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SUPERCONDUCTIVITY

High-field superconducting
halo in UTe,

Sylvia K. Lewin*?*t, Peter Czajka2*t, Corey E. Frank'?,

Gicela Saucedo Salas?, G. Timothy Noe II*, Hyeok Yoon?,

Yun Suk Eo?, Johnpierre Paglione?*, Andriy H. Nevidomskyy>%”,
John Singleton®, Nicholas P. Butch'?

The heavy fermion material UTe; is a candidate topological
superconductor that exhibits multiple magnetic field—induced
superconducting phases. One such phase exists only at fields
greater than 40 tesla, a considerable scale given its critical
temperature of only 2 K. Here, we extend measurements of this
state with fields outside of the bc crystallographic plane and
reveal its core structure: The superconducting phase wraps
around the b axis in a halo-like fashion and appears to be
stabilized by a field component perpendicular to the magnetic
easy axis. This angle dependence points to a multicomponent
spin-triplet order parameter with a finite angular momentum of
the Cooper pairs. The pairing mechanism remains enigmatic,
and UTe,'s specific magnetophilic superconducting tendencies
seem incompatible with existing models for field-enhanced
superconductivity.

Magnetic fields typically act to destroy superconductivity, a fact that
places strict physical limitations on superconducting technologies. The
heavy fermion material UTe, represents a notable exception to this
conventional phenomenology (I-4). In addition to harboring a low-
field superconducting state that is of interest for topological quantum
computing applications (5, 6), the material also exhibits additional
superconducting phases that only exist at extraordinarily high mag-
netic fields, as illustrated in the full phase diagram in Fig. 1A. These
include a field-reinforced state that exists up to 34 T for H aligned
close to the UTe, b axis (2, 7), as well as an even more exotic phase that
has only been observed by tilting H ~20° to 40° from b toward c (2),
a phase called SCgp. The latter phase, which is the focus of the present
study, only exists within the field-polarized (FP) state that is separated
from the low-field regime by a metamagnetic transition (pink sheet
in Fig. 1A).

The SCgp phase only begins >40 T and persists up to at least 60 T.
These field scales are particularly impressive given UTe,’s relatively
low superconducting transition temperature, 7. (1.6 to 2.1 K de-
pending on the sample) (7, 8). We also emphasize that the material
is fairly three-dimensional (3D) (9, 10), which requires the supercon-
ductivity to be robust against orbital- and spin-based depairing
mechanisms, in contrast to the numerous 2D systems for which high
critical fields are only seen when H is directed within the conducting
plane because orbital pair breaking is eliminated by their low dimen-
sionality (17-13). It also differs from other uranium-based supercon-
ductors for which field-enhanced pairing is more straightforwardly
associated with specific phase boundaries and high-symmetry direc-
tions (14, 15).
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W) Check for updates

Prior experiments on the SCgp phase have been limited to crystal-
lographic planes. Superconductivity was found with magnetic fields
applied in the bc plane (2, 16), but not the ab plane (2), which has
prompted speculation that there may be some special angle within the
bc plane that permits this high-field phase (16). In this study, we
mapped the SCpp phase boundaries outside of the bc¢ plane and found
that SCgp actually wraps around the b axis in a halo-like fashion (high-
field blue region in Fig. 1A). Note that Figure 1A is an illustration in-
tended to capture broad features in an extended dataset.

Measuring the transport properties of UTe;
All measurements were performed at the National High Magnetic Field
Laboratory’s Pulsed Field Facility at Los Alamos National Laboratory.
Data were primarily taken in a 65 T magnet system (typical field pulses
were 60 T), as well as a 75 T duplex magnet (typical field pulses were
73 T). All pulses were performed at ~0.63 K unless otherwise indicated.
A single-axis rotator was used, with the crystal manually placed on the
sample platform such that H was applied at some angle 6;, within the
be plane (Fig. 1B). Between field pulses, the rotator was used to reposi-
tion the sample so that H was at various tilt angles 0, toward the UTe,
a axis. Figure S1 is an illustration of 6, and 0,, with respect to the
crystal axes. An example dataset for 0, = 40° is shown in Fig. 1C. A
high-field zero resistance state is obtained when H is applied within
the bc plane (0, = 0°). As H is tilted toward a, the field window in
which superconductivity is observed shrinks until it is lost entirely
around 0, = 12.6° For 6, > 12.6°, the resistance instead shows a sharp
increase, which is a signature of the metamagnetic transition (17).
Some samples were measured using a contactless conductivity tech-
nique: proximity detector oscillator (PDO) measurements (18). UTes’s
low electrical resistivity and challenging surface chemistry can make
traditional electrical resistivity measurements difficult, especially in
pulsed field. PDO experiments circumvent these technical obstacles
and are a well-established technique for determining phase boundar-
ies in UTe; and other superconductors (2, 19-22). At 0.64 K, substantial
shifts in PDO frequency f are seen at 8 and 45 T (Fig. 1D). Higher f'is
associated with lower resistance; for UTe,, it has been established that
the sudden rise in fas a function of field corresponds to the onset of
a superconducting state, and that the subsequent decrease in fis the
return to a resistive state (2). As temperature is increased, the super-
conducting phase boundaries shift in the expected fashion, and at 2.09 K,
superconductivity is no longer observed. Instead, a kink downward is
observed at 45 T, indicating a transition to a high-resistance FP phase.
The metamagnetic transition field is labeled H,,. An extended discus-
sion of PDO data analysis is provided in (23).

