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Multiple unconventional superconducting phases are suspected to be driven by magnetic fluctuations in the
heavy-fermion paramagnet UTe,, and a challenge is to identify the signatures of the electronic correlations, in-
cluding the magnetic fluctuations, in the bulk physical quantities. Here, we investigate thoroughly the anisotropy
of the electrical resistivity of UTe, under intense magnetic fields up to 70 T, for different electrical-current
and magnetic-field configurations. Two characteristic temperatures and an anisotropic low-temperature Fermi-
liquid-like coefficient A, controlled by the electronic correlations, are extracted. Their critical behavior near the
metamagnetic transition induced at poH,, ~ 35 T for H || b is characterized. Anisotropic scattering processes
are evidenced and magnetic fluctuations are proposed to contribute, via a Kondo hybridization, to the electrical
resistivity. Our work appeals for a microscopic modeling of the anisotropic contributions to the electrical
resistivity as a milestone for understanding magnetically mediated superconductivity in UTe,.
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I. INTRODUCTION

Magnetic fluctuations are suspected to be at the origin
of the superconducting pairing mechanism in many uncon-
ventional superconductors [1]. However, a difficulty is to
reveal experimentally the intimate relationship between the
magnetic and superconducting properties. The recent discov-
ery of unconventional superconductivity in the paramagnetic
compound UTe, [2,3,4] opened a new route to investigate
the interplay between magnetism and unconventional super-
conductivity. A spin-triplet nature of superconducting pairing
has been proposed for this compound initially presented as
a nearlyferromagnetic system. Spin-triplet superconductivity
in UTe, is supported by the observation of a critical super-
conducting field exceeding the Pauli limitation expected for
the three crystallographic directions [2,5] and by nuclear-
magnetic-resonance (NMR) Knight-shift experiments made
in the superconducting (SC) state [2,6,7]. Superconductivity
is reinforced near a first-order metamagnetic transition in-
duced at a magnetic field uoH,, =35 T applied along the
hard direction b [2,5,8,9,10]. A phase transition between
the low-field superconducting phase SC1 and a high-field
superconducting phase SC2 was identified by heat capac-
ity at ambient pressure [11] and by tunnel-diode-oscillator
technique under pressure [12]. The phase SC2 suddenly col-
lapses in fields higher than H,, [5,10,13], where an abrupt
Fermi-surface change was also reported [14]. The metamag-
netic transition turns into a crossover at temperatures higher
than Tepp =~ 5 — 7 K, which corresponds to a critical end-
point [8,13]. The crossover vanishes near the temperature
T;™ = 35 K, where the magnetic susceptibility measured for
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H || b shows a broad maximum at low fields [2,8,9,15]. As in
many heavy-fermion paramagnets, H,, and 7, delimitate a
correlated paramagnetic (CPM) regime and a polarized para-
magnetic (PPM) regime is established for H > H,, [16,17].
Field-induced reinforcement of superconductivity rapidly dis-
appears when the magnetic field is tilted away from b, and
a second field-induced superconducting phase, labeled SC-
PPM, develops in the PPM regime close to poH,, ~ 45 Tina
magnetic field tilted by 30 ° from b to ¢ [5,10,13]. Multiple su-
perconducting and magnetic phases have also been evidenced
under pressure, leading to complex three-dimensional pres-
sure - magnetic field - temperature phase diagrams illustrating
the subtle interplay between magnetism and superconductiv-
ity in UTe; [12,18-26].

Contrary to early expectations [2], inelastic-
neutron-scattering experiments showed the presence of
low-dimensional antiferromagnetic fluctuations, but no
indication for ferromagnetic fluctuations so far [27-29].
These antiferromagnetic fluctuations, peaked at the
incommensurate wave vector k; = (0,0.57,0), saturate
below the characteristic temperature 7, = 15 K [28] and
become gapped in the superconducting phase [30,31]. They
may, therefore, play a role for the superconducting pairing
mechanism. Electrical-resistivity measurements further
revealed a broad maximum at the temperature 7" >~ 15 K
for a current I| ¢ and the possible role of magnetic
fluctuations was emphasized [32]. Higher temperature
scales T o~ T " ~ 60 — 70 K were also revealed at broad
maxima of the electrical resistivity measured with I applied
along a and b, respectively [32]. The anisotropy of the
electrical resistivity presumably results from the combination

©2022 American Physical Society
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FIG. 1. Magnetic-field dependence of the electrical resistivities py, and p,,, measured with currents I || a and I || ¢, respectively, of UTe,
at the temperature 7 = 1.4 K under magnetic fields (a) H || a, (b) H || b, (¢c) H || ¢. Zooms to low-fields uoH < 20 T are shown in the insets

of (a).

of anisotropic magnetic and Fermi-surface properties.
Anisotropic magnetic fluctuations from moments along the
easy magnetic axis a were evidenced by NMR relaxation-rate
measurements [33], and cylindrical Fermi surfaces along the
direction ¢ expected from electronic-structure calculations
have been confirmed by angle-resolved-photoemission
spectroscopy [34-36]. A challenge is now to determine
how the magnetic fluctuations and the band structure are
modified in a magnetic field, in particular when field-induced
superconductivity is stabilized.

In this work, we focus on a systematic investigation of the
electrical resistivity of UTe, under high magnetic fields poH
up to 70 T applied along the three crystallographic directions
a, b, and ¢. We compare new sets of data corresponding
to the configuration I| ¢ to data with the configuration
I || a, published initially in Ref. [8] and reanalyzed here.
The evolution of the resistivity maxima observed for I ||
a, ¢ are characterized. Two temperatures characterizing the
electronic correlations are identified and their magnetic-field
evolutions are determined, allowing us to construct magnetic-
field-temperature phase diagrams for the three directions of
magnetic field. At low temperatures, Fermi-liquid-like fits to
the resistivity data let us extracting the quadratic coefficient
A, whose anisotropic behavior in high magnetic field is ev-
idenced. The possible roles played by magnetic fluctuations
and Kondo hybridization are discussed.

