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Tuning magnetic confinement of spin-triplet superconductivity

Wen-Chen Lin@®"”’, Daniel J. Campbell'”, Sheng Ran'*3, I-Lin Liu@®"*3, Hyunsoo Kim ', Andriy H. Nevidomskyy*, David Graf©”,

Nicholas P. Butch @' and Johnpierre Paglione ('*°™

Electrical magnetoresistance and tunnel diode oscillator measurements were performed under external magnetic fields up to 41T
applied along the crystallographic b axis (hard axis) of UTe, as a function of temperature and applied pressures up to 18.8 kbar. In
this work, we track the field-induced first-order transition between superconducting and magnetic field-polarized phases as a
function of applied pressure, showing suppression of the transition with increasing pressure until the demise of superconductivity
near 16 kbar and the appearance of a pressure-induced ferromagnetic-like ground state that is distinct from the field-polarized
phase and stable at zero field. Together with evidence for the evolution of a second superconducting phase and its upper critical
field with pressure, we examine the confinement of superconductivity by two orthogonal magnetic phases and the implications for

understanding the boundaries of triplet superconductivity.
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INTRODUCTION

Previous work on uranium-based compounds, such as UGe,,
URhGe, and UCoGe, has unearthed a rich interplay between
superconductivity and ferromagnetism in this family of materials’,
with suggestions that ferromagnetic spin fluctuations can act to
enhance pairing®. The recent discovery of superconductivity in
UTe, has drawn strong attention owing to a fascinating list of
properties—including the absence of magnetic order at ambient
pressure®, Kondo correlations, and extremely high upper critical
fields*—that have led to proposals of spin-triplet pairing®™’, and a
chiral order parameter®®.

In addition, at least two forms of re-entrant superconductivity
have been observed in high magnetic fields, including one that
extends the low-field superconducting phase upon precise field
alignment along the crystallographic b axis'®, and an extreme
high-field phase that onsets in pulsed magnetic fields above the
paramagnetic normal state at angles tilted away from the b axis'".

Applied pressure has also been shown to greatly increase the
superconducting critical temperature T, in UTe,'*'%, from 1.6 K to
nearly double that value near 10kbar, and to induce a second
superconducting phase above a few kbar'3. Upon further pressure
increase, evidence of suppression of the Kondo energy scale leads
to an abrupt disappearance of superconductivity and a transition
to a ferromagnetic phase'? Together with the ambient pressure
magnetic field-induced phenomena'®''*'>, the axes of the
magnetic field, temperature, and pressure provide for a very rich
and interesting phase space in this system. One of the key
questions is in regard to the field-polarized (FP) phase that
appears to truncate superconductivity at 34.5T under proper
b-axis field alignment'®"", in particular regarding the nature of the
coupling of the two phases and whether superconductivity could
persist to even higher fields in the absence of the competing FP
phase. The relation between the FP phase and the pressure-
induced magnetic phase, which also competes with super-
conductivity'', is similarly not yet fully understood.

In this work, we perform magnetoresistance (MR) and tunnel
diode oscillator (TDO) measurements under both high hydrostatic
pressures P and high magnetic fields H along the crystallographic
b axis to explore the (H, T, P) phase diagram. We find that the FP
phase that interrupts superconductivity at ambient pressure is
strengthened with increasing pressure, so as to suppress the
transition field until there is no trace of superconductivity down to
0.4 K above 16 kbar. At higher pressures, we find evidence of a
distinct magnetic phase that appears to be ferromagnetic in
nature and is also bordered by the FP phase at finite fields.
Together with previous observations at ambient pressure, these
results suggest a spectrum of magnetic interactions in UTe;, and a
multifaceted ground state sensitive to several physical tuning
parameters.

RESULTS AND DISCUSSION
Experimental results

The magnetic field response of electrical resistance R at low
pressures is similar to previous results at ambient pressure, which
showed that the superconducting state persists up to the FP
phase transition H* of nearly 35 T for H||b, and re-entrant behavior
can be observed near T, for a slight misalignment of the field'°.
While it is not presently known why the b-axis alignment is crucial,
it is thought that alignment of the applied field and fluctuating
moments plays an important role'®'". As shown in Fig. 1a,
application of 4 kbar of pressure reduces the cut-off field H* to
30T at 0.38 K (T. = 1.7 K without applied field) but retains the very
sharp transition to the FP state, above which a negative MR
ensues. Upon temperature increase, a re-entrant feature emerges
below H* similar to the previous reports'® but only above about
1.3 K, indicating either nearly perfect alignment along the b axis or
reduced sensitivity to field angle at finite pressures.

