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Abstract

There has been a recent surge of interest in UTe, due to its unconventional magnetic field (H)-reinforced spin-triplet superconducting
phases persisting at fields far above the simple Pauli limit for H || [010]. Magnetic fields in excess of 35 T then induce a field-polarized
magnetic state via a first-order-like phase transition. More controversially, for field orientations close to H || [011] and above 40T,
electrical resistivity measurements suggest that a further superconducting state may exist. However, no Meissner effect or
thermodynamic evidence exists to date for this phase making it difficult to exclude alternative scenarios. In this paper, we describe a
study using thermal, electrical, and magnetic probes in magnetic fields of up to 55T applied between the [010] (b) and [001] (c)
directions. Our MHz conductivity data reveal the field-induced state of low or vanishing electrical resistance; our simultaneous
magnetocaloric effect measurements (i.e. changes in sample temperature due to changing magnetic field) show the first definitive
evidence for adiabaticity and thermal behavior characteristic of bulk field-induced superconductivity.
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Significance Statement

A field-induced state in UTe, was previously studied via electrical and magnetic properties and interpreted as superconductivity, yet
thermodynamic evidence is lacking. Our magnetocaloric effect measurements provide strong thermodynamic evidence for a bulk
state characterized by gapped excitations that carry charge but not heat. We identify its bulk nature from reversible heating in pulsed
magnetic fields and the sudden increase in thermal relaxation time constant or adiabaticity, taken together with high electrical con-
ductivity, characteristics of superconducting pairs carrying no entropy. Our results advance the understanding of the nature of the
field-induced state and constrain theoretical modeling.

Introduction coexisting with magnetic order were observed in UTe, down to
25 mK (10, 11). Magnetic fluctuations are believed to play a major
role in facilitating superconductivity in UTe; (7), yet the nature of
the fluctuations is still a matter of contention. Indeed, while some
experiments give evidence for ferromagnetic fluctuations (1), re-
cent neutron scattering data show excitations at an antiferromag-
netic wave-vector (12). Studies under hydrostatic pressure also

support the presence of antiferromagnetic fluctuations (13, 14).

The recently discovered actinide superconductor UTe, has been
predicted as a promising candidate for the realization of chiral
spin-triplet superconductivity with equal-spin pairing. Support
for this picture comes from its close proximity to magnetic order,
its unusually large critical magnetic field (far exceeding the Pauli
limit for a weakly coupled Bardeen-Cooper-Schrieffer [BCS]-type

superconductor in the absence of spin-orbit coupling), as well as
the observation of only a small change in the Knight shift below
its superconducting transition temperature T. =~ 1.6-2.1K (1-9).
UTe, crystallizes in a body-centered orthorhombic structure
(Immm) (1). Unlike closely related orthorhombic UGe,, URhGe,
and UCoGe, for which superconductivity emerges within the ferro-
magnetically ordered state (7), no signs of superconductivity

When a magnetic field is applied along the magnetically hard
b-axis, a reinforcement of superconductivity is observed above
15T, which is extended up to 35T (8). At this field yyHm ~ 35 T, a
first-order metamagnetic transition into a field-polarized para-
magnetic phase occurs below 8K, leading to a jump of 0.5¢5 in
the magnetization and the termination of the superconducting
state (2, 4, 15). A smaller anomaly around 6.5 T was also reported
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in magnetization data for H | [100] (15). It is likely that a
Fermi-surfacereconstruction, as well as a volume/valence change,
accompanies the metamagnetic transition (16). Thermopower and
Hall data show a change of the majority charge and heat carriers
from electrons to holes with a step-like increase in the electrical re-
sistivity (3). Based on the Hall data, the estimated carrier density
for H > Hy, is around a factor of six lower than that for H < Hy, (17).