II. METHODS

Single crystals were grown by chemical vapor trans-
port [2,3]. Their orientation was checked at room temperature
using a Laue diffractometer. Oriented plates were prepared
using an electrical-spark cutter. After cutting, a surface was
polished and 15-um gold wires were spot-welded along the
larger dimension of the surface. Samples measured with an
electrical current I || ¢ had dimensions of approximately 1—
2 mm along ¢, 0.3-0.5 mm along a and 0.1-0.3 mm along
b. Samples measured with an electrical current I || a had di-
mensions of approximately 1-2 mm along a, 0.5 mm along b
and 0.1-0.3 mm along c. Electrical-resistivity measurements
have been performed using 70-T pulsed-field magnets at the
Laboratoire National des Champs Magnétiques Intenses in

Toulouse. A 6-MJ generator was used to generate pulses
of 30-ms-rise and 150-ms-fall durations. Temperature and
magnetic-field variations of the resistivity are presented for
the up-sweep and the variations of the quadratic coefficient
A are presented for both up- and down-sweeps (more data
from up- and down-sweeps are shown in the Appendix).
Pulsed-field experiments were performed at constant temper-
atures from 1.4 to 80 K using a “He cryostat. Resistivity was
measured by the four-point technique, with electrical currents
at frequencies between 20 and 40 kHz and a digital lock-
in analysis. For each current direction, measurements under
magnetic field directions H || a, b, and ¢ were made on three
samples simultaneously (samples #1, 2, and 43 with I || a and
samples 8, #9, and #10 with I || ¢). The resistivity data were
normalized to absolute values following measurements made
at the CEA-Grenoble on samples with well-defined geometri-
cal shapes [37]. The py, resistivity data of samples with I || a,
initially published in Ref. [8], have been reanalyzed using a
geometric factor consistent with data published in [13]. This
reanalysis led to different absolute values of the extracted
Fermi-liquid coefficient A. A background subtraction, not per-
formed in the original paper, was also done on p,, versus
temperature 7 data, as well as it was done on the new p,,
data measured with a current I || ¢. Our absolute values of the
electrical resistivity with I || a and I || ¢ are 20 — 30% larger
than those determined by Eo et al. [32]. In spite of these
differences, similar anisotropy of the electrical resistivity is
extracted for both sets of data.

III. RESULTS

A. Low-temperature electrical resistivity

Figure 1 compares the electrical resistivity versus magnetic
field of UTe, at T = 1.4 K for I || a and ¢, for the three
magnetic field directions H || a, b, and c. The temperature
T = 1.4 K is slightly below the superconducting temperature
T,c ~ 1.6 — 1.7 K and all curves show the superconducting-
to-normal-state transition at an upper critical field poH., of
a few T, defined here at the kink preceding the restoration
of the normal state. Figure 1(a) shows that, in a magnetic
field H || a, three anomalies characterize broad crossovers for
I || ¢ at the magnetic fields puoH; ~ 6 T, uoH, >~ 10 T and
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FIG. 2. Magnetic-field dependence of the electrical resistivity p.., measured with I || ¢, of UTe, at temperatures from 1.4 to 60 K under
magnetic fields (a) H || a, (b) H || b, and (c) H || ¢. Temperature dependance of p., at constant magnetic fields (d) woH || a, (e) uoH || b,
and (f) uoH || ¢ up to 60 T). Temperature dependance of Ap,,, extracted after subtraction of a background estimated as p..(H || a, 60 T), at
constant magnetic fields (g) uoH || a, (h) woH || b, and (i) woH || ¢ up to 60 T).

woHs >~ 20 T, in agreement with a previous report [38], while
only a broad kink is observed at H, for I || a. Figure 1(b)
shows that, in a magnetic field H || b, the first-order meta-
magnetic transition at uoH, = 35 T induces a much larger
jump for I || a than for I || ¢. Figure 1(c) shows that, for
H || ¢, beyond the superconducting transition, no anomaly is
induced by a magnetic field for both current directions, and
Pxx Monotonously increases with H while p,, monotonously
decreases with H. A H? increase of the resistivity found
for two transverse configurations (I || ¢, H || b) and (I || a,
H || ¢) is ascribed to field-induced contributions from charge
carriers [see Figs. 1(b) and I(c) and the Appendix]. In the
following, we present a detailed study of the temperature de-
pendence of electrical-resistivity-versus-magnetic-field data
of UTe, measured within the six configurations considered
here.

B. Electrical resistivity with I || ¢

Figure 2 presents electrical-resistivity data of UTe, mea-
sured with a current I || ¢, either as function of magnetic field
for different temperatures from 1.4 to 60 K [(a)—(c)], or as
function of temperature for different magnetic fields up to
60 T [(d)-(1)], for the three configurations with H || a, b,
and c.