Upon further pressure increase, T. increases as previously
shown'3, up to 26K and 2.8K at 85kbar and 14kbar,
respectively. However, H* is continuously reduced through this
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Magnetoresistance of UTe, under applied pressures. Magnetoresistance of a UTe, single crystal with current applied along

crystallographic a axis and magnetic fields applied along the b axis under applied pressures of (a) 4 kbar, (b) 8.5 kbar, (c) 14 kbar, and (d)
18.8 kbar. Inset of (a) shows a semilog plot of magnetoresistance at 4 kbar, highlighting re-entrant superconductivity. In panel (b), the applied
field at the resistance peak (H,) and the critical field (Hc,) are labeled on the violet curve as an example. The cut-off field (H*) at base
temperature is also labeled. Inset of (d) presents a zoom in the range where hysteresis is observed via distinct upsweep (solid lines) and

downsweep (dashed lines) curves.

range and changes in character. As shown in Fig. 1b and ¢, at
higher pressures H* and H., dissociate, beginning as a single
sudden rise with a broadened peak (denoted H,) in resistance at
0.4 K that becomes better-defined upon increasing from lowest
temperature, before separating into two distinct transitions at
higher temperatures. Interestingly, the transition is the sharpest
when the H, transition separates from H* and moves down in the
field. Further, the coupled transitions slightly decrease in the field
until about 2K, above which the resistive H., continues to
decrease while H* stalls (e.g., at about 12T for 14 kbar) until
washing out above ~20K. This indicates a strong coupling
between the two transitions that is weakened both on pressure
increase and temperature increase, despite the first-order nature
of the FP phase. At 18.8kbar, shown in Fig. 1d, where no
superconducting phase is observed down to 0.37K, the sharp
feature associated with H* is gone, and only a broad maximum in
R remains near 8 T. Around this feature, we observed hysteresis
loops at low temperature as shown in the inset (see Supplemen-
tary Fig. 6 for hysteresis loops under both positive and negative
fields). Together with the evidence from previous pressure
experiments identifying similar hysteretic behavior'?, we believe
there is a ferromagnetic-like ground state that evolves from zero
temperature and zero magnetic field, and, similar to super-
conductivity at lower pressures, is truncated by the FP phase and
therefore distinct from that ground state. The crossover from the
FM-like ground state to the FP phase is also supported by the drop
of resistance at around 10T.

npj Quantum Materials (2020) 68

Figure 2 presents the frequency variation Af in the TDO signal,
where a minus sign has been applied to the frequency following
convention. The frequency variations reflect the changes in
magnetic susceptibility and therefore are sensitive to the
anomalies that cannot be captured through transport measure-
ments in the zero-resistance regime. In addition to a sharp rise in
Af at H*, which corresponds to a diamagnetic to paramagnetic
transition, and changes in slope consistent with the re-entrant
behavior mentioned above (see Supplementary Fig. 4), there is
another feature in the 4 kbar data within the superconducting
state observable at lower fields. At temperatures below 1K, Af
initially increases with field before abruptly transitioning to a
constant above a characteristic field Hcyz), and finally jumping at
the H* transition. As the temperature is increased, Hcy(;) decreases
in field value until it vanishes above T, tracing out an apparent
phase boundary within the superconducting state. As shown in
Fig. 3, the path of Hcyp merges with the zero-field critical
temperature of the second superconducting phase “SC2” dis-
covered by ac calorimetry measurements'®. As shown in Fig. 3a,
these data identify SC2 as having a distinct H.,(T)-phase boundary
from the higher-T. “SC1” phase, with a zero-temperature upper
critical field of ~11 T at 4 kbar. Upon further pressure increase, the
Hcaz) transition is suppressed in field, tracing out a reduced SC2
phase boundary (see Supplementary Fig. 3) that is absent by
14 kbar. In essence, it appears that the SC2 phase is suppressed
more rapidly than the SC1 phase, which will provide insight into
the distinction between each phase'®.
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Fig. 2 Field evolution of magnetic susceptibility of UTe, under
applied pressures. Tunnel diode oscillator (TDO) frequency varia-
tion of UTe, single crystal as a function of magnetic fields applied
along the crystallographic b axis, under applied pressures of
(@ 4kbar and (b) 188kbar. Transitions involving the
SC2 superconducting phase are labeled as Hcy) in panel (a), and
crossovers to the field-polarized phases (see text) labeled as Hgp in
panel (b). All curves are vertically shifted for presentation.