On rotating the magnetic field from H || [010] to H || [001], the
metamagnetic transition at Hy shifts upwards in field.
Interestingly, when the field lies in a narrow angular range around
the [011] direction, i.e. #23.7° away from the [010] axis, transport
measurements suggest that a state with an undetectable low re-
sistance emerges within the field-polarized paramagnetic phase
above Hp,. This state has been interpreted as superconductivity
(2,7,18, 19), see Fig. 1A; however, it is nearly impossible to distin-
guish a true zero-resistance state from a simpler very low resist-
ance state, or if such state is filamentary or bulk in nature.
Constructing a theoretical model for superconductivity in strong-
ly correlated electron systems has proven to be a phenomenally
complex task. Until its bulk nature is established, extrinsic effects
such as local stoichiometry, strain, lattice defects, impurities, etc.
cannot be ruled out; all bets to explain the phenomenon are off.
Crucial bulk thermodynamic evidence is still rather scarce
though. Indeed, thus far low-temperature thermodynamic meas-
urements have focused on magnetic fields along the principal
axes a, b, and ¢, yet none for H || [011] (8, 20).

Here, we report complementary proximity detector oscillator
(PDO) (21, 22), magnetocaloric effect (MCE) (23, 24), and angular-
dependent torque magnetometry measurements to 55T that are
eminently applicablein this context, as they provide together an un-
ambiguous thermodynamic detection of phase transitions and were
conducted in the pulsed magnetic fields required to observe the
high-field phase. Our combined results show the first bulk evidence
for a state characterized by extremely high electrical conductivity,
reversible increase in temperature, and thermal decoupling from
the bath, likely due to fully gaped bulk superconductivity.

Results

Figure 1A shows the phase diagram of UTe , for magnetic field
magnitude and orientation (H - ¢); with the angle 6 describing
the field rotating from parallel to the crystallographic b-axis
(60 =0°) toward the c-axis (§=90°). The phase diagram is based
on prior magnetization, electric, and thermal transport measure-
ments (1-4, 7, 18); the points (solid triangles) surrounding the
high-field phase SCgp were taken from Ran et al. (2). Despite sam-
ple temperature T excursions of up to ~#1.0K (described in detail
below), far from equilibrium with the 3He bath temperature
(~0.6K), the field positions of both the high-field metamagnetic
and low-field transition out of the SCpy phase obtained from
MHz conductivity data with our Proximity Detector Oscillator
(PDO) and magnetocaloric effect (MCE) measurements are in
good agreement with prior data. In the case of the metamagnetic
transition, this is unsurprising as Hy, is virtually temperature in-
dependent for T< 4K (7). Fig. 1B shows the specific heat divided
by temperature c,/T vs. temperature for a single-crystal sample
in the same batch as the one used for MCE measurements, attest-
ing to the sample’s high quality. Fig. 1C shows a schematic of the
UTe, sample mounted for simultaneous MCE and PDO measure-
ments in pulsed fields. Note that the 100-nm thick AuGe film
used as a thermometer has insignificant mass and a large contact
surface with the sample, resulting in strong thermal coupling. In

Fig. 1D, the magnetic field H and dH/dt vs. time are shown for
the pulsed magnet used in these measurements.

For a direct comparison between results obtained at different
field angles, examples of sample temperature T vs. field curves for
0 =18 and §=33° are shown in Fig. 2A and B on top of data from
simultaneous PDO measurements (Fig. 2C and D). Referring to the
phase diagram (Fig. 1A), at sub-Kelvin temperatures and =18,
the up-sweep of a 55 T field pulse first traverses the low-field SCpu
phase, then a metallic (paramagnetic, nonsuperconducting) phase
followed by the metamagnetic transition at Hy, before finally enter-
ing the field-polarized (FP) high-resistance phase. In contrast, at
0=33°, a similar pulse goes through the SCpy phase, the metallic
phase, and the metamagnetic transition (shifted to higher fields),
where it enters the SCgp phase. As we see, these different paths
across the phase diagram result in different thermal responses.