For H || a [Fig. 2(a)], the anomalies at the fields H;, H,
and H; show signatures at temperatures up to 7 ~ 5 K (see
the Appendix). At temperatures 7 > 5 K, p,, monotonously
decreases with H. For H || b [Fig. 2(b)], the low-temperature
steplike increase of p,, observed at the metamagnetic field H,,
changes into a decrease at higher temperatures. The resistivity
jump is accompanied by a hysteresis emphasized in field-
derivative 0 p,,/0H plots (shown for up- and down-sweeps in
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FIG. 3. Magnetic-field dependence of the electrical resistivity p,,, measured with I || a, of UTe, at temperatures from 1.4 to 60 K under
magnetic fields (a) H || a, (b) H || b, and (c) H || c. Temperature dependance of p,, at constant magnetic fields (d) uoH || a, (e) uoH || b, and
(f) noH || ¢ up to 60 T. Temperature dependance of A p,, extracted after subtraction of a background estimated as p,,(H || b, 49 T, 2.25 GPa),
at constant magnetic fields (g) uoH || a, (h) woH || b, and (i) woH || ¢ up to 60 T.

the Appendix). We lose the trace of the hysteresis at a temper-
ature of 6 K, where the critical endpoint can be defined, and
beyond which the metamagnetic first-order transition at H,,
characterized by a step variation in p,, turns into a crossover
characterized by a broad maximum in p,,(H). The crossover
field decreases with increasing temperature and disappears
for T > 12 K. In this transversal configuration, an increase
of p,, is observed at low temperature for uoH > 40 T. In
this regime, p,. follows a H> behavior, which is presumably
controlled by a field-induced cyclotron motion of carriers (see
Appendix). For H || ¢ [Fig. 2(c)], no anomalies are detected
and the resistivity monotonously decreases at all tempera-
tures.

Figures 2(d)-2(f) show resistivity p,, versus 7' data at con-
stant magnetic field. These data were extracted from p,, versus
H data measured at constant temperature [see Figs. 2(a)-2(c)].
For H || a [Fig. 2(d)] and H || ¢ [Fig. 2(f)], the maximum

of p.. is shifted to higher temperature from 7,"** ~ 14 K at
H =0t T,™ > 40 K at noH 2 50 T. The maximal value
of p. (T) decreases when the magnetic field increases and
the decrease is faster for H || a than for H| c¢. For H| b
[Fig. 2(e)], the temperature Tpfza" decreases for H < H,,, it
cannot be defined at fields slightly higher than H,, and it
increases for H > H,,. The low-temperature increase of o,
at high fields, presumably controlled by the cyclotron motion
of carriers, is emphasized in Fig. 2(e).

For the three directions of magnetic field, a maximum in
Pz versus T cannot be defined in fields above 30—40 T. Here,
we propose to subtract from p,, a background term pf;G, esti-
mated as p,,(H || a, 60 T) measured in a magnetic field puoH ||
a of 60 T. This background is characteristic of the high-field
PPM regime. In a magnetic field uoH || a of 60 T, a sat-
uration of the low-temperature magnetization [39] indicates
that most of the magnetic fluctuations have been quenched,
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which possibly drives the loss of the low-temperature con-
tribution to the electrical resistivity observed here (see the
Appendix and Ref. [40]). Figures 2(g)-2(i) show the temper-
ature dependence of Ap,,, for H || a, b, and c, respectively,
estimated after subtraction of the resistivity background p
The temperature de" (= 12.5 K at H = 0) defined at the
maximum of Ap,, versus T is slightly smaller than 7" (=
14 K at H = 0) defined at the maximum of p,, versus T For
H || a [Fig. 2(g)], the fast decrease of Ap,. with increasing
poH up to 50 T is accompanied by an increase of Ty7™ by
almost a factor two. For H || ¢ [Fig. 2(i)], a slower decrease
of Ap. is accompanied by a slower increase of T,7*. For
H || b [Fig. 2(h)], both the CPM regime for H < H,, and the
PPM regime for H > H,, are characterized by a maximum
of Ap,, versus T, and the metamagnetic transition at H,, is
accompanied by a minimal value of 7,(7".

C. Electrical resistivity with I || a

Figure 3 presents electrical-resistivity data of UTe, mea-
sured with a current I || a, either as function of magnetic field
for different temperatures from 1.4 to 80 K [(a)-(c)], or as
function of temperature for different magnetic fields up to
60 T [(d)-(@)], for the three configurations with H || a, b, and
¢ (data initially published in [8] and reanalyzed here).

Figures 3(a)-3(c) show p,, versus H measured at con-
stant temperatures with a magnetic field along a, b, and c,
respectively. For H || a [Fig. 3(a)], a kink is observed at H,
for temperatures T < 4 K (a zoom is provided in the Ap-
pendix). For H || b [Fig. 3(b)], the steplike increase of o,
at H, turns into a broad maximum at temperatures above
Tegp ~ 7 K. This maximum shifts to lower magnetic fields
when the temperature is further increased above T¢gp, before
vanishing at temperatures 7 > 30 K. The hysteresis of the
first-order metamagnetic transition is characterized through
0 pxx/0H versus H plots for up- and down-sweeps (see the Ap-
pendix). Finally, for H || ¢ [Fig. 3(c)], the p,, versus H curves
monotonously increase for T < 5 K and they monotonously
decrease for T > 5 K. For this transversal configuration, p.,
follows a H? behavior at low temperature, which may possibly
be controlled by a field-induced cyclotron motion of carriers
(see the Appendix). The low-temperature enhancement of .,
visible in fields uoH || b higher than 40 T [Fig. 3(b)] may also
be controlled by cyclotron motion of carriers.

Figures 3(d)-3(f) show the resistivity py, versus 7T at
constant magnetic fields extracted from field-scans of p,, at
constant temperatures [see Figs. 3(a)-3(c)]. The temperature
Tp‘g“ at the maximum of p,, equals ~65 K at zero field and
increases with increasing magnetic fields H || a and H | c.
For H || b, T;7** decreases with H for H < H,, and increases
with H for H > H,.