In contrast to the abrupt increase of Af upon crossing H* into
the FP phase at lower pressures, the TDO signal exhibits a
qualitatively different response in the high-pressure regime where
superconductivity is completely suppressed. As shown in Fig. 2b,
at 18.8 kbar Af is almost field independent on increasing fields at
0.37 K until an abrupt drop occurs near 12 T. This drop reflects the
decrease of skin depth, which can be confirmed by comparing
with the decrease of resistance in our transport results. However,
at slightly higher fields, we observe a small peak in Af that does
not match any observable feature in transport measurements. This
peak suggests a metamagnetic transition at Hgp (=15.5T at 0.37 K),
indicating a crossover toward the FP phase.

Phase diagrams and GL theory

Compiling this data, we summarize the observed features and
phase boundaries in both resistance and TDO measurements in
Fig. 3. We identify five phases: two superconducting phases
(labeled SC1 and SC2), the normal phase (labeled N), the FP phase,
and the FM phase, which is only observed at 18.8 kbar. The
first three phase diagrams (4, 8.5, and 14 kbar) show a smooth
growth of the FP phase with pressure and the emergence of a
more conventional (i.e, rounded) H-T boundary of the
SC1 superconducting phase. In fact, the observable evolution of
He(T) at 8.5 and 14 kbar indicates a putative Hc,(0) critical point
that would end within the FP phase were it not cut off by H*.
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We estimate these fields to be 72T and 55T for 8.5 kbar and
14 kbar, respectively (see Supplementary Fig. 5). In this pressure
range, where the putative H.,(0) scale becomes comparable to
the FP scale H*, there are clear indications of an influence on the
shape of the FP transition as noted above, despite its first-order
nature (cf. hysteresis observed at base temperature shown in
Fig. 3a, inset). Tracking the resistance peak H, to fields above H*
traces a nonmonotonic curve that, when below T, mimics the
extension of He,(T) of the SC1 phase, again suggesting an intimate
correlation between the two phases. This is corroborated by
the fact that at 18.8 kbar, when superconductivity is completely
suppressed, the onset of the FP phase shows a more conventional
monotonic evolution with increasing field and temperature.

In an effort to explain the qualitative features of the phase
diagram, we consider the phenomenological Ginzburg-Landau
(GL) theory describing the superconducting order parameter
n. For simplicity, we shall consider n to be single-component,
relegating to the Supplementary Note the consideration of a
multi-component order parameter proposed theoretically for
UTe,'®"” and corroborated by the recent specific heat measure-
ments'®. The free energy consists of three parts: F=F[n]+
Fu[M] + Fn, M], with the first term describing the superconduct-
ing order parameter in the applied field'®:

B . B’
Fcln] = a(T)[nl* + 5 [nl* + Ks(Dm)" (Om) + ¢~ (M
with D; = —iV; + %’;A,- denoting the covariant derivative in terms

of the vector potential A and ®y = hc/2e the quantum of the
magnetic flux, where K; =diag{K,, K,, K} is the effective mass
tensor in the orthorhombic crystal, K;'' = 2m;. The simplest way,
in which the superconducting order parameter couples to the
field-induced microscopic magnetization M, is via the biquadratic
interaction F. = gM?|n|?, where the internal magnetic field B/uo =
M + H. The metamagnetic transition is described by the Landau
theory of magnetization with a negative quartic term (u, v > 0):

Mm? u v
F M| = m* Mé —H-M. 2
M) 2x(P,T) 4 6 @)

Taking the field H||b, and hence A = (Hz, 0, 0), we minimize the GL
free energy to obtain the linearized gap equation of the form

d’*n 2mH\? , (Te—T) 2
7KZ@+KX(TO> ZU*GOTUJFQM’]:Q (3)

resulting in the eigenvalue spectrum similar to the problem of
Landau levels for a particle in magnetic field'®:

1 T.—T
hwc(n +§) :ao< T >ng2(T), 4

with the cyclotron frequency given by w. = 2eH\/K\K,/c. The
upper critical field H.,(T) is then determined from the lowest
eigenvalue above:

