mmm (body-centered tetragonal). Due to the higher-
energy resolution of the RXES technique compared to tradi-
tional XANES, we were able to calculate the change of the U
valence with pressure. The change from a lower- to a higher-
symmetry crystal structure under high pressure, indicates that
the 5f electrons become more localized and less itinerant in
the high-pressure tetragonal phase [9], as one would expect
from the viewpoint of a pressure-induced increase in dy_y.

Over the whole pressure range investigated (1.8 to 30
GPa), dy_vy is larger than the Hill limit for U compounds, so
magnetic ordering due to RKKY interactions could be antici-
pated. In reality, in this regime correlated electron phenomena
such as unconventional superconductivity and heavy-fermion
behavior often emerge. This implies that hybridization (V)
between localized 5f- and conduction-electron states and on-
site Coulomb repulsion (U) between 5 f electrons should play
an important role in determining the electronic and magnetic
properties of UTe, [9], like it does in other heavy-fermion
systems, contributing to the limitations of the Hill limit in
predicting the degree of 5 f itinerancy in UTe;.

At RT, RXES data show UTe, has a valence of ~ 3.74 at
1.8 GPa, which changes to 3.79 at 2.8 GPa and then back
to a value slightly smaller than it had at 1.8 GPa. Interest-
ingly, the change in valence is accompanied by the structural
phase transition at 5-7 GPa, suggesting a correlation between
the U valence and crystal structure of UTe,. At pressures
higher than 15 GPa, the U valence does not change with pres-
sure. PFY-XAS data also revealed a nonmonotonic change

in the white-line position with pressure; however, due to
complications associated with different mechanisms that lead
to the shift in white-line position, it is difficult to reach a more
definitive conclusion. It is worthwhile to point out that our
PFY-XAS and RXES measurements were done at RT, whereas
other results regarding the UTe, valence were based on
spectroscopic measurements at low temperature in Ref. [33]
(20 K), Ref. [5] (1.7 K), and Ref. [11] (2.7 K). It is known that
for 4f systems with a small Kondo temperature, n; depends
strongly on temperature (e.g., YbAgCuy [52]). Our RXES
results demonstrate well-separated resonant emissions from
5f3 and 5f? configurations, which illustrate the advantage
of using RXES in determining the UTe, valence. Extend-
ing RXES measurements to lower temperature, especially
near the superconducting or magnetic ordering tempera-
tures at high pressures, would reveal whether the U valence
changes when UTe, undergoes these electronic and magnetic
transitions.
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