The maximum in p,, versus 7 is not well-defined in high
magnetic fields as the anomaly becomes broader and less
intense. To characterize this crossover, we propose to subtract
from p,, a background term ,om , estimated as the resistiv-
ity pxx(H || b, 49T, 2.25 GPa) measured in a magnetic field
uoH || b of 49 T combined with a pressure of 2.25 GPa and
published in [26]. This background is representative from a
state deep inside the PPM regime [23], where most of the
magnetic fluctuations and electronic correlations have been

quenched (see the Appendix). Figures 3(g)-3(1) show Ap,,
versus T data for magnetic fields along a, b, and ¢, respec-
tively, extracted after subtraction of the estimated background

0BG, The temperature T defined at the maximum of Ap,,
versus T is much smaller than 7°** defined at the maximum
of o, versus T (Tmax ~32K < de" ~ 65KatH = 0)[40].
Under magnetic ﬁelds Trp varres in a similar manner than
Ty, extracted in Sec. III B: it monotonously increases with
H for H || a [Fig. 3(g)] and H || ¢ [Fig. 3(1)], the increase
being faster for H || a, and it passes through a minimal value
at the metamagnetic field H,, for H || b [Fig. 3(h)]. For the
three field directions, the amplitude of the anomaly in Ap,,
is strongly reduced in high magnetic fields, being compatible
with a field-induced loss of the electronic correlations.

D. Phase diagrams and quantum critical properties

Figure 4 presents the magnetic-field-temperature phase di-
agrams of UTe, for H || a, b, and ¢, constructed using data
from this work and data from Refs. [10,13]. The zero-field
values of Tmax ~ 32 K and Tm""‘ ~ 12.5 K coincide with the

temperatures T‘;"“x ~35K and TXklnk ~ 15 K, where anoma-
lies are observed in the low-field magnetic susceptibilities yx;
and y,, respectively [4,13,15,23]. For the three magnetic-field
directions, the two temperatures 7,)* and T, further have
similar field dependences, mdrcatrng ‘related associated phe-
nomena. Under a magnetic field H applied along the easy
magnetic axis a [Fig. 4(a)], the fast polarization of the mag-
netic moments is accompanied by three successive anomalies
in the low-temperature electrical resistivity, at uoH; ~ 6 T,
moH> >~ 10 T and poHs >~ 20 T. H; coincides with a max-
imum in the field derivative of the magnetization [9] and a
minimum in the thermoelectric power, which was identified
as a signature of a Lifshitz transition [38]. The polarization
of the magnetic moments is accompanied by a monotonous
increase with H of the two temperature scales 7y7* and Ty
characterizing the electronic correlations. Under rnagnetrc
field H applied along the hard magnetic axis ¢ [Fig. 4(c)], a
slower magnetic polarization [39] is accompanied by a larger
upper critical field noH.» =~ 10 T of the low-temperature su-
perconducting phase, but there are no additional field-induced
anomalies in resistivity or magnetization data. A monotonous
increase with H of Ty7* and TA”:f" is also observed. For
H || b, which is the hardest magnetic axis [Fig. 4(b)], de:
and T, both decrease with H and merge near to the critical
end point at the temperature Tegp =~ 7 K, below which a first-
order transition at the metamagnetic field puoH,, >~ 35 T marks
the onset of the PPM regime. For H < H,,, Tm“"f and Tmax
are characteristic temperature scales of the CPM regime. For
H > H,, Ty)™ and T7™ increase and can then be considered
as characteristic temperature scales of the PPM regime. While
the low-temperature superconducting phase SC1 is delimited
by an upper critical field puoH, ~ 15 T [11], the field-induced
superconducting phase SC2, stabilized near H,,, vanishes at
fields higher than H,,, in the PPM regime.

Within a Fermi-liquid behavior, the electrical resistivity
follows a quadratic temperature dependence p(T) = po +
AT?, where A is related to the effective mass m* by A oc m*?.
In heavy-fermion compounds, the effective mass m* is large,
typically of the order of hundred times the free-electron mass,
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FIG. 4. Magnetic-field-temperature phase diagram of UTe, under a magnetic field: (a) H || a, (b) H || b, and (c) H || ¢. CPM labels the
correlated paramagnetic regime and PPM labels the polarized paramagnetic regime. SC1 labels the low-field superconducting phase and SC2
labels the superconducting phase induced by a magnetic field for H || b. The superconducting boundaries correspond to the onset of zero
resistivity and were extracted from Ref. [10] in the insets (a), (c), and from Ref. [13] in the inset of (b), where a scaling of the magnetic-field
scale by a factor 1.02 was applied (to correct a small misorientation between the different sets of data).

and the enhancement of m* is generally driven by magnetic
fluctuations, consequence of nearby quantum magnetic insta-
bilities. The electrical resistivity of UTe,, measured here at
temperatures down to 1.4 K and in magnetic fields up to 70 T,
was fitted by a Fermi-liquid formula for the six configurations
of electrical current and magnetic field. Figure 5 shows Fermi-
liquid fits to the data measured with I || ¢ (details about the fits
to the data with I || a can be found in the Supplementary Ma-
terial of Ref. [8]). Depending on the magnetic-field direction
and strength, the temperature window of the fit was adjusted
from 4.2 K down to 1.4 K in the absence of superconductivity

and down to temperatures > Tgc when superconductivity is
established. Interestingly, within the experimental error of our
pulsed field experiments, Fermi-liquid fits can be done near
the metamagnetic field H,, for H || b, where A is maximal for
the two current directions.