T—T
HalT) = o | = ()| ©
Tc Qo
where Hy = —Tcdg’;z T. is related to the slope of H., at T, in the
absence of magnetization and ag = g expressed in terms of

2mé,
the correlation length. The upshot of Eq. (5) is that the upper
critical field is reduced from its bare value by the presence of the
magnetization M. The latter is a function of the magnetic field, M
(H), to be determined from Eq. (2), and while its value depends on
the phenomenological coefficients of the Landau theory, qualita-
tively, the metamagnetic transition results in a sudden increase of
M at H* (by AM = 0.6 ug at H* = 34T at ambient pressure'®). This
then drives H., down according to Eq. (5) and pins the upper
critical field at the metamagnetic transition, explaining the sudden
disappearance of superconductivity at the field H* that marks the

npj Quantum Materials (2020) 68
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Fig. 3 Pressure evolution of magnetic field-temperature phase diagram of UTe,. Evolution of the magnetic field-temperature phase
diagram of UTe, as a function of pressure for fields applied along the crystallographic b axis, with phase boundaries of superconducting (SC1
and SC2), normal (N), field-polarized (FP), and ferromagnetic (FM) phases determined by resistance and tunnel diode oscillator (TDO) data, and
concomitant variations in resistance shown by background color contours. The inset of panel (a) shows the upsweep and downsweep of
magnetoresistance around the metamagnetic transition. In panels (a-c), the cyan circles indicate the T, transition into the
SC1 superconducting phase obtained by field sweeps that are determined by zero-resistance criteria, and the green triangles label the
position H,, of the peak in magnetoresistance. Yellow squares in panels (a, b) indicate critical field H.,(») of the superconducting phase SC2
based on TDO measurements (cf. Fig. 2a), with pink diamonds indicating critical temperature T, obtained from ref. '>. In panel (d), the purple
downward triangles label the crossover to the field-polarized state Hgp identified in TDO measurements (cf. Fig. 2b) while the blue rightward
triangles label the demise of hysteresis Hy, in transport measurements. The black star identifies the transition Ty, observed in the resistance

temperature dependence (panel d, inset) while the red pentagon indicates the same transition measured in ref. '3

onset of the FP phase in Fig. 4c. Note that the above analysis
focuses on the orbital effect of the applied magnetic field, since SC
in UTe, is not Pauli-limited, presumably due to the equal-spin
pairing nature of the pairing'”.

It is worth discussing the value of H,, which is of the order H.,
~30T at low T and ambient pressure, much higher than would
normally be inferred from T. ~2K. While the analysis of the
linearized GL equation above only applies in the vicinity of T, and
cannot, strictly speaking, be used to infer the value of H.,(0) at
zero temperature, the celebrated Werthamer-Helfand-Hohenberg
theory®® establishes a proportionality between the value of H.,(0)
and the value Hy in Eq. (5). We shall therefore use

Ho = ® % __ o apm*
T om VKK,  2mi O

as a proxy for the upper critical field H.,(0) (®Oy = hc/2e is the flux
quantum). We see that the role of the effective mass is played by
m* = (KXKZ)’”2 x /mgm¢ and this helps explain the high
observed value of H, in UTe,, as we show below. The key point
is the quasi-two-dimensional nature of the Fermi surface sheets
parallel to the c-axis, established by ARPES?' and ab initio

(6)
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calculations'”??

dispersion as
h2
2mab

, wWhich can be approximated by writing the

m 2 m 2
& [(ka — E) + (kt7 — 5) } — 2T cos(ked) — u, (7)
where we have taken the in-plane mass to be isotropic for
simplicity: mg, = m, = mgy, and T. denotes the interlayer hopping
strength along the c axis (d is the unit cell height). It follows that
the carrier mass along k. can be approximated by m. = h%/(2T.d?),
which in turn means that the effective mass entering Eq. (6),

m* o y/Mgp/(Tcd?). Smaller magnitude of the interlayer hopping

T thus results in a higher value of Hy in Egs. (5) and (6). A more
rigorous treatment based on the Green’s function formalism
reaches a qualitatively similar conclusion: H.,(0) « 1/7.%, thus
explaining the high values of Hc, in UTe, due to the quasi-two-
dimensional nature of the Fermi surfaces. The key finding of the
present study is that He, is in fact limited from above by the
metamagnetic transition at field H*, showcased by Eq. (5).
Focusing on the evolution of the ground state of UTe, with field
and pressure (i.e., at our base temperature of ~0.4 K), we present