Angle-dependent phase diagrams

Figure 2 displays a set of field pulses and corresponding phase dia-
grams measured at three different 0, values. The core finding of this
experiment is immediately apparent: As 0. decreases (i.e., the mea-
surement plane moves closer to the ab plane), the effect of tilting to-
ward a changes substantially. For 0,, = 30° (Fig. 2A), increasing 0,
initially causes an enhancement of superconductivity instead of the
immediate suppression seen in Fig. 1C. As 0, is increased further, the
critical field peaks around 60 T and then decreases until supercon-
ductivity is lost entirely around 15.5° leaving a U-shaped region of
superconductivity. The lower boundary tracks the angular evolution
of H,, because SCgp only exists within the FP phase.

At 05, = 23° (Fig. 2B), no superconductivity is observed in the bc
plane (6, = 0). However, tilting H toward a by 10° induces supercon-
ductivity. Superconductivity persists up to 6, = 16° beyond which a
metamagnetic transition is again observed. Similar behavior is ob-
served close to the ab rotational plane at 0;, = 8° (Fig. 2C), except that
the onset 0, and superconducting onset field Hgg have been pushed
even higher. This reveals a superconducting regime that only appears
at 59 T and persists well above 73 T, judging by the behavior of fversus
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where only H,, is seen as open circles.
For easier visualization, the data have
been symmetrized to fill all four quad-
rants, consistent with UTe,’s lattice sym-
metry and the absence of any observable
difference between positive and negative
field tilt angles. Blue shading is added as
a guide to the eye because there is some
slight scatter in the angular phase bound-

HoH (T)
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aries caused by sample dependence, angle
1 uncertainty, and differing measurement

1 techniques. Although we did not observe
4 superconductivity within the ab plane, it
is distinctly possible that Hg'c‘ in that
| plane exceeds the 73 T maximum field of
J the experiment. Additional details of the

Op = 40°
T=06K
R1

-12.6 |

9.7

Fig.1. Field-angle phase diagram of UTe; and experimental details. (A) lllustration of UTe,'s field-dependent phase dia-
gram at 0.6 K, with the ab and bc planes highlighted. The three superconducting regions are shown in blue. The boundaries
of the low-field SC1 phase vary smoothly with the field direction, whereas the field-stabilized SC2 phase exists only for
fields near the b axis. The SCp state appears inside the field-polarized state (pink) only for specific off-axis fields that
yield the saddle-like shape shown in the drawing. (B) Depiction of the measurement setup that enables effective dual-axis

ab plane measurements are shown in
fig. S8 and discussed in (23). Regardless

\ P1

Ope =30°, 0, =-11.1° of whether the SCgp state truly does ex-

tend to the ab plane, the curvature of

T=064K
\ss the phase boundaries is unambiguous,
s ' e m leading to the conclusion that a finite tilt
SN '\ HSe of H off of b is what ultimately produces

= this unprecedented extreme high-field

superconducting state. This contrasts
with earlier inferences that a particu-
lar field direction within the bc¢ plane
is required. The onset angle off of b for
superconductivity seems to be ~20° or
alternatively a perpendicular field A, of
~17 T, with some weak dependence on
direction and sample characteristics.
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rotation. The crystal (gray) is placed on a block (white) on the rotator platform at a fixed angle within the bc plane (84c),

and the angle off of the bc plane (6,) is set to different values during the experiment. (C) Electrical resistance R versus
field at various 0, for sample R1 at ~0.6 K, revealing the high-field, zero-resistance SCep state. (D) Frequency of the
proximity detector oscillator circuit as a function of applied field obtained at various temperatures for sample P1. An
abrupt jump in f (indicating a transition to a low resistance state) is no longer observed at 2.09 K, consistent with a loss of

superconductivity at that temperature.

H near the maximum field. The angular window of superconductivity
also narrows noticeably at low 0p,.