Figure 6 presents the magnetic-field variations of A ex-
tracted for both current directions I || a and I | ¢ and for
the three magnetic-field directions H || a, H| b and H | c.
The coefficient A is anisotropic and is an order magnitude
larger for I|| ¢ than for I| a. For H || a [Fig. 6(a)] and
H || ¢ [Fig. 6(c)], A decreases monotonously for both current
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directions. For H || b, A presents a sharp maximum at H,,
for both current directions. A striking difference between the
two current-direction configurations is visible: the maximum
in the field variation of A is symmetrical around H,, for
I'|| a but A rapidly drops above H,,, by a factor 2 in a 2-T
window, for I || ¢ [see A/A(H = 0) plots in the Appendix].
The anisotropy of A, which is strong in the CPM regime for
H < H,,, is reduced in the PPM regime for H > H,,. In the
high-field limit, contributions controlled by field effects on
the Fermi surface (for instance controlled by the field-induced
cyclotron motion of carriers in transversal configurations) lead
to deviations from a Fermi-liquid picture and to non-physical
negative coefficients A.

IV. DISCUSSION

A. Energy scales of the electronic correlations

Two temperatures 7" >~ 32 K and T7* >~ 12.5 K char-
acterizing the electronic correlations have been extracted from
anomalies in the electrical resistivity with applied currents
I||a and I| ¢, respectively. A question is whether these
characteristic energies are manifestations of one or two dif-
ferent phenomena. To address this question, a comparison
with other physical quantities is of interest. We have seen that
Ty, and T coincide with the temperatures 7, ~ 35 K

and Tk”‘k o~ 15 K, at which a maximum in the magnetic
susceptlblhty xp» measured with H || b and a kink in the mag-
netic susceptibility x, measured with H || a [15,28] (related
with a minimum of dx,/dT [4]), are respectively observed.
Anomalies are also visible in other physical quantities at these
two temperature scales: a maximum in the electronic heat
capacity, a minimum in the thermal expansion measured with
lengths LL || b, ¢ [41,42], and a minimum in the thermoelectric
power measured with a current I || a [38] were observed at
a temperature ~15 K, while a maximum in the Hall effect
measured with a current I || a and a magnetic field H || b was
observed at a temperature ~~35 K [14,38]. These coincidences
may support the picture of two characteristic temperatures
related with two different energy scales.

We note that, in Ref. [42], it has been alternatively pro-
posed that the magnetic susceptibility x,, the electronic heat
capacity, and the thermal expansion should not be compared

to pyx OF P, but to dpy, /0T, where a maximum at ~15 K
is also observed. A single phenomenon, associated with the
characteristic temperature of ~15 K, was proposed to be
relevant, the other temperatures scales being considered as
onset temperatures of the phenomenon [43]. However, within
this picture, a set of three energy scales, rather than a single
one, may be needed to describe the transport and thermo-
dynamic properties of UTe,: the first one of ~15 K already
identified, the second one of ~7 K defined at the maximum
of dp,, /0T, and the third one of ~35 K defined at the
maximum of x,. In a recent NMR investigation [44], three
temperatures scales were defined from the variation of the
spin-spin-relaxation-rate 1/7, measurements: Ty = 30 K at
the onset of low-temperature increase of 1/7;, Tp = 16 K
at a maximum of 1/7,, and 7, =7 K at the onset of a
lower-temperature increase of 1/7;. These three temperatures
were proposed to be respectively related with the temperatures
TX‘}}‘”‘, T* and a third temperature 7,, = 5 K, below which the
muon spin relaxation rate was found to increase [45].

In the following, we use the hypothesis of two energy
scales associated with the characteristic temperatures of
~15 K and ~35 K identified here and we discuss their pos-
sible microscopic origin. Signatures of fluctuating magnetic
moments u || a associated with a characteristic temperature
T* ~ 15 — 20 K were observed by NMR relaxation-rate mea-
surements [33,44]. These fluctuations were found to develop
progressively at temperatures below 30—40 K [44]. Inelastic-
neutron-scattering experiments have further shown that an-
tiferromagnetic fluctuations, peaked at the incommensurate
wavevector k; = (0, 0.57, 0), saturate below a similar temper-
ature 77" ~ 15 K [28]. A quasi-two-dimensional (quasi-2D)
character of the magnetic fluctuations was found and related
with the low-dimensional structure of the magnetic U atoms
in UTe;: two-legs ladders with legs along a and rungs along c,
these ladders being weakly coupled along b and not coupled
along c. These antiferromagnetic fluctuations may drive the
anomalies at the first characteristic temperature of 15 K in
a large set of physical properties, including p,, investigated
here.

The relation between 7" = 35 K and the metamagnetic
field woH,, = 35 T was emphasized [8,9], indicating a stan-
dard heavy-fermion-paramagnet behavior [16,17]. In several
prototypical heavy-fermion systems, 7,"* and H,, are the
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boundaries (crossover or phase transition) delimiting a CPM
regime, which is the place of antiferromagnetic fluctuations
(see for instance CeRu,Si, and CeCug [46]). Therefore, in
UTe, we expect that the second characteristic temperature of
~35 K may be driven by antiferromagnetic fluctuations too.
However, no magnetic-fluctuation mode with a temperature
scale of ~35 K was observed so far by inelastic neutron
scattering. A few scenarios can be considered. Within a first
scenario, quasi-1D magnetic fluctuations from noninteract-
ing ladders, i.e., controlled only by the two nearest-distance
interactions within the ladders, would progressively develop
near ~35 K. Quasi- 1D fluctuations would then be transformed
in quasi-2D fluctuations below 15 K, once the magnetic
interaction between ladders would be activated. Within a
second scenario, the 35-K anomaly may be related to a sec-
ond magnetic-fluctuations mode with a different wave vector
and/or a different moment direction. Within a third scenario, a
single-site Kondo crossover would drive localized f electrons
at temperatures 7 > 35 K to itinerant f electrons at temper-
atures T < 35 K (see proposition in Ref. [32]). Alternatively,
within a fourth scenario, the low-temperature magnetic exci-
tations at wave vector k;, whose characteristic energy is of
about 3 — 4 meV [28,29], were proposed to drive the 35 K
anomaly in x; [29]. Understanding the relation between the
temperature and energy scale of the two-dimensional mag-
netic fluctuations at wave vector Kk identified in Ref. [28] may
help discriminating whether they drive the 15 K anomalies,
as proposed here, or if they drive the 35-K anomalies, as
proposed in Ref. [29]. New experiments are clearly needed
to determine which description is pertinent.

