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We investigate the effect of easy-axis metamagnetic crossover on superconductivity in UTe2 along
the a-axis through measurements of AC susceptibility, magnetization, and the magnetocaloric effect.
In ultra-clean single crystals, we identify a field-induced phase transition within the superconducting
state at 5.6 T, driven by metamagnetism. This transition leads to a high-field superconducting state,
significantly increasing the upper critical field to 12 T. A sudden increase in entropy at the transition
suggests a self-reconstruction of the order parameter, enabling multi-component superconducting
states to adapt to external perturbations.

Unconventional superconductivity breaks not only the
U(1) gauge symmetry but also additional symmetries of
its normal-conducting state. The symmetry of a normal-
conducting state can be broken in various ways, making
it possible for different superconducting (SC) states to
be realized. Observations of phase transitions within the
superconductivity of several materials, such as UPt3 and
CeRh2As2, are evidence for multiple SC states[1, 2]. Ad-
ditionally, external symmetry-breaking influences such
as magnetic field or uniaxial stress can render these SC
states indistinguishable. This causes intermixing of order
parameters, leading to multiple-component superconduc-
tivity. Mixing components with different orbital and spin
configurations enables the optimization of superconduc-
tivity in response to external perturbations.

The recently discovered superconductor UTe2 (Tc=1.6
K) [3] attracts much attention due to its unconventional
SC properties, which suggest spin-triplet pairing. Mul-
tiple SC phases have been observed under pressure and
in magnetic fields applied along the b-axis, which is per-
pendicular to the easy magnetic a-axis [4–8]. For this
magnetic field direction Tc is initially suppressed but, re-
markably, experiences enhancement above 15 T [5, 9, 10].
Moreover, at specific field angles between the b and c-
axes, the superconductivity is entirely suppressed but
reappears at a very high field of 40 T [11, 12].

Significant efforts have also been devoted to improv-
ing the crystal quality of UTe2 [13–16]. Recently, we
developed the molten salt flux (MSF) method as a novel
approach to grow ultraclean UTe2 crystals [16]. This
method has led to a substantial increase in Tc, exceeding
2 K, compared to the initially reported Tc of 1.6 K for
crystals grown using the chemical vapor transport (CVT)
method [14–17].

Despite intensive research, the symmetry of the SC or-
der parameter in UTe2 is still under extensive debate [18–
32]. Within the orthorhombic D2h point group at zero
field, an odd-parity order parameter is classified into one
of four irreducible representations: Au, B1u, B2u, and

B3u. The Au symmetry is fully gapped, whereas the
other symmetries, B1u, B2u, and B3u, feature point nodes
on the Fermi surface along the c-, b-, and a-axes, respec-
tively. Applying a magnetic field further reduces symme-
try and induces intermixing of the zero-field order param-
eters. For instance, when a magnetic field is applied along
the a-axis, the symmetry decreases from D2h to C2h.
This reduction renders the representations Au and B3u,
as well as B1u and B2u, indistinguishable, leading to SC
states of A2h

u = Au+B3u and B2h
u = B1u+B2u [21]. This

intermixing introduces flexibility in the relative weights
of each component, a characteristic feature of multi-
component SC states.

In this Letter, we report on the magnetic field depen-
dence of entropy (S), which reflects quasi-particle excita-
tions, as determined from specific heat (C) and magne-
tocaloric effect (MCE, (∂T/∂B)S) measurements. Par-
ticular focus is placed on the magnetic Grüneisen pa-
rameter (ΓB = (∂T/∂B)/T ), which is the temperature
coefficient of the MCE and is related to the magnetic
field derivative of S, expressed as ΓB = −(∂S/∂B)/C.
This makes ΓB a more sensitive probe for detecting
magnetic-field-induced phase transitions and crossovers,
compared to specific heat, which reflects only the tem-
perature derivative of S. Through our measurements,
we identified a field-induced phase transition within the
SC state for B ‖ a-axis. This transition, driven by a
metamagnetic (MM) crossover, significantly enhances the
upper critical field (Bc2) in high-quality single crystals.
A sharp increase in S at the transition indicates that
self-reconstruction of the order parameters occurs in the
multi-component SC state, enabling the superconductiv-
ity to adapt to the enhanced internal fields induced by
the metamagnetism.

The AC magnetic susceptibility was measured at tem-
peratures down to 75 mK and magnetic fields up to 15 T
in a 3He-4He dilution refrigerator with an SC magnet (see
Supplementary Fig. S1 [34]). Magnetization was mea-
sured for the fields up to 9 T using a vibration-sample
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FIG. 1. Superconduting phase diagrams of UTe2 samples
grown by chemical vapor transport (a)[33] and molten-salt
flux (b) methods for magnetic fields along the a-axis. The up-
per critical field of superconductivity, Bc2, for samples grown
by molten-salt flux method is determined by the AC mag-
netic susceptibility (solid red circles, see Supplementary Fig.
S1 [34]) and the magnetic Grüneisen parameter, ΓB (open red
circles, Supplementary Fig. S3 [34]). The dotted blue line is
the position of broad minimum in ΓB due to the metamag-
netic crossover (Fig. S3(b)). The solid blue line indicates the
first-order phase transition at B⋆=5.6 T within the supercon-
ducting (SC) state, induced by the metamagnetic crossover
(Figs. S3(d) and 4(a)). The Bc2 curve (green dotted line) is
obtained by solving the Eliashberg equations in the clean limit
and incorporating strong coupling effects through an adjusted
strong coupling parameter λ to reproduce the initial slope of
Bc2(T ) [35, 36]. The Pauli-limiting effect is omitted to mimic
spin-triplet pairing. Inset shows magnetic susceptibility χ of
UTe2 at 2.3 K as a function of magnetic field along the a-
direction.