Figure 3A shows all of the phase diagrams measured in this experi-
ment. This includes the PDO data presented in Fig. 2, as well as electri-
cal resistance measurements performed on two additional samples.
Consistent with the PDO data, in resistance measurements, an initial
enhancement of the upper critical field (labeled Hgg) versus 0, for the
SCrp phase is observed at 0, = 29° and the recovery of superconduc-
tivity by a axis tilting is seen at 0. = 18% The dimensions, critical
temperature, and residual resistivity ratio of all four samples measured
are given in table S1. Based on minor variations of the samples’ critical
temperatures, we expected some sample-dependent variations in the
upper critical field, Hgg In addition, higher-mass samples may experi-
ence greater field-induced heating, as discussed in (24), leading to a
lower measured value of H‘s’g for higher-mass samples. Despite this, a
coherent qualitative picture emerges. Stitching phase boundaries from
these various 0. measurement planes together reveals the true struc-
ture of the SCyp phase (illustrated in Fig. 1A). The region of supercon-
ductivity wraps around the b axis, with Hg"c‘ lowest within the bc plane
and highest as H approaches the ad plane, reflecting the rapid in-
crease of H,, with 0,. This anisotropy is responsible for the saddle-like
appearance in Fig. 1A.

Figure 3B shows a simpler picture that captures the primary revela-
tion of this experiment. Here, we ignore H and plot the 0, and 0, values
at which an SCgp phase is observed as closed points and the values
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Modeling the phase diagram
Despite the apparent similarities between
0, and 0y, in their relation to supercon-
ductivity, the two directions are crystal-
lographically distinct. This anisotropy is
apparent in the angular evolution of the
FP phase boundaries (2), and understand-
ing its interplay with the superconducting halo will be key for identify-
ing the pairing mechanism and order parameter. The FP phase
boundary, which serves as a lower bound for SCgp, shifts to higher
fields with increasing 0, or 6;,. We found that the field at which the
metamagnetic transition occurs, H,,, can be modeled as a simple func-
tion of 0. and 6,:
b
= I + a,5in%0,, + a,sin*@, a)
cos(0,,)
where oy and a4 are constants. Within the bc plane, H,, follows
H,, = H? /cos(6,,) where H? = 34 T represents a typical value of Hp,
for H || b (2, 25). In other words, the metamagnetic transition occurs
when Hjp = 34 T regardless of H.. However, when H is tilted outside
of the bc plane, H,, shows a much steeper angle dependence on 6,.
Below the metamagnetic transition, a is the easy magnetic axis; tilts
of field toward a oppose the spin reorientation at H,,, so it is reason-
able that such tilts push the metamagnetic transition to higher fields.
Fitting the individual H,,(6,) curves to Eq. 1yields two key findings.
First, the function describes the data well. Second, the fitting param-
eters ay and ay are independent of 0,.. The only parameter that varies
is the be-plane onset field H9 = H? / cos(6,, ). This point is illustrated
in Fig. 3C: H,, — Hgt versus 0, is plotted for all fixed 0, datasets, and
all of the data collapse on top of each other. Fitting all phase boundar-
ies together yields approximate values: as = 95 T and oy = 1934 T. This
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Fig. 2. Angle-dependent A

PDO data and corre- 208 ' ' ; '
sponding phase
diagrams. (A to

C) Frequency of the proxim-
ity detector oscillator
circuit versus magnetic
field and corresponding
phase diagrams collected
at 6pc = 30° for sample P1
(A), Bpc = 23° for sample

P2 (B), and 0. = 8° for
sample P2 (C). All datain
this figure were taken at
~0.6 K. An abrupt increase
in f indicates a supercon-
ducting transition, whereas
adecrease indicates a
metamagnetic transition 0y, = 30° 0
into the field-polarized P
phase. Superconducting P P T™ *
regions are colored blue, 0, (%)

and the electrically
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resistive portions of the field-polarized state are colored red. Darker points indicate 6, values at which pulses were performed. Light points have been added at the correspond-
ing -6, for clarity; this mirroring is justified by the underlying crystal symmetry. The blue points in the phase diagram of (A) indicate that the phase transition itself was above

the measured field range and was identified through extrapolation (23).

Fig. 3. Halo geometry of SCp state. (A) High-field
phase diagrams presented as a function of 6; collected
at fixed 6y at ~0.6 K. Red indicates resistive regions

of the FP phase, and blue indicates superconducting
regions. The gray points represent the measured phase
boundaries from which the plots are constructed,

with the dark (light) points corresponding to actual
(symmetrized) data. (B) Pure angular (0 versus 0,)
representation of the superconducting phase
boundaries at ~0.6 K. Full circles are used for angles at
which superconductivity is observed, and open circles
indicate that only a metamagnetic transition is seen.
Different colors indicate different samples, as indicated
in the figure. Data are symmetrized to populate all four
quadrants for clarity. The blue halo is for illustrative 60
purposes to emphasize that superconductivity is c
caused by tilting H off of b. (C) Measured transition If w0
field minus HO (0, ) at ~0.6 K plotted as a function of
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6,. As above, full circles indicate a superconducting
transition and open circles indicate that only a
metamagnetic transition is seen. For a given 6y,