B. Effect of a magnetic field

The fact that, in a magnetic field H || b, TAm/j‘X and TA“;‘X
collapse in a similar manner when H,, is approached indicates
that both are controlled by a common parameter [47]. The
phenomenon associated with the 35-K temperature scale is
a precursor of the phenomenon, identified here as quasi-2D
antiferromagnetic fluctuations, associated with the 15-K tem-
perature scale. This may be compatible with the first and third
scenarios mentioned above. ForH || band H > H,,, the PPM
regime is also characterized by broad maxima in Ap,, and
Ap,; at the temperatures 77" and T,7*, respectively, which
both then increase with H. For H || a and H || ¢, there is no
metamagnetic transition and T,7* and T3 monotonously
increase with H. The change from the CPM to the PPM
regimes is then smooth and very progressive.

Under a magnetic field H || b, the coefficient A passes
through a maximum at H,,, indicating the presence of
magnetic-field-induced critical magnetic fluctuations. The na-
ture of these critical fluctuations is unknown. They could pos-
sibly be ferromagnetic, as observed at the metamagnetic tran-
sition of the heavy-fermion paramagnet CeRu,Si, [48-50], or
antiferromagnetic, as observed at the metamagnetic transition
of Sr3Ru,O7 [51]. The strong anisotropy of A, which is an
order of magnitude larger for I || ¢ than for I || a at zero field,
indicates an anisotropic scattering process of the conduction
electrons by the fluctuating magnetic moments. Interestingly,
for H || b the field-variation of A measured with a current
I || ¢ has a similar asymmetric variation around H,, than the

field variation of the Sommerfeld coefficient extracted from
heat-capacity measurements [11]. Therefore, the coefficient A
from the configuration with I || ¢ may capture the magnetic-
fluctuations phenomena driving the entropy change near H,,.
The anisotropy of A is partly released in the PPM regime
reached beyond H,,. For both current directions, a faster de-
crease of A observed for H || a than for H | ¢ indicates a
faster quench of the magnetic fluctuations. In relation with
the decrease of A, the intensity of the resistivity anomalies
in Ap,, and Ap,, decrease with H due to the field-induced
quench of the magnetic fluctuations. This is consistent with
the observation by magnetization measurements of a faster
magnetic polarization for H || a than for H || ¢ [39].

C. Perspectives

For a deeper understanding, a modeling of the contribution
from magnetic fluctuations to electrical-transport properties
is mandatory. Several theoretical studies have examined the
contribution of magnetic fluctuations to the low-temperature
resistivity regime. In an early work from Mills and Led-
erer, the contribution to the electrical resistivity, via s — d
exchange, of magnetic fluctuations from localized electrons
was modeled and was shown to lead to a T2 Fermi-
liquid behavior [52]. A bit later, Jullien, Béal-Monod, and
Cogblin described the contribution from magnetic fluctua-
tions to the electrical resistivity over a broad temperature
range [53]. Further works analyzed the dominant contribution
of critical magnetic fluctuations near a quantum magnetic
phase transition at low temperatures, leading to a non-fermi-
liquid behavior in the electrical resistivity (see for instance
Refs. [54]). The effect of disorder and of Fermi-surface hot
spots in nearly antiferromagnets was also emphasized [55].
These approaches were however essentially done for isotropic
cases. The challenge to reproduce the anisotropic features
reported in the electrical resistivity and in the magnetic
susceptibility of UTe, requires a new generation of mod-
eling, possibly based on anisotropic Kondo hybridization
processes [56], and taking into account the magnetic and
Fermi-surface anisotropies. In particular, we have seen here
that, at ambient pressure, p,, seems to capture the 15-K
anomaly revealed in y,, while p,, seems to capture the 35-K
anomaly revealed in x;. Under pressures higher than the crit-
ical pressure p, >~ 1.5 — 1.7 GPa, it was also shown that p,,
captures an anomaly at ~15 — 20 K, which is possibly related
with maxima in x, or in x. [23,26,57]. The possibility to
quantitatively, or at least qualitatively, describe the anisotropic
contributions from the magnetic fluctuations to the electrical
resistivity may be useful to understand their relationship with
the stabilization of multiple unconventional superconducting
phases in UTe,. Indeed, magnetic fluctuations are suspected
to contribute to the superconducting pairing mechanisms in
UTe,, and magnetic-field- or pressure-induced modifications
of the nature and strength of the magnetic fluctuations may
be related to the stabilization or destabilization of the super-
conducting phases. The anisotropy of the critical field H,,
of the low-field superconducting phase SC1 was found to be
inversely related with the anisotropy of the low-temperature
magnetic susceptibility [13]: for instance, for H || a, H., is
minimal and the low-temperature magnetic susceptibility x
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H? at the temperature 7 = 1.4 K under magnetic fields (a) H || a, (b) H || b, (c) H || ¢. Dashed lines indicates H? variations observed for the

configurationsI || ¢, H| bandI | a,H || c.

is maximal, the magnetic polarization is faster (evidenced
from magnetization measurements [9,39]) and the quench of
the low-temperature contribution to p,, and p,, is reached at
lower fields. These phenomena are presumably related to the
fast quench of magnetic fluctuations. The anisotropic varia-
tion of the coefficient A in a magnetic field H || b is also
presently unexplained and may result from peculiar field-
induced variations of the magnetic excitation spectrum, with
possible feedback to superconductivity. The modeling of the
magnetic fluctuations and their anisotropic contributions to
the electrical resistivity of a real crystal, as the unconventional
superconductor UTe, studied here, may request considering
the anisotropy of the electronic bands and constitutes a theo-
retical challenge for the coming years.
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APPENDIX

In this Appendix, we present complementary graphs about
the electrical-resistivity data accumulated for this study.
Details about the construction of the phase diagrams, the
variations of the Fermi-liquid coefficient A, and about the
resistivity background estimation are given.