Turning first to the MCE data at = 18° (Fig. 2A), as Hinitially rises
(black curve) there is a steep increase in T from the 3He bath tem-
perature (x0.6K) to ~1.1K. This heating is attributable to an
avalanche-like, dissipative vortex movement in the superconduct-
ing SCpm phase, a phenomenon frequently seen in pulsed-field
measurements of more conventional superconductors, e.g.
Smylieetal. (25). Thereafter, Trelaxes toward the bath temperature
until a sharp step upwards denotes the first-order phase transition
at Hy. Once in the FP state, T again relaxes for the rest of the up-
sweep and during the start of the down-sweep (red curve).
However, at Hy, on the down-sweep there is another increase in T,
followed by further relaxation down to around 15 T; below ~13 T,
thereisanincreasein T, likely due to a combination of SC gap open-
ing and dissipative vortex motion as the removed field enables the
SCpy phase. Note that the down-sweep of His much slower than the
up-sweep, allowing more time for heat generated to dissipate (25).
The most significant results for = 18° are (i) the irreversible proc-
esses that cause heating at the metamagnetic transition regardless
of field-change direction, which dominates the thermodynamics,
(ii) the thermalization (cooling off) of the sample in the high-field/
high-resistance FP state. Here, the field changes do not cause eddy-
current heating, and thermal coupling to the bath dominates the
sample thermal response. (iii) Irreversible and reversible processes
associated with the low-field SCpy phase.

The simultaneous PDO data at =18 (Fig. 2C) reflect these T
changes. As the field increases (black curve), there is a sharp fall
inf (increase in 1/f) at about 15 T, indicating the SCpy to paramag-
netic metal transition. The sample exits this state at yyHm ~ 38 T.
Once in the nonsuperconducting FP phase, changes Af in the PDO
frequency are dominated by changes in the sample skin-depth
(closely related to the sample electrical resistivity)® (2, 21, 22). At
Hm, p is known to exhibit a sharp increase (2), leading to a down-
ward stepin f (upturn in 1/f). Above Hp, the normal-state resistiv-
ity of UTe  is rather Tindependent in the range 0.6-2 K (2); hence,
despite the varying T seen in the MCE data, the PDO frequency on
the down-sweep of the field (red curve) overlies the up-sweep
data. Below Hp, a step upwards (marked by an arrow) shows the
transition back to the SCpy phase; as Tis lower on the down-sweep
(Fig. 2A), this latter feature occurs at a slightly higher field than the
corresponding feature in the up-sweep.

The MCE and PDO data for = 33° (Fig. 2B and D), below about
15T, behave in a similar way to their counterparts at 6 = 18°. The
PDO signal above 15T at §=33° decreases roughly linearly, re-
flecting the increasing normal-state magnetoresistance. The big-
gest contrast for =133° occurs on crossing Hy. The PDO data
shows a sharp increase in frequency, result of a reduced induct-
ance, indicating either a drastic reduction in skin-depth or a
change into a new phase that expels the magnetic field. A
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Fig. 1. A) Low-temperature field-angle (H — ) phase diagram of UTe ,, where § =0° corresponds to H || b and § =90° to H || c. Solid squares mark the
transition from the superconducting ground state (SCpy) to the paramagnetic state or the reentrant superconducting state (SCsc, ) measured at T ~ 0.6K.
Note that the region of the SCsc,r state is just roughly indicated to extend to § ~ 5°. The solid circles and open triangles denote the first-order transition
into the field-polarized paramagnetic state. Critical fields were obtained from PDO (solid circles, T ~ 0.9K) and torque z,p,4, measurements (open
triangles, for up-sweep and down-sweep, T ~ 0.7K) in this work. The solid triangles encircle the proposed high-field superconducting phase (SCsc.»);
points were taken from Ran et al. (2). B) Specific heat vs. temperature for a single-crystal UTe; synthesized in the same batch as the ones used for MCE
measurements. C) Schematic of the sample arrangements for simultaneous MCE and PDO measurements in pulsed fields. D) Magnetic field H (solid line)
and dH/dt (dashed line) as a function of time for the pulsed magnet used in the MCE measurements.

temperature increase that is slightly less abrupt is seen in the
MCE, followed by a temperature drop inside the SC rp phase which,
quite remarkably, retraces itself during the field down-sweep in
an adiabatic fashion. The sample cooling continues upon crossing
the phase boundary back into the paramagnetic normal state (The
full angular dependence of the MCE vs. field is displayed and dis-
cussed in the Supplementary materials). Continuing along the
down-sweep curves, the 33° PDO data show an increase in f due
to the normal-to-SCpy transition, accompanied by slight heating
due to vortex motion revealed by the MCE data. The most signifi-
cant results for = 33° are (i) the largely reversible change in tem-
perature observed at Hy with minimal dissipative mechanisms.
Here, a temperature increase on the up-sweep is suggestive of
the opening of an energy gap for excitations. The drop in tempera-
ture during the down-sweep marks concomitantly the reversible
closing of the gap. (ii) The retracing of the sample temperature in-
side the pink shadow region (up-sweep and down-sweep overlap)
indicates adiabaticity, also compatible with a gaped state where

superconducting pairs carry no entropy, decoupling the sample
from the thermal bath.