Published in partnership with Nanjing University
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Fig. 4 Ground-state phase diagram of UTe, under applied field
and pressure. Ground-state evolution of superconducting (SC1 and
SC2), field-polarized (FP), and ferromagnetic (FM) phases in UTe;, as a
function of applied pressure and magnetic field applied along the
crystallographic b axis. Panels (a) and (b) present resistance and
tunnel diode oscillator (TDO) frequency variation, respectively, as
functions of applied field at a fixed base temperature of the
measurements. Both upsweeps (solid lines) and downsweeps
(dashed lines) are plotted, indicating notable hysteresis. Note that
in (b), all data are measured by a standard low-temperature-tuned
TDO circuit, while the 15.3 kbar data were obtained using a room
temperature-tuned circuit, and is therefore vertically scaled by a
factor of 22 for comparison (see Supplementary Figs. 2 and 3c for
more 153 kbar data). The resultant phase diagram at base
temperature is presented in panel (c), where the phase boundary
between SC1 and FP phases is determined by midpoints of
resistance transitions (black circles, using an average of upsweep
and downsweep curves) and TDO transitions (red triangles), with
error bars indicating the width of transitions. Brown squares indicate
the phase boundary of SC2 based on kinks in TDO frequency, and
green diamonds indicate the magnetic transition determined from
the resistance measurements. The blue upside-down triangle labels
the critical pressure (P.) where the superconductivity demises. Zero-
pressure and zero-field data points are obtained from refs, '3,
respectively. All lines are guides to the eye.

summary plots of the resistance and TDO data as well as the
ground-state field—pressure phase diagram in Fig. 4. As shown, the
field boundaries of both SC1 and SC2 superconducting phases
decrease monotonically with increasing pressure. However, we
point out that, while the boundary of SC2 appears to be an
uninterrupted upper critical field, that of SC1 is in fact the cut-off
field H*. It follows from Eq. (5) that this cut-off field is reduced
compared to the putative H.,, which would lie at higher fields if it
were derived from an orbital-limited model without taking
metamagnetic transition into account.

While the T, of SC1 increases with pressure, the cutoff imposed
by H* introduces difficulty in determining whether its putative H,,
would also first increase with pressure. On the contrary, the
unobstructed view of H., for SC2 shows a decrease with
increasing pressure that is indeed consistent with the suggested
decrease of the lower T, transition observed in zero-field specific
heat measurements'>,
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Between 15.3 and 18.8kbar, the H* cutoff is completely
suppressed and the FM phase onsets. While it is difficult to obtain
a continuous measure of the pressure evolution through that
transition, the hysteresis in transport measurements is consistent
with the low-field FM phase being the true magnetic ground state
of the system, separate from the FP phase. The crossover toward
the FP phase under field is entirely natural from the Landau theory
perspective, since the external magnetic field is conjugate to the
FM order parameter M in Eq. (2), and the metamagnetic crossover
at field Hy leads to a step-like increase in the magnetization,
resulting in a small peak in TDO results.

This crossover boundary between the FM and FP phases
appears much less sensitive to pressure for P> P, as evidenced by
the minimal change in field value between 18.1 and 18.8 kbar.
Because the experimental pressure cannot be tuned continuously,
it is difficult to extract the behavior of the crossover boundary at
P.. However, the previously observed discontinuity between the
FM and SC1 phases as a function of pressure'? suggests that the
FP phase should extend down to zero field at a critical point of
P, ~ 17 kbar, exactly where previous zero-field work has shown an
abrupt cutoff of T. and the onset of a non-superconducting
phase'. This is different from the case of uranium-based
ferromagnetic superconductors (UGe,, URhGe, UCoGe), where
the superconductivity coexists with ferromagnetism. The distinc-
tive behavior of UTe; is likely owing to a unique nature of its spin
fluctuation spectrum, which may also benefit from reduced
dimensions at high fields®>. In any case, as a nearly ferromagnetic
superconductor, UTe, provides a unique platform for future
investigation of the interplay between superconductivity and
magnetic phases.