1. Contribution to the electrical resistivity from field-induced
motion of carriers

Figure 7 presents plots of the electrical resistivity p versus
the square of the magnetic field H> at T = 1.4 K, for both
current directions I || a and I || ¢ and the three field direc-
tions H || a [Inset (a)], H || b [Inset (b)], H || ¢ [Inset (c)]. A
high-field H? variation of the electrical resistivity is observed
for the two transverse configurations I || ¢, H|| b and I | a,
H || c. A high-field increase of the electrical resistivity, which

does not follow a H? law, is also observed for the transverse
configuration I || a, H || b.

Knowing that UTe; is a compensated metal and assuming
that cylindrical Fermi surfaces along the direction ¢ dominate
the high-field electrical resistivity [34-36], one can expect H?
variations for certain transverse magnetic-field and electrical-
current configurations [58]:

(1) For H || ¢, cyclotron orbits have their axis || H and ap-
pear as closed orbits. In a high magnetic field, the contribution
from carriers to the resistivity in the transverse configurations
with I || a, b is expected to follow a H? law, while that in the
longitudinal configuration with I || ¢ is expected to saturate.

(2) For H L ¢, cyclotron orbits appear as open orbits. In a
high magnetic field, the contribution from carriers to the resis-
tivity in the transverse configuration with I || ¢ is expected to
follow a H? law, while that in the transverse and longitudinal
configurations with I L ¢ are expected to saturate.

Table I summarizes the behaviors expected for cylindrical
Fermi surfaces and those observed here for UTe,. Four of
the six considered configurations indicate that a first approx-
imation of cylindrical Fermi surfaces seems appropriate for
UTe,. However, deviations from the two-dimensional cylin-
drical case are found for two configurations: for H || a and
I || ¢, where the resistivity saturates, and for H || band I | a,
where the resistivity slightly increases. These differences may
be due to a three-dimensional character, i.e., a nonperfectly
cylindrical shape, of the Fermi surfaces dominating the high-
field resistivity of UTe,.

2. Anomalies at the magnetic fields H,, H,, H;, and H,,

Figure 8 shows a zoom on the magnetic-field dependence
of the electrical resistivities p,, and p,,, measured with cur-
rents I || a and I | ¢, respectively, at temperatures 7 < 5 K
and magnetic fields uoH < 30 T applied along a. Signatures
of magnetic crossover are observed at the fields poH; >~ 6 T,
woH> >~ 10 T and poH3 =~ 20 T, in agreement with a previous
report where they were attributed to Fermi-surface reconstruc-
tions [38], while only a broad kink is observed at H, forI | a.
The trace of these anomalies is lost when the temperature is
increased beyond 5 K.
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TABLE I. High-field resistivity for different magnetic-field and electrical-current configurations, expected for a cylindrical Fermi sur-

face [58] and observed here for UTe,.

Magnetic field Electrical current Expected for a cylindrical Fermi surface Observed for UTe,

H| a I|a Saturation Saturation
I|b Saturation (not measured)
Ic H? Saturation

H|b I|a Saturation Small increase
I|b Saturation (not measured)
I|c H? H?

H|c I|a H? H?
I|b H? (not measured)
Ic Saturation Saturation

Figure 9 presents details concerning the determination of
the metamagnetic field H,, for H || b. The first-order character
of the transition is indicated by an extremum of the field-
derivative of the electrical resistivity, at which H,, is defined,
and by an hysteresis. For I || ¢, we lose the signatures of the
first-order transition at temperatures beyond 6 K, where the
critical endpoint can be defined. For I || a, we lose the signa-
tures of the first-order transition at temperatures beyond 7 K,
where the critical endpoint can be defined. The differences
in the temperature dependences of the hysteresis at H,, may
result from deviations from isothermal conditions in the two
setups, due to Eddy currents and magnetocaloric effect in the
samples. Such deviations may differ for the two configura-
tions, in relation with different geometries of the samples and
different couplings to the sapphire sample holder.

3. Fermi-liquid fits to the data

Figure 10 presents complementary plots of the variations
with field of the coefficient A normalized by its zero field
value. These graphs emphasize the different fields variations
of A/A(H = 0) for the two current directions I || aand I || c,
in a magnetic field H || b. For the two field directions H || a
and H || ¢, similar decreases of A/A(H = 0) are observed for
the two current directions.

Nonphysical negative coefficients A are obtained in high
fields for the two transversal configurations measured with

H || b, where a low-temperature increase of the resistivity at
high field is presumably driven by cyclotron motion of the
carriers. However, these deviations are smooth in the vicin-
ity of H,, and we can safely conclude that the variations
of A near H, are mainly controlled by the quantum critical
properties. We note that small deviations from an isothermal
condition induced by the combination of magnetocaloric ef-
fect and eddy-currents heating, may be responsible for the
differences near H,, between up and down sweep variations of
the electrical resistivity, and then of the A coefficient extracted
here.

