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Field Induced Multiple Superconducting Phases in UTe, along Hard Magnetic Axis
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The superconducting (SC) phase diagram in uranium ditelluride is explored under magnetic fields (H)
along the hard magnetic b axis using a high-quality single crystal with 7. = 2.1 K. Simultaneous electrical
resistivity and ac magnetic susceptibility measurements discern low- and high-field SC (LFSC and HFSC,
respectively) phases with contrasting field-angular dependence. Crystal quality increases the upper critical
field of the LFSC phase, but the H* of ~15 T, at which the HFSC phase appears, is always the same
through the various crystals. A phase boundary signature is also observed inside the LFSC phase near H*,
indicating an intermediate SC phase characterized by small flux pinning forces.
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Uranium ditelluride (UTe,) has attracted considerable
attention as a strong candidate for spin-triplet and topo-
logical superconductivity. Ran et al. [1] initially reported
unconventional superconductivity of this compound with a
superconducting (SC) transition temperature (7,) of 1.6 K
and vast upper critical field (H,,) that exceeds the Pauli-
limiting field. Slight decreases in the nuclear magnetic
resonance (NMR) shift strongly suggest the spin-triplet SC
pairing under ambient pressure [2-4]. Meanwhile, the
discovery of multiple SC phases under pressure further
supports spin-triplet formation with spin degrees of free-
dom [5-8]. The topological aspect of the SC state is experi-
mentally suggested through scanning tunneling microscopy
[9], polar Kerr effect [10], and London penetration depth
[11] measurements.

UTe, crystallizes in a body-centered orthorho-
mbic structure (Immm) [12,13]. Magnetic-field-reinforced
superconductivity, an extraordinary phenomenon in UTe,,
appears when a magnetic field (H) is applied along the
crystallographic b axis, which is perpendicular to the easy
magnetic a axis, along which uranium 5f spin moments
favor aligning with an Ising character [14-18]. In H||b, T
initially decreases with increasing H, and then starts to
increase above puyH* ~ 15 T, i.e., a characteristic L shape
H,(T) appears. Superconductivity persists up to a meta-
magnetic transition at pyH,, ~34.5 T and suddenly dis-
appears above H,,.

Previously, one might assume a uniform SC state was
realized in UTe, below the L shape H.,(T) because an
internal transition could not be found. However, two
discernible SC phases in the case of H||b are reported
by specific heat measurement using a crystal with 7, =
1.85 K in the case of H||b [19], which is also detected by ac
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magnetic susceptibility (y,.) for a crystal of 7. = 1.85 K
[20]. Remarkably, a second-order phase transition is
observed inside the SC state, which separates the low-
and high-field SC (LFSC and HFSC, respectively) phases
with ugH* ~ 15 T. As a thermodynamic consideration [21],
however, three second-order transition lines cannot meet at
a single point unless another line emerges from here. These
results motivate us to continue the studies using a higher-
quality single crystal.

The SC properties of UTe, clearly depend on the sample
quality. Since impurity effects are completely unknown in
rare spin-triplet SC cases, it is exceptionally necessary to
remove defects as much as possible. Although growth
condition optimization using a chemical vapor transport
(CVT) method increased 7. up to 2 K and the residual
resistivity ratio (RRR) up to ~88 [22,23], CVT crystals still
contain a small number of uranium vacancies within 1%—
even in high-T, crystals [24,25]. Recently, UTe, crystals
higher T of 2.1 K and larger RRRs far over 100 have been
grown using the molten salt flux (MSF) method [26]. The
detection of de Haas—van Alphen oscillations [27] guar-
antees these crystals of high quality with a long mean free
path and lower impurity scatterings. So far, the other
quantum oscillation experiments have only been reported
on the MSF samples [28,29]. In this Letter, we explore the
SC phase diagram of such an ultraclean UTe, crystal to
search for a missing phase line inside the SC state. For this
purpose, the electrical resistivity (p) and change of y,. were
in situ measured simultaneously on an identical crystal.