In summary, we have explored the pressure evolution of
multiple superconducting and multiple magnetic phases of UTe,
as a function of applied pressures and magnetic fields applied
along the crystallographic b axis, where superconductivity is
known to extend to the highest fields. The field-induced
metamagnetic transition results in a field-polarized phase which
cuts off superconductivity prematurely, as explained by a
phenomenological Ginzburg-Landau theory. Under increasing
pressure, the superconducting phase eventually becomes com-
pletely suppressed, at the critical pressure where we observe an
onset of a distinct ferromagnetic-like ground state.

METHODS
Measurements

Single crystals of UTe, were synthesized by the chemical vapor transport
method as described previously”. The crystal structure of UTe, is
orthorhombic and centrosymmetric, and the magnetic easy axis is the a
axis. Experimental measurements were conducted at the DC Field Facility
of the National High Magnetic Field Laboratory (NHMFL) in Tallahassee,
Florida, using a 41T resistive magnet with a helium-3 cryostat. Resistance
and magnetic susceptibility measurements were performed simulta-
neously on two individual samples from the same batch positioned in a
non-magnetic piston-cylinder pressure cell. The pressure medium was
Daphne 7575 oil, and the pressure was calibrated at low temperatures by
measuring the fluorescence wavelength of ruby, which has a known
temperature and pressure dependence®*?®. The TDO technique uses an
LC oscillator circuit biased by a tunnel diode whose resonant frequency is
determined by the values of LC components, with the inductance L given
by a coil that contains the sample under study; the change of its magnetic
properties results in a change in resonant frequency proportional to the
magnetic susceptibility of the sample. Although not quantitative, the TDO
measurement is indeed sensitive to the sample’s magnetic response
within the superconducting state where the sample resistance is zero*~2%,
Both the current direction for the standard four-wire resistance
measurements and the probing field generated by the TDO coil are
along the crystallographic a axis (easy axis). The applied dc magnetic field
was applied along the b axis (hard axis) for both samples (see
Supplementary Fig. 1).
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SUPPLEMENTARY NOTE

Details of the Ginzburg—Landau theory

In the main text, we have focused on a single-
component superconducting order parameter for simplic-
ity. At the same time, it has been suggested that the
order parameter in UTey; may be two-component and
have a non-zero magnetic moment of the Cooper pair
aligned along the field direction — the so-called nonuni-
tary triplet superconductor. This section analyzes the
theoretical predictions for the upper critical field in this
case.

Two-component order parameter

The odd-wave superconductor, such as believed to be
the case in UTe,, is described by an order parameter
A(k) = i(dy - )0y expressed in terms of the d-vector.
The superconducting order parameter in a crystal can be
decomposed into a linear superposition of the irreducible
representations Fi(l;) of the point-group symmetry:

d(k) = an-n-(l%). (1)

In the case of UTes, the point group Dsj, contains only
the one-dimensional representations, which would gener-
ically have different transition temperatures. As a re-
sult, the single-component order parameter, for which
the Ginzburg-Landau (GL) theory has been presented
in the main text, is expected to provide a sufficient de-
scription.

However, it has been pointed out that in a strong mag-
netic field, along for instance the crystallographic b di-
rection, the point group symmetry is lowered to Cyp,, al-
lowing for a linear superposition of the two irreducible
representations, such as By, and Bz, [1]. Therefore, we
shall consider a two-component order parameter which

encodes the expression for the d-vector as a linear com-
bination of these two irreducible representations [2]:

d(k) = n,dp,, (k) +1,dp,, (k) (2)

Given the field in the b direction, it is convenient to
choose the coordinate system (a,b,c¢) — (y, z,x). In this
notation, it was shown in Ref. 2 that the leading com-
ponents of the By, and Bs, irreducible representations
take the form:

dp,, (k) ~ sin(kyb) é o
dp,, (k) ~sin(kyb)a o (0,1,0), (4)

so that the two-component order parameter transforms
like the n = (14, 7n,) vector in the zy-plane. Written ex-
plicitly as a matrix in the spin space, the superconducting
order parameters takes on the following form:

A _ T _ —1Ng + i1y 0
A =i(d-o)oa = Ap(k) ( 0 Mo + iy > . (5)

Notice that the absence of the z-component of the d-
vector (along the applied field direction) means that the
order parameter matrix is diagonal, describing equal-spin
pairing [2].