magnetometer (VSM) in a commercial Physical Property
Measurement System of Quantum Design. MCE, defined
as (∂T/∂B)S , was measured using the alternating-field
method as detailed in Ref. 37. High-quality single crys-
tals grown by the MSF method were used. We confirmed
the SC transition at Tc = 2.05 K for the samples through
specific heat measurements at zero field.
Figure 1(a) shows the SC phase diagrams for crys-

tals grown using the CVT method [33] under magnetic
fields applied along the easy a-axis. For this field orien-
tation, a weak MM crossover has been reported around
6 T [33, 38]. As the Bc2 of the low-Tc samples falls short
of reaching the MM field, the SC phase boundary does
not intersect with the MM crossover line.
The MM field remains unaffected by sample quality.

The inset of Fig. 1(b) displays the magnetic suscepti-
bility measured in an MSF crystal as a function of the
magnetic field. A maximum of around 6 T indicates the
MM crossover, which leads to a stepwise increase in mag-
netization and, consequently, a sudden enhancement of
the internal magnetic field. In MSF-grown high-quality

FIG. 2. Specific heat devided by temperature and magnetic
Grüneisen parameter as functions of magnetic field in the
normal-conducting state at 2.3 K (a) and in the supercon-
ducting state at 0.5 K (b). The green shaded area in (b)
highlights the region where ΓB is negative due to the meta-
magnetic crossover in the normal-conducting state. The red
lines in (c) are guide for eyes.

crystals, however, an intriguing interplay between meta-
magnetism and superconductivity arises: Bc2 surpasses
the MM field, causing the SC phase boundary to intersect
with the MM crossover line. As a result, Bc2(T ) exhibits
a kink at the MM field, deviating from the theoretical
curve (dotted green line in Fig. 1(b)). This leads to a
clear change in the slope of Bc2(T ) observed at B⋆ (See
Supplementary Fig. S2 [34]). This behavior contrasts
sharply with the downward curvature observed in lower
Tc samples grown by the CVT method (Fig. 1(a)). This
interplay results in a significant enhancement of Bc2 = 12
T, doubling the initial Bc2 = 6 T, despite only a modest
25% increase in Tc(0) from 1.6 K to 2.0 K [3].
Figures S3(a,b) display the specific heat divided by

temperature (C/T ) and ΓB in the normal-conducting
state at 2.3 K. In paramagnetic states, S generally de-
creases with increasing magnetic field as magnetic mo-
ments align, resulting in negative ∂S/∂B and, conse-
quently, positive ΓB = −(∂S/∂B)/C. However, in the
field range around 6 T, where ΓB becomes negative
(green shaded region), S increases with magnetic field.
This behavior reflects enhanced magnetic fluctuations as-
sociated with the MM crossover, a well-established phe-
nomenon supported by experimental studies [39–41].
Surprisingly, within the SC state, we observed a pro-

nounced anomaly in ΓB at B⋆ = 5.6 T (Fig. S3(d)).
This sharp anomaly provides strong evidence of a field-
induced phase transition within the SC state. Addition-
ally, a step-like increase in ΓB is observed at Bc2 = 8.6
T. In contrast, C/T exhibits only a weak inflection point
at B⋆ and a peak at Bc2 (Fig. S3(c)).
Next, we show that the MM crossover evolves into the

phase transition at B⋆, resulting in the coincidence be-
tween the crossover field and B⋆. Figure 3(a) shows the
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FIG. 3. (a) Magnetic field derivative of the magnetic
Grüneisen parameter (∂ΓB/∂B) of UTe2 plotted as a func-
tion of magnetic field applied parallel to the a-axis at various
temperatures. Data sets for different temperatures are verti-
cally shifted for clarity. Green shaded area highlights anomaly
of the upper critical field of superconductivity (Bc2). Double
sided arrows indicate the width of the anomaly of metamag-
netism and the induced transition inside the superconductiv-
ity. (b) Inverse of the width of anomaly at the metamagnetism
in the normal-conducting state or at the induced phase transi-
tion in the superconducting state. The width is defined as the
distance from the minimum and the maximum in ∂ΓB/∂B,
as indicated by double-sided arrows. The data points at 1.1
and 0.9K are omitted because it is difficult to estimate the
width due to the overlapping anomalies of Bc2 and metamag-
netism/induced phase transition. (c) Superconduting phase
diagram of UTe2 for magnetic fields along the a-axis. The
color contour of ΓB is added to the phase diagram shown in
Fig. 1(b) ( Figs. S3(b,d) and Supplementary Fig.S3 [34]).

magnetic field derivative of the magnetic Grüneisen pa-
rameter, ∂ΓB/∂B, as a function of magnetic field at vari-
ous temperatures. (see Supplementary Fig.S3 for the raw
ΓB data [34].) In the normal-conducting state, ΓB ex-
hibits a single minimum at the MM crossover, resulting
in a minimum and a maximum in ∂ΓB/∂B across the
MM crossover, as