Figure 1(a) schematically illustrates the experimental
setup of this study. A crystal was selected with a size of
0.73 x 0.75 x 4.6 mm® and RRR = 180. The crystal was
mounted on a two-axis goniostage, and the probe was

© 2023 American Physical Society
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FIG. 1. (a) Schematic illustration of the simultaneous meas-
urement of p and Ay,.. The rf circuit comprises a solenoid coil
filled with the sample and two variable capacitors at room
temperature. The definitions of angles @ and ¢ with the ex-
ternal field (H) are also presented here. (b) ¢ rotation de-
pendence of p and Q of the rf circuit with a fixed angle of
6 =90° (HLc). (c) Three-dimensional schematic plot on the
angular dependence of the LFSC and HFSC phases from the b
axis to the a axis for UTe,.

inserted into a *He cryostat. p(T, H) was measured using
the ac four-probe method with a current of 0.3 mA. The re-
sonance frequency of the tank circuit vy, = (271'\/L_C ),
where L and C are the inductance and capacitance,
respectively, was measured by a vector network analyzer
using a tiny rf field of a few pT. If y,. is reduced due to SC
diamagnetism, L = Ly(1 4 ey,.) decreases, where ¢ is a
filling factor of the sample to the coil. Consequently, the
onset 7. was detected as a kink in Avpye = (Vpune — 1)/
vy &« 1/+/Ay,.. Here, we set vy ~ 3.7 MHz by tuning the
variable capacitors shown in Fig. 1(a), which were fixed
during measurements. External fields were applied using a
25 T cryogen-free SC magnet in the High Field Laboratory
for Superconducting Materials (HFLSM), Institute for
Materials Research (IMR), Tohoku University. We could
precisely adjust the H orientation along the crystal b axis
by monitoring p and the quality factor (Q) of the tf circuit
by rotating the goniostage, as shown in Fig. 1(b), where Q
is proportional to y/L/C.

In this study, the distinction between the LFSC and
HFSC phases was observed based on their H orientation
dependence, which is summarized as a three-dimensional
phase diagram in Fig. 1(c). To determine 7', of each phase,
the kink of Avpy,.(¢) is tracked by rotating the field angle
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FIG. 2. (a) p vs T plots for various H applied along the b axis.
Temperature dependence of p and Ay,. for (b) zero field and
uoH =8.18 T, (¢) ugH =17.01 T, and (d) poH =2493 T
applied along the b axis. Here, Ay,. is defined as (Avqyne)™>
with Avpyne = {Vrune — Vo }/vo- The resonant frequency v, was
set to 3.7 MHz, and the matching for the rf circuit was adjusted at
T =4.2 K. (e) p vs T plots measured with several ac currents of
I,. =0.3,047,0.65, and 1 mA for yoH = 19.87 T.

¢ from the b and a directions (see the Supplemental
Material [30]). As also shown in this figure, the HFSC
phase is rapidly suppressed when H is turned away from
the b direction, whereas the LFSC phase is much more
robust to the ¢b. The strong ¢ dependence of the HFSC state
is consistent with that of a previous study on CVT-grown
crystals [15]. The narrow field-angle HFSC phase is also
observed in ferromagnetic (FM) superconductors UCoGe
and URhGe when the field is rotated around the magneti-
cally hard axis [31,32]. For these FM superconductors, the
behavior is considered a consequence of H induced
suppression of Ising-type, longitudinal FM spin fluctua-
tions, as detected by NMR [33,34]. However, this longi-
tudinal mode of fluctuations in the high H has not been
confirmed yet in UTe,.

Hereafter, we focus on the experiments of applying H
along the b axis. Figure 2(a) shows the 7" dependence
of p(T) at various H along the b axis (also see the
Supplemental Material [30]). The change of ac magnetic
susceptibility is defined as Ay,. = (Avpune) 2. The results
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of simultaneous Ay, .(7T) measurements are presented in the
Supplemental Material [30]. At zero field, as shown in
Figs. 2(a) and 2(b), p(T) drops at T, = 2.1 K and
becomes zero below T,y = 2.02 K. Ay, also exhibits a
kink at the same temperature (denoted as T, yjni). Similarly,
we can recognize related anomalies that correspond to
Tponset’ Tpkink’ and T)(kink for the data in MOHO =8.18 T.

As for the data in ygH = 17.01 T, we can still recognize
anomalies for 7T, = 1.31 K and 7T,y = 1.23 K.
Meanwhile, the anomaly in p(T) at T, is N0 longer
a distinct kink but becomes a shoulderlike bend. Notably,
the value of p(T') remains finite below T,y . As the T is
further lowered, p(T') gradually decreases and finally drops
to zero at T of ~0.5 K. In Figs. 2(c) and 2(d), we hatch the
area where p(T) is finite below 7 . The finite p(T') is
attributed to the so-called flux-flow resistivity, which is also
supported by the current (/) dependence of p, as shown in
Fig. 2(e). Notably, this flux-flow resistivity appears only
above poH ~15 T, as shown in Fig. 2(a) (also see the
Supplemental Material [30]). In high fields, Ay,. bends
slightly above T, 5nse; and multiple kinks are observed as T
is further lowered [e.g., see Fig. 2(c)]. In uoH =24.93 T,
as shown in Fig. 2(d), the first kink of Ay,. appears at
T, xink = 1.72 K higher than T, n = 1.57 K, and then
multiple kinks appear at lower temperatures.