The most general Ginzburg-Landau theory allowed by
orthorhombic symmetry can be split into two contribu-
tions: F[n] = Fy[n] + Fp[n|, the first term being the
zero-field Landau free energy

B1 N B2
Fy[n] = ag|na|® + aylny | + 5 mm )+ 5 nl®

B 5
+ el Sl (6)

where we have allowed for the xy anisotropy due to the
orthorhombicity. In particular, a,(T) # o, (T') allows, in
principle, for different critical temperatures for the two
components of 1, corroborated by two distinct signatures
in the temperature dependence of the specific heat data
[3].



The gradient terms [4] also contribute to the free en-
ergy, and become relevant when computing the upper
critical field:

32 * *
Fpln] = s K1(Din;)*(Din;) + Ka(Ding)* (Djn;)

+ K3(Ding)" (Djni) + Fani[n] (7)

where the Einstein summation is implied over repeated
indices 4,j = {x,y} and D; = —iV; + %Ai denotes the
covariant derivative in the presence of the external vec-
tor potential A. In addition to the above terms, the or-
thorhombic symmetry of the crystal allows to write down
three more terms which we grouped into Fyp; [4]:

Fani[n] = Ke(Dym)* (Dam) + Ky(DyUZ)*(Dyn?)
+ Kz(Dzni)*(Dzni)- (8)

Note that the coefficients K, play the role of h?/2m, in
the traditional form often used to write down the GL
equations, and the orthorhombic symmetry means that
the effective mass tensor is anisotropic.

The applied magnetic field polarizes the electron spins
in the normal state, resulting in the internal magneti-
zation M(H). The free energy now contains additional

J

terms coupling the superconducting order parameter to
the magnetization:

Fcoupl[lrlv M] = 9M2(77 77*) - w(M+H) : (“7 X 77*)7 (9)

The first term is the same as in the main text, whereas
the second term describes the interaction of the total
magnetic field B = po(M+ H) with the internal moment
of the Cooper pair. This last term only appears in the
nonunitary state where n* is not collinear with 7, such
as for instance

Tlchiral = (L 26)7 (10)

where 0 is taken to be real (generically, |d] # 1 because
of the absence of Cj rotation in the zy-plane). Note that
we do not need to consider the pair-breaking effect of
the internal Zeeman field, due to the equal-spin pairing
nature of the order parameter in Eq. (5). Indeed, this
is consistent with the experimental evidence that H.o
exceeds the Pauli-Clogston limit in UTe, for field H || b.
We consider now the field along the Z (i.e. crystalo-
graphic IA)) direction, as in the experiment, and choose
the gauge where A = (—Hy,0,0). Differentiating with
respect to 17;k (j = z,y) and dropping the quartic terms
in the free energy, we obtain the linearized GL equation
in the form of two differential equations for n, and 7n,:

(K23 + Kz)Dane + K1 Dygne + 60 (T) 10 + (K2 Dy Dy + K3Dy Dy )y — iw(M + H)n, = 0
(K123 + Ky)D2ny + K1 D2y + dy(T)ny + (K2Dy Dy + K3Dy Dy + iw(M + H)np = 0 (11)

where we have denoted Ki93 = K7 + K5 + K3 and

(@)
- .7 =T
& (T) = —awi (T(Z)

) +gM?, i={z,y} (12)
(&

denotes the renormalized quadratic coefficients in the GL
expansion due to the effect of coupling to the internal
magnetization. Note that generically, the two transition
temperatures 77 and TY are not necessarily equal to each
other, although the quartic coupling between the compo-
nents of 7 means that in an experiment, both components
become non-zero below the same physical T..

Unfortunately, the coupled differential equations (11)
do not admit an analytical solution. Some progress can
be made by searching for the solution in the form

i (.’IJ, Y, Z) ~ ﬁ(y)eikwdeik2b7 (13)

and ignoring the derivatives 9, in the Egs. (11). Then,

(

the equations simplify:

—K10yn.(y) + (K23 + K. (2(7;]>2 Y. (y) + au(T)n.
—iw(M + H)n, =0 (14)
— (K123 + K,)0;m, (y) + K1 (2(7;])2 y*ny(y) + ay (T)ny
+iw(M + H)n, =0 (15)