R2 18°,29°, 31° 7,

Ho(Hm — HY) (T)

HO (0, ) is the metamagnetic transition field at 6, = 0. _ * > /)
The legend indicates which colors are used for which '; O o, =400 ol "‘-sw - & i

sample and the 6y values at which data were collected. Ed

The dotted line is a fit of the entire data set to Eq.1 30—t
after subtracting off the individual HC (0, ) values.

scaling consistency indicates that tilts toward a and ¢ have orthogonal
effects on the FP phase, in contrast to their effects on the supercon-
ducting phase.

The survival of the SCgp state to fields higher than 73 T indicates
that the phase must be robust against spin-based depairing in
addition to orbital depairing. The suggestion that SCrp may be spin
singlet with Jaccarino-Peter compensation at play (26) seems un-
likely given our results showing an extended arc of field angles at
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10 15 20

which SCgp occurs. It would require internal exchange fields that
rotate smoothly and evolve similarly for fields tilting toward the
a and c axes despite the magnetic anisotropy of UTe,. The most
natural explanation for our results is a triplet-pairing state, particu-
larly given the evidence for spin-triplet superconductivity in the
low-field state of UTe, (4).

Given that the SCrp phase only arises within the FP state and not
in the paramagnetic state of UTe,, magnetic fluctuations likely play a

514

G20z ‘Tz snBny Uo Xed 88100 puelAre N J0 AisieAiun T B10°80us (05" M/ SA1Y WoJy pepeojumod



role in mediating the superconducting pairing. Whereas b is the mag-
netic hard axis at low fields, it becomes the magnetic easy axis in the
FP phase (27). In this context, the fact that the superconducting halo
surrounds the b axis also indicates the likely role of magnetism, pos-
sibly in the form of fluctuations that are enhanced by a finite trans-
verse field. However, the specific interactions are not understood.
Superconductivity in other uranium-based superconductors is often
attributed to ferromagnetic spin fluctuations (14, 15). This exact phe-
nomenology cannot be applied to UTe, because UTe, is not a spontane-
ous ferromagnet and the SCgp phase is not obviously linked with a
second-order phase transition that would provide enhanced spin fluc-
tuations. It is clear that there is no readily applicable existing theory
for the behavior of the SCgp phase.

Agnostic of the underlying pairing mechanism, we can model the
phase diagram of SCrp phenomenologically and calculate the angle
dependence of the upper critical field. Our main conclusion is that
the observed angle dependence of the upper critical field is most na-
turally explained if the Cooper pairs carry a finite spin S and/or orbital
momentum m:

_ J d’k
FS (211:)2

(i&kxa';),mmbz Jd% ids- [k x oy dy
FS

2

where (_ik is the so-called d vector associated with the spin-triplet order
parameter, which is a function of wavevector k. When the resulting
angular momentum, averaged over the Fermi surface, is nonvanishing,
it will couple linearly to the magnetic field B, yielding a term in the
free energy of the form AF « -B - (S + my,;,). This term naturally de-
pends on the field angle, as seen in the experiment.

A nonzero spin of the Cooper pairs in particular requires the
order parameter to be multicomponent and nonunitary, the latter
condition reflecting the fact that the norm of the order parameter
|A®K)|2 o<|3k|21 + S - 6 is not proportional to the identity matrix. As
further discussed in (28), the order parameter for fields in the bc plane
is likely By, + B3, which has S and m,;, both aligned along the ¢ axis.
As the field is tilted away from the bc plane, a By, component can ap-
pear in the order parameter, endowing the Cooper pairs with a com-
ponent of the angular momentum along the a axis. This is natural to
expect because the free energy is lowered when angular momentum
acquires a component along the field direction. The theoretical analy-
sis in (28) shows that this combination of order parameters qualita-
tively accounts for the halo shape of the superconducting region. For
the Dy, point group to which UTe, belongs, the order parameters By,
Bs,, and B3, correspond to nodal gap structures with point nodes along
the ¢, b, and a axes, respectively.

Discussion and outlook

In summary, a 3D mapping of SCgp’s angular phase boundaries unveils a
superconducting state that appears only for fields tilted off of UTey’s b axis
and persists beyond 73 T. Known mechanisms of field-induced supercon-
ductivity fail to capture the nontrivial angle dependence uncovered in
this work, and our theoretical analysis points to the key importance of
the Cooper pairs having an angular momentum that couples to the
external magnetic field. This would constrain the order parameter
to be a multicomponent spin-triplet state. Our discovery provides an
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important direction for ultimately understanding the fundamental
physics underpinning extreme high-field superconductivity.
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