Subsequently, let us turn to H scans along the b axis.
Figure 3 shows the H dependence of p and Ay, at
T = 0.49, 1.0, and 1.3 K. In some cases, the measurements
were performed with ramping up and down H to confirm a
hysteretic behavior (see the Supplemental Material [30]).
At the lowest T of 0.49 K, p(H) is zero in the field range of
uoH < 15 T. Also, above ~15T, a very small finite
resistivity corresponding to the flux-flow resistivity seems
to appear. However, it is observed just barely because the
temperature is quite low relative to T.(H). The Ay,.(H)
exhibits several kinks [{) marks in Fig. 3(a)]. In addition,
minor step anomalies by small flux jumps are randomly
observed [small arrows in Fig. 3(a)], along with a hysteretic
behavior above pugH;, ~10.5 T. Note that the kinks
marked by ¢ in Fig. 3(a) appear in the same fields, despite
this hysteresis, and that the ac response by a tiny tf field is
sensitive to the vortex motion above H;, (also see the
Supplemental Material [30]).

At 1.0 K, the hysteretic behavior is observed in Ay,.(H)
above ugH;, = 8.7 T, suggesting a nonequilibrium depin-
ning phase transition from a pinned vortex state to a mobile
vortex state. As H increases above uoH i = 13.6 T,
p(H) becomes finite, then it saturates at poH jinc = 17 T,
as marked by Hourglass in Fig. 3(b). The finite p(H)
corresponds to the flux-flow resistivity described above. In
contrast, at 7 = 1.3 K [Fig. 3(c)], as H increases from 5 T,
the static vortex state in the LFSC phase suddenly collapses
at yoH = 13.3 T and undergoes a transition completely to
the normal state at yoH = 14.1 T. As H further increases,

the onset of the HFSC state is observed at yyH = 18.0 T.
Above this field, p decreases gradually and becomes almost
constant above uoH = 20.6 T. This again corresponds to
the flux-flow resistivity.

We summarize our experimental observations in H||b as
the H-T phase diagram. In Fig. 4, we plot the characteristic
temperatures and fields at which anomalies are observed in
p(T, H) and/or Ay, (T, H). We also show the color contour
of p(T, H) in the same figure to identify the region where
the flux-flow resistivity appears. For the LFSC phase, the
onset of 7. = 2.1 K at zero field is gradually suppressed by
applying H and is continued to the kinks in p and Ay,
in the SC state, labeled as (II) above puogH* ~15T.
Extrapolation of boundary (II) provides the upper critical
field HYSC(T — 0) of the LFSC phase to be around 22 T.

On the other hand, the HFSC phase emerges above H*,
of which the boundary is labeled as (I) in Fig. 4. For p(T)
on the boundary (I), the detachment between the onset and
kink temperatures becomes expanding from that in the
LFSC transition. In addition, the kinks in Ay,. are seen on
both the high- and low-temperature side of T ,. This
broad feature of boundary (I) is consistent with the broad
peak observed in the specific heat for the HFSC transition
and the thermal expansion anomaly at 7. in the HFSC
phase, which becomes blurred compared to that in the
LESC phase [19]. Remarkably, as shown in Fig. 4, the flux-
flow resistivity is observed in a wide range of the HFSC
phase below T, and zero resistivity appears only deep
inside of the SC state [15,19]. Such a broadening of
boundary (I) can be caused by flux motions due to SC
fluctuations yielded in the high H.

The current study found an additional boundary called
(IIT) (Fig. 4) that appears inside the LESC phase. Boundary
(I1I) is detected most clearly as the kink in Ay, from the H
scan. Above ~0.7 K, it is also observable as H,yn,
corresponding to the onset of flux-flow resistivity. As
illustrated in Fig. 4, boundary (III) locates near H* and
is nearly 7 independent. Thus, this boundary is challenging
to detect using specific heat or other thermodynamic probes
with T scans. Recent specific heat measurement as a
function of H [19] shows no obvious anomaly correspond-
ing to boundary (IIl), suggesting that there may be no
significant entropy change. Note that the flux-flow resis-
tivity occurs between boundaries (II) and (II), while it is
absent below boundary (III). Thus, the area between
boundaries (II) and (III) is characterized by highly mobile
vortices, similar to the HFSC phase. Boundary (III) may
become noticeable because pinning centers have been
significantly reduced in the high-quality crystal. Note that
the boundary (III) does not coincide with H,, where the
hysterical behavior begins as denoted above as
uoH(0.49 K) = 10.5 T and poH; (1.0 K) = 8.7 T (also
see the Supplemental Material [30]).