In order to allow for an analytical solution, let us limit
the discussion to the case when w = 0 (i.e. the case of a
unitary order parameter). Then, it is straightforward to
find the solution for the upper critical field similar to the
procedure in the main text:

d r —-T
HS = - { 02 ( ) gMQ(H)}
2w Kl(Klgg—f—KJl) Tf
d TY =T
1Y = e oo, (BT ) - v
2w Kl(Klgg + Ky) Tc



Without carrying out the detailed calculation, which
would depend on the phenomenological parameters of the
GL theory and the details of the M (H) dependence, it is
clear that the H., is reduced for both components of the
order parameter because of the presence of magnetization
(g is positive in the free energy Eq. (9)). In particular,
when M (H) undergoes a metamagentic transition at field
H* as in UTey, the magnetization suddenly increases,
and this has the potential of significantly reducing H.s.
We conclude that the behavior is qualitatively the same
as described in the main text.

The physical H.o is the larger of the two expressions
in Eq. (16) above, and we further argue that H% > HY,
in UTes. Indeed, using the effective mass approximation
to the electron dispersion Eq. (7) in the main text, we
conclude that K, ~ t.d?/h? is proportional to the inter-
layer hopping strength ¢.. That hopping is presumably
very small due to the quasi-2D nature of the Fermi sur-
faces of UTey, as remarked in the main text, and hence
K, < K,, making H% > HY in the limit of zero tem-
perature, where we can neglect the difference between «,
and a,. This is entirely consistent with the presence of
two superconducting regions, denoted “SC1” and “SC2”
in Figs. 3 and 4 in the main text, with SC1 having a
higher H.. In our notation,

SC1: mi ~ (1,0) By (17)
SC2: m3~(1,0) or (1,i0) < Bs, + By (18)

SUPPLEMENTARY FIGURES

FIG. 1. (a) The front view (b) side view of UTes samples
mounted in the pressure cell. The lower sample was set up
for four-probe resistance measurements and the upper sam-
ple was mounted inside a coil for TDO measurements. The
crystallographic axis of the two samples are aligned in the
same orientation as indicated by black arrows, with applied
magnetic field directed vertically along the crystallographic
b-axis.
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FIG. 2. (a) Magnetoresistance and (b) field-temperature
phase diagram of a UTes single crystal for fields applied along
the crystallographic b-axis at 15.3 kbar. The cyan circles indi-
cate the T, transition into the SC1 superconducting phase ob-
tained by field sweeps which are determined by zero-resistance
criteria. Green triangles label the position H), of the peak in
magnetoresistance in panels (a). Under this pressure which
is close to the critical pressure P,, the transition between the
SC1 phase and FP phase broadens, resulting in a wide regime
of coexistence.
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FIG. 3. Tunnel diode oscillator frequency variation of UTes
as a function of magnetic fields applied along the crystallo-
graphic b-axis, under applied pressures of (a) 8.5 kbar, (b) 14
kbar and (c) 15.3 kbar. All curves are vertically shifted for
presentation.
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FIG. 4. Tunnel diode oscillator (TDO) frequency variation
and magnetoresistance (MR) of a single crystal UTe, at 4 kbar
with field parallel to the b-axis, where the latter is presented
in log scale. As field increases, the MR data indicates reen-
trant superconductivity as the resistance changes from zero
to nonzero and then back to zero. Simultaneously, the sign
of TDO frequency variation shows consistent results going
from negative (diamagnetism) to positive (paramagnetism),
and then back to negative (diamagnetism). Near 30 T, the
frequency variation changes sign again as the sample enters
the field-polarized phase. Note that for the TDO data, an
offset as well as a small linear background (0.1MHz/T) have
been applied to match the MR results.
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FIG. 5. The SC1 phase boundaries at different pressures with
labelled putative upper critical fields. The uncommon shape
of the phase boundary (i.e. flat top) suggests that the SC1
phase is truncated by the FP phase at the cutoff field H.. The
open labels indicate the putative upper critical fields which
are calculated using the WHH equation, Hc2(0) = —0.69 X
s X T.. s represents the slope of phase boundary at Te (i.e.
dfe2 | ) which is estimated by considering the two closest
data points to T,. The resulting upper critical fields are 72 T
and 55 T for 8.5 kbar and 14 kbar. The dashed-curved lines
serve as guides to the eye.
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FIG. 6. The magnetoresistance of UTes from 41 T to -41 T at
18.1 kbar. The hysteresis loops in both positive and negative
field regions is consistent with the ferromagnetic-like ground
state.
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