4. Estimation of a background for the electrical-resistivity data

In many heavy-fermion paramagnets, the temperature 7,™*
and the metamagnetic field H,, delimitate a CPM regime,
where magnetic correlations lead to magnetic fluctuations
whose characteristic energy scale is the relaxation rate I'
(see Refs. [16,17]). The three quantities can be related by
an universal law TXmax « H, & I', which indicates that they
are controlled by a unique phenomenon, presumably antifer-
romagnetic correlations of relaxation rate I'. In CeCug and
CeRu,Si,, the observation that antiferromagnetic fluctuations
vanish beyond H,, [46] confirms that they are intrinsic to the
CPM regime.

In UTe,, the temperature scales of ~30 K and ~12.5 K,
below which maxima in p,,(H) and p,,(H), respectively, are

(a)zso (s#10) : ! (b)30 (s#2) : :
'S
I H, UTe, Hlla I|c UTe, Hlla I|la
v
H2
200 | ; E
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FIG. 8. Magnetic-field dependence of the electrical resistivities (a) p,, and (b) p,;, measured with currents I || a and I || ¢, respectively, at
temperatures 7 < 5 K and magnetic fields uoH < 30 T applied along a.
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down-sweep, and (f) corresponding magnetic-field-temperature phase diagram showing the hysteresis at H,,.

observed, have been extracted without background subtrac-
tion. Since the first temperature scale of 30 K of the electrical
resistivity coincides with 7" = 35 K, we identify it as a
signature of the boundary of the CPM regime. We also suspect
that the anomalies in p,, characterizing the CPM regime may
be driven by antiferromagnetic fluctuations, as in other heavy-
fermion systems. The phenomena driving to maxima in p(H)
also drive to contributions in p (7). However, due to additional
T -dependent (but not, or weakly, H-dependent) contributions,
an anomaly in p(T') either has a maximum shifted to higher
temperatures [in comparison with the H-T phase diagram de-
termined from p(H ) data], or can be characterized by a broad

shoulder without maximum. The subtraction of a background
is therefore needed to identify the characteristic temperatures
from p(7T') data. Here, based on the assumption that the mag-
netic fluctuations, and thus the associated anomalies in the
low-field resistivity, collapse in the PPM regime, we estimate
resistivity backgrounds using data collected deep inside the
high-field PPM regime, either at ambient pressure or under
pressure. For that purpose, Fig. 11 compares the temperature
dependences of the electrical resistivities p,, with I || ¢ and
pxr With I || @ measured at zero field and in a magnetic field of
60 T for the three directions of field H || a, H|| b,and H || c,
and at49 T for I || a, H || b within a pressure p = 2.25 GPa.

(a) : (b) : : (©) : : :
= up-sweep = up-sweep = up-sweep
6 o down-sweep UTeZ H “ a 7 6 o down-sweep UTeZ H ” b 8o down-sweep UTeZ H ” ¢ 7
) ) )
ol LAl oL |
RS S z
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2k 4 2L i
0
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FIG. 10. Magnetic-field dependence of normalized quadratic coefficient A/A(H = 0) extracted using 7' fits to the electrical resistivities
P and p,., measured, respectively, with currents I || aand I || ¢, for (a) H || a, (b) H || b, and (c) H || c.
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(b) Electrical resistivity p,,, measured for I || a, versus temperature, for H = 0, uoH = 60 T applied along a, b, and ¢, and for uoH =60 T

applied along b at the pressure p = 2.25 GPa.

In the configuration with I || ¢, all high-field resistivity
data were measured at ambient pressure. We find that p,,(H ||
a, 60 T) corresponds to the smallest measured resistivity in the
temperature range [1.5-60 K] considered here. In this con-
figuration, the low-temperature anomaly reported at ~15 K
at zero field has almost completely vanished. Knowing that
the magnetization saturates beyond 20 T at low temperature
when the magnetic field is applied along the easy magnetic
axis a [9,39], we can reasonably infer that most of the low-
temperature electronic correlations, including the magnetic
fluctuations, have been quenched by a magnetic field of 60 T
applied along a, and thus that p_.(H || a, 60 T) can be used as
background. By subtracting p,.,(H || a, 60 T) from the data,
we determine a temperature scale T“};‘" = 12.5 K, which
coincides with the temperature of 12.5 K below which a
maximum in p,(H) is observed. TAm;zf is smaller than the
temperature of ~14 K at which p,.(T) is maximum. This
confirms the pertinence of the background estimated here. We
note that, for H || ¢ the magnetization is not fully polarized
at 60 T at low temperature [39], and a contribution to the
electrical resistivity p,.(H || ¢, 60 T) is visible at ~20 K, in-
dicating that part of the magnetic fluctuations has not been
quenched.

In the configuration with I || a, high-field data were ex-
tracted at ambient pressure for the field directions H || a, b, ¢
and under pressure for H | b [26]. We find that p,,(H ||
b, 49T, 2.25 GPa) measured for poH = 49 T applied along
b and at the pressure p = 2.25 GPa is smaller than p,,(H ||
a, 60 T) measured in a magnetic field uoH || a of 60 T. The
configuration under pressure offers a better estimation of the
background in the temperature range [1.5-80 K] considered
here. The magnetization was not measured in this high-field
and high-pressure configuration but we can reasonably expect
that it corresponds to a state deep inside the PPM regime,
where most of the magnetic fluctuations have vanished. In-
deed, the metamagnetic field has then vanished down to
<15 T [19,26] and the magnetic susceptibility is enhanced
in comparison with ambient pressure susceptibility [23]. This
indicates that a PPM regime is expected to be reached at
much lower fields than at ambient pressure. By using p,,(H ||
b, 49T, 2.25 GPa) as background, we determine a tempera-
ture scale 7)™ = 32 K which coincides with the temperature
of 30 K below which a maximum in p..(H) is observed.
Ty, is twice smaller than the temperature of ~65 K at
which p,.(T") is maximum. This confirms the pertinence of
the background estimated here.
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