We now turn to Fig. 3(A), which shows PDO frequencies for 15 an-
gles in the range 0° < 6 < 48°; as before, black curves signify rising H
and red curves falling H. All traces here show that the field at which
the frequency change associated with transitioning from the SCpy
phase (either into the SCrg phase [6<10°] or normal state
[6 > 10°]) occurs at lower fields on the field up-sweep creating loops,
due to the heating seen in the MCE experiment. The sample is much
closer to the bath temperature on the down-sweep, so that the cor-
responding stepis at higher fields (25). Loops are also observed above
Hp,, for 24° < 6 < 42°. While the critical field does not change (Hp, is
angle-dependent, yet temperature independent), the circuit induct-
ance does, revealing strong MHz wave penetration in the up-sweep
and screeningin the field down-sweep. This is most likely caused by
sample temperature difference between red and black curves, with
black corresponding to high temperatures (above the SCpp state crit-
ical temperature) and red corresponding to low temperatures.
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Fig. 2. A) Sample temperature T vs. field data for = 18°. Data for the up-sweep (rising field) portion of the field pulse and those for the down-sweep are show
with arrows indicating direction of field change. The background color indicates the superconducting and magnetic phases displayed in Fig. 1A. Note that the
critical fields for the low-field superconducting state (vertical arrows) are marked for the down-sweep curves. B) Tvs. Hdata for = 33°. Cand D) PDO data, shown
asinverse frequency 1/f, related to skin-depth (i.e. electrical resistance) in metals and penetration depth (caused by diamagnetic screening) in superconductors,
vs. applied field, was recorded simultaneously with the thermal measurements shown in A and B). The color scheme is the same as in A and B).

Corresponding derivatives (1/u0)(df/dH) of the down-sweep
data are shown in Fig. 3B. The critical fields H. and Hpp shown in
Fig. 1A were extracted from the extrema of this dataset. For the
three lowest 6 values (0, 5°, 10°), there is only a weak, broad fea-
ture between 15 and 20 T, reflecting that the transition is between
two superconducting phases (SCpy and SCgg). For > 10°, the weak
feature is replaced by a well-defined minimum, as it now corre-
sponds to a superconductor (SCpy)-to-normal transition.

The MCE measurements are summarized in Fig. 4; the increase
in T in the SCpp phase around = 33° clearly stands out, staying
hot in the down-sweep data. This provides thermodynamic evi-
dence that the sample becomes thermally decoupled from the
bath (indeed, the SCpp region does not change color for up-sweep
and down-sweep, unlike the rest of the H, # phase space), and a
compelling proof for the bulk nature of the SCpp state observed
in UTe,. On the other hand, due to the large heating effect caused
by vortex motion at the onset of the magnet pulse, near H= 0, no
clear phase boundary of the low-field superconducting phase can
be identified in the up-sweep MCE data. Based on the PDO data
(Fig. 3), the SCpy phase is suppressed at a field of a few Tesla on
the up-sweep. During the down-sweep, the phase boundary in
the SCpym phase coincides with the onset of gentle sample heating
below ~15T and the corresponding upward step in the PDO data

(Fig. 3).

Discussion

Before considering the thermodynamics of the onset of the high-
field SCpp state in more detail, it is worth considering alternative

scenarios for the previous (nonthermodynamic) data used toiden-
tify the apparent superconductivity of this phase.

Indeed, one possibility might be a low (but nonzero) resistivity
metallic phase caused by a field-induced Fermi-surface recon-
struction at Hy, that occurs over a restricted range of field orienta-
tions. A second candidate is a sliding density wave (sSDW) that
opens a gap in the material’s excitations, causing thermal decoup-
ling. These are truly exceptional cases at least equally, if not more,
fascinating. Existing experimental data, however, provide a num-
ber of objections to such interpretations.