Boundary (III) detected inside the LESC phase near H*
indicates the possible existence of an intermediate SC
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FIG. 3. Magnetic field dependence of p and Ay,. along the b

axis for (a) T=049K, (b) T=10K, and (¢) T =13 K,
respectively. The marks of diamond, triangle indicate the kink
fields observed in both raising and lowering H and in the raising
procedure, respectively. The symbol Hourglass represents the
kink fields in p data. The colors of the symbols are the same as
those of the symbols in Fig. 4. For T = 0.49 K, (i) H was lowered
from 25 to 5 T after quenching the SC state by tilting the sample
from the b axis and (ii) increased again to 20 T. For 1.0 K,
(i) ramp up H from 5 to 18.5 T, (ii) quench the SC state by the
sample rotation at 18.5 T, then ramp up H to 24 T, (iii) ramp down
H, to 5 T, and finally (iv) ramp up again H to 20 T. The shaded
hatch areas indicate areas where finite resistivity is observed.
Small arrows indicate small steps of Ay, due to small flux jumps.

phase characterized by a small flux pinning force between
H* and HYSC. Thus, from the thermodynamic consider-
ation [21], boundary (III) could be the missing transition
line in the previously proposed phase diagram in UTe,.
However, whether this boundary is indeed connected to the
intersection of the phase lines of boundaries (I) and (I) has
not also been confirmed thus far. Whether the boundary
(II) is an actual thermodynamic phase transition should
also be confirmed.

The observation of boundary (III) also raises the pos-
sibility that the area between boundaries (II) and (IIT) can be
regarded as a new intermediate phase, possibly emerging as
a mixture of LFSC and HFSC states. Following a recent
theoretical work [35], such a mixed state could be

HoH (T)

m p onset (T scan)

p kink (T scan)

p kink (H scan)

X kink (T scan)

X kink (H scan, up/down)
x kink (H scan, up)
(I

vev X kink (H scan, down)

LFS

FIG. 4. H-T phase diagram for UTe, in the case of H,||b. The
colors of the symbols are the same as in Figs. 2 and 3. The symbol
inverted triangle indicates the kink field observed in the pro-
cedure of lowering H. Color contour represents the electrical
resistivity. The inset shows the comparison of H(T) for
different 7. samples [15,19,20]. The dashed curves in the inset
are eye guides for the minimal estimates of HESC(T — 0).

understood as the anapole SC phase if the LFSC and
HFSC states might have different parity. The order param-
eters of the anapole SC phase are equivalent to an anapole
(magnetic toroidal) moment and stabilize a nonuniform
Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state. Highly
mobile vortices with small currents might be expected in
such an FFLO state. Furthermore, domain alignment by
supercurrent may assist flux mobility. [35]. Alternatively,
chiral SC symmetry proposed in UTe, [9-11,36] might
also explain the vortex mobility by supercurrent because
the directionality of SC pairing can form SC domains.

In the inset of Fig. 4, we compare H,(T) in H||b re-
ported for UTe, crystals with different qualities [15,19,20].
Evidently, quality improvement rapidly increases both
the onset T, and extrapolated H.SC(0) (also see the
Supplemental Material [30]). However, the characteristic
field of puogH* ~ 15T, above which the HFSC phase
emerges on top of the LFSC phase, remains unchanged.
This result might indicate that H* is concerned with an
internal electronic phase transition, such as a metamagnetic
crossover or Lifshitz transition. In the case of H||a, such a
transition seems to boost the SC above 7 T [37]. However,
in H||b, no signature of the electronic transition was found
in the normal state around 15 T. Because H* is found to be
independent of sample quality, the boundary (IIT), which
branches off almost horizontally from A*, most likely does
not change its position much. Then, H4S5¢(T) and the
boundary (III) are probably too close to each other in the
low-T. samples to be detected separately.

In the last, we also note that the kink anomalies rest
in the low-temperature high-H region above phase line (II)
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shown as yellow-green-colored marks in Fig. 4. Further
experiments at higher H are needed to investigate flux
dynamics, as there is a possibility that the observed
anomalies stem from vortex lattice melting and dynamics.
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