1. Hall-effect and thermopower measurements (3) for H || b in-
dicate a very significant decrease in the charge-carrier density
as one crosses Hp into the FP (normal) state, leading to a
strong increase in the resistivity (2, 3). On the other hand,
PDO data show a significantly different change in electrical
properties (i.e. over a restricted range of 6). If the changes
were due to a large increase in carrier density and/or mobility
(good metal, yet not superconducting), one would expect that
the metamagnetic transition would also change the charac-
ter for these angles. However, torque magnetometry data
(Fig. S) carried out over a wide range of field orientations
show that the position and size of the magnetization jump
at Hy vary smoothly and monotonically with 6. Signs of
superconductivity in the torque data are, however, too small
to detect due to the magnetic signal background.

2. Anincrease in the charge-carrier density at Hy, (such as due
to the closing of an energy gap) leads to cooling (see Refs.
(26, 27) for CesBisPt; and Ref. (23) for URu,Si,) of the sample
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Fig. 3. A) PDO frequency (a proxy for electrical conductivity) vs. magnetic field for different angles 6 displayed on the left of each curve. The field

up-sweep and down-sweep are shown as solid and dashed curves, respectively. The smooth change in frequency with field (slope) observed in the datais
often seen when the field is applied perpendicular to the flat PDO detection coils (21). B) Derivative of the down-sweep curves shown in A). The inset shows
a low-field feature indicating the transition between the SC py and SC gg superconducting states close to § = 0. Curves in A) and B) are shifted vertically by

an offset 4 for clarity.

during the field up-sweep and heating in the down-sweep,
which is incompatible with the data in this report. A highly
conductive field-induced gapless metallic state would also
likely lead to eddy-current heating in changing fields of
both directions, which is not present in the high-field MCE
data.

. The observation of reversible heating/cooling upon entering/
exciting the high-field SCrp phase is indicative of the open-
ing/closing of an energy gap in excitations. This is, moreover,
accompanied by sample thermal decoupling (sudden adiaba-
ticity), i.e. an abruptincrease in the sample thermal relaxation
time constant r « C/K, where Cis the sample heat capacity and
Kis its thermal conductance. Thermal decoupling is a charac-
teristic of the superconducting state in materials where heat is
transported by charge carriers. Numerous related U-based
compounds, such as UBeys, UPts, UCoGe, and URhGe (28-34),
as well asin UTe; in low fields (8), show a reduced thermal con-
ductivity in the superconducting state. In the case of UCoGe, a
2- to 5-fold increase in the thermal relaxation time constant
can be estimated in the superconducting state. Such an in-
crease can explain our pulsed-field MCE data in UTe,, where
we estimate the time constant to be at least zs¢c > 26 ms and
substantially longer than the experiment time scale of 8 ms
above 45T (see Fig. 1D).

. We note that an sDW scenario, characterized by an energy
gap and low electrical resistance, is an unlikely candidate

for the field-induced state in UTe,. The reason is that density
waves in real materials are pinned by defects and impurities,
often requiring a large applied electric field to “slide” in a fric-
tionless fashion (35). So, while the thermodynamic signature
of a density wave should in principle be present in the MCE
data, it will be accompanied by an increase in electrical resist-
ance due to pinning, which is incompatible with our observa-
tion of strongly reduced penetration depth and rules out such
scenario.

. The PDO data used to detect the SCgp state in Ran et al. (2)
(and those in this paper) behave in a qualitatively similar
manner to PDO measurements on more conventional
superconductors such as pnictides (25, 36) and cuprates
(37), especially in the hysteresis observed between up-sweeps
and down-sweeps of the field. In contrast, PDO data meas-
ured in systems where there is a large field-induced in-
crease in carrier density but no superconductivity (38, 39)
behave in a very different way, e.g. showing different hysteretic
characteristics.

6. The typical energy scales associated with the transition at Hpy

are ~40K (see Introduction). Any phenomenon associated
with increased (normal-state) conductivity due to a
Fermi-surface change at Hy, would be expected to persist (or
slowly die away) over a temperature range similar to this. In con-
trast, the upper-temperature limit of the SCrp phaseis about 1.9
K (2), very similar to the critical temperatures of the SCpy and
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Fig. 4. Contour plot of the sample temperature T as a function of the angle § at which the magnetic field His applied for the up-sweep A) and down-sweep B).
The black circles indicate the metamagnetic phase transitions discussed in the text, green squares and triangles enveloping the high-field superconducting
state were taken from Ran et al. (2). The reversible temperature increase and adiabaticity observed for H > 40 T and 30° < 6 < 40°, quite distinct from results
at all other angles and fields, coupled with high electrical conductivity, are together consistent with a field-induced superconducting state in UTe,. The
initial temperature before the field pulses is Ty ~ (0.6 + 0.1)K, variations in T, cause vertical stripes to appear in both contour plots.

SCre superconducting phases (7), suggesting a common or
closely related origin.

In view of the above points, the following discussion of the ther-
modynamics occurring at and around Hy, assumes that the SCep
phase is superconducting.

As shown in a previous study (20) for H || b, the metamagnetic
transition at Hy, is first order at low temperatures and accompanied
by hysteresis losses. In the current, field-orientation-dependent
study, the temperature change ATrp observed at Hy, can be described
as follows (see Fig. 6). (i) During the up-sweep, ATrp is positive and de-
creases with increasing 0 (dashed line in Fig. 6B). (ii) ATrp increases
for 0 between 25° and 35° as the sample transitions into the SCep
state. (iil) ATrp decreases with 6 once again when the SCpp state is
suppressed at larger 6. During the down-sweep of the field, ATep
(Fig. 6B, red points) is always smaller than that during the up-sweep.
For the falling field, ATgp is positive for § < 27° and becomes negative
for larger angles.

In making a quantitative description of the thermodynamics of
the metamagnetic transition, we assume that the overall entropy
change is a sum of reversible and irreversible processes,

AS = ASyey + ASyy = PAT 4 Ooss. M
T T
where ASey is the latent heat released during the transition, which
isrecovered when the field crosses Hy, in the opposite sense, and Cp
is the heat capacity at constant pressure. The small field width of
the metamagnetic transition leads us to assume adiabatic condi-
tions and extract the temperature change AT directly from the
magnetocaloric measurements. The time to cross the transition
atHp, is ~0.6 ms—significantly shorter than the thermal relaxation
timescale 7 of the sample in the FP state which is around 10ms for

our equipment. r was estimated from the T(t) behavior above Hy,
(Fig. 6A), yetitis at least 3x longer in the SCrp region of the phase
diagram (based on the fact that the sample temperature does
not change much during the extent of the high field portion of
the sweep). We obtain the reversible temperature changes at the
metamagnetic transition through ATyey = (ATepup — ATepdown)/2,
where the subscripts “up” and “down” refer to the up-sweep
and down-sweep of the field, respectively. On the other hand,
irreversible processes such as Joule heating contribute to the tem-
perature change in both field-sweep directions, and therefore,
ATy = (ATrpup + ATEpdown)/2.

Using that Cp/T ~ 250 mJ mol~! K =2 and assuming that C, shows
weak temperature dependence below 2K at 35T (8, 20), for 6 < 25°
we obtain an almost constant value, ASey =~ 30mJmol 1K1
Within the SCrp phase, ASr, increases, peaking at ASre, ~ 80mJ
mol~1K-! close to #=35° (Fig. 6C).° Therefore, entering the SCgp
phase releases at least an additional ~50mJmol~'K~! in latent
heat. Assuming (as justified above) that the SCpp represents a
field-induced superconducting state, the estimated additional la-
tent heat is likely to result from the formation of a gap at the
Fermi energy and an entropy reduction due to pair condensation (7).

The irreversible component AS;,, mainly consists of hysteretic
losses during the first-order metamagnetic transition and, bearing
in mind the similarity of the behavior of the PDO data in the SC gp
state to thatin the SCpy phase (see alsoRan etal. (2)), whatis likely
to be dissipation due to vortex movement. As shown in Fig. 6D, ro-
tating H to higher 6leads to an overall decrease in AS;,,, apart from
a smalllocal uptick around 6 = 35°. As this is roughly in the middle
of the # range over which the SCgp phase occurs, it possibly coin-
cides with dissipation caused by a combination of metamagnet-
ism, some vortex motion, and lack of perfect adiabaticity. Note
that while Hy, increases with increasing 6, the jump in the

$20Z YoJel\ $0 uo Jesn meT Jo abs|jo) AlsieAiun a1els epuold Aq 81 €€/ 1/2/8Zpebd/ | /g /eoe/snxauseud/woo dnotolwapese//:sdny woJl papeojumoq



Schénemannetal. | 7

T (K)

ATep (K)

0.4 - 100
03
0.2 -

0.1 -III

0
0 10 20 30 40 50
& (deg)

AT, (K)
=
=
| s
(&)
o
AS,, (mJ/mol K)

= R
—a—]
i |m i

0.6

0.4

0.2

0.0

T T T T T i T
: I'E " T SdF%I 1150
_ % _
L 3 B i 4100 %
I sssh S
- : T B 150 g
(3 \'\‘_‘I »
i I o
A upsweep
| e downsweep IIH
L. 1, | SR -50
0 10 20 30 40 50
£ (deg)
D LI B B B
05 1 SCe 125
0.4 -I E% 1100 ¢
ot 5
< 03} 175 £
s E
< 02F 150 £
E <
01} I {25
| I T | 1 l.

0
0 10 20 30 40 50
& (deg)

Fig.5. Metamagnetic transition in UTe; as seen in the magnetic torque signal measured at different angles at T = (0.7 + 0.1)K. Up-sweep and down-sweep
of the magnetic field are indicated by arrows. In general, the curve with the higher transition field corresponds to the up-sweep.
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Fig. 6. A) Temperature vs. time during the up-sweep of the magnetic field
pulse for H || b. The time frame shows the metamagnetic transition and
the subsequent relaxation back to the bath temperature, which is
approximated by an exponential decay (dashed line). B) Temperature
change ATrp(6) at the metamagnetic transition during the up-sweep (solid
triangles) and down-sweep (solid circles) of the magnetic field. C)
Reversible and D) irreversible component of ATgp as a function of the
angle 6 (left axes). While reversible processes are prevalent in the SCpp
phase at 6 ~ 33°, irreversible mechanisms or dissipation dominate in the
small §region. The corresponding entropy changes are shown on the right
axes of each figure.

magnetization at Hy, at 1.4K does not change significantly be-
tween H || b and H || [011] (40). Torque measurements shown in
Fig. 5 also vary smoothly as a function of angle. Therefore, itis un-
likely that the small irreversible heat involved when entering the
SC rp phase is of magnetic origin. Similarly, it is unlikely that the
changes in PDO data between the FP and SCgp phases are due to
change of magnetic permeability between different magnetic
states.

Finally, we remark that the boundaries between the various
low-temperature and high magnetic field phases of UTe, derived
in this work from PDO and MCE data match with those for chem-
ical vapor transport (CVT)-grown samples in the literature (2, 7)
very closely. This is of interest because the zero- or low-field be-
havior of UTe, seems very sensitive to the source, growth method,
and quality of the crystals used (an excellent summary is given in
Aoki et al. (7)). The present study employs crystals from different
sources to those used to produce the phase diagrams reported in
Refs. (2, 7), perhaps suggesting that the high magnetic field prop-
erties of UTe, are less sensitive to sample-dependent disorder
than those in zero or small magnetic fields (41, 42).

Conclusion

The simultaneous zero-electric current MCE, MHz conductivity
measurements, and angular-dependent torque magnetometry
are carried out on single crystals of UTe; as a function of magnetic
field magnitude and orientation, using pulsed magnetic fields of
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up to 55T. A pronounced and fully reversible magnetocaloric ef-
fect characteristic of a thermally decoupled (adiabatic) state is ob-
served close to the metamagnetic transition into the proposed
high-field SCpp phase. This amounts to compelling evidence for
the stabilization of a field-induced energy-gaped state of concur-
rent high electrical and poor thermal conductivity, i.e. the first
thermodynamic evidence that the SCpp state represents a field-
stabilized bulk superconducting phase of UTe,. The sudden in-
crease in thermal relaxation time constant required to explain
our results is in line with observations in other U-based magnetic
superconductors where a reduction in thermal conductivity and
enhancement of specific heat is observed for temperatures in
the T./2 range. A nodal superconducting order parameter im-
plies the presence of entropy-carrying quasiparticles that con-
tribute to both, the thermal conductivity and the material’s
heat capacity, and it is a priori difficult to say which of these ef-
fects have a larger impact on the thermal relaxation time. A
more definitive statement on the symmetry of the order param-
eter requires complementary experimental efforts, accompan-
ied by theoretical modeling. Last but not least, though the
corresponding features in the PDO and MCE data are weak, there
are distinct indications of the boundary between the SCpy and
SCrg phases. This seems to confirm that though both states are
superconducting, they are distinct phases with subtly different
properties (7, 8).

Materials and methods
Sample characterization

Single crystals of UTe , are grown using chemical vapor transport;
the conditions are the same as for sample s4 described in Rosa
etal. (43), where further details can be found. To provide initial char-
acterization prior to the pulsed-field experiments, heat-capacity
measurements are performed using a commercial calorimeter
that utilizes a quasiadiabatic thermal relaxation technique.
In addition, the electrical resistivity p is characterized using a
standard four-probe configuration with an AC resistance bridge.
Resistivity (not shown) and heat-capacity measurements on
crystals from this batch show a single sharp transition around
1.9K (Fig. 1B).

Magnetocaloric measurements

Figure 1C shows a schematic drawing of the sample environment
for the pulsed-field experiments. The pancake coil for the PDO
measurements (10 turns of insulated 50-gauge copper wire) is
sandwiched between a G10 holder and the single-crystal UTe,
sample. The sample was coated with a thin film of GE varnish to
avoid electrical contact with the layers above. The MCE thermom-
eter is ~100-nm thick semiconducting AuGe film (16at% Au) de-
posited directly on the varnish-coated sample to ensure good
thermal coupling between the sample and film. To improve the
contact resistance, Au pads are deposited on the AuGe film. The
AuGe film is calibrated against a commercial Cernox sensor;
film resistances range from 6Q at room temperature to 250Q at
0.6K. The sample is glued to the holder with Stycast epoxy to pre-
vent any sample movement due to the large magnetic torque
when the field is aligned close to the b-axis.

PDO measurements

The PDO measurements employ equipment similar to that
described in Refs. (21, 22, 25, 36, 38, 39); the technique is well

established for mapping the irreversibility and upper critical
fields of superconductors in pulsed magnetic fields (25, 36). The
magnetocaloric and PDO experiments were performed in the
NHMFL's mid-pulse magnet, which provides a peak magnetic field
of 55T with a rise time of ~ 30ms and a total pulse duration of
500ms. A typical field pulse and its derivative are shown in
Fig. 1D. The sample holder was fixed to the rotating platform of
a cryogenic goniometer (44) placed within a *He cryostat. The
sample was immersed in liquid *He at a bath temperature of
0.6 + 0.1 K during the field pulses.

Torque measurements

Additionally, we conducted piezo torque magnetometry measure-
ments in pulsed magnetic fields up to 75T by using membrane-
type surface-stress sensors at the NHMFL at LANL with a
high-frequency (~300 kHz) AC excitation current of ~500 pA. The
angular-dependent torque measurements were performed at
0.7K with the sample immersed in liquid *He. In the experiments,
we used a balanced Wheatstone bridge between the piezoresistive
pathways. Crystals were mounted with the b-axis perpendicular to
the cantilever plane.

Notes

21n the PDO circuit, the resonant frequency f = 1/+/IC, where Lis the
circuitinductance and Cis the capacitance. The inductance of a so-
lenoid of N turns, area A, and length 1 is L =uN?A/l, where x is the
permeability of the core material. Due to the alternate current
(AC) skin-depth effect in metallic samples of low resistance, the ef-
fective volume, and hence inductance, of the coil is reduced. Hence,
Af  (Ap)~". In superconducting samples, instead, the change in res-
onance frequency is driven by changes in superconducting pene-
tration depth and hence related to direct current (DC) magnetic
field screening.

PWe note a discrepancy in the entropy change at the metamagnetic
transition between the present results and the values reported in
the brief report by Imajo et al. (20). The difference is likely related
to the conditions in the present work, i.e. a stronger link to the ther-
mal bath needed to reach lower *He temperatures leading to the
quasiadiabatic magnetization of the sample. The difference does
not affect the conclusions of the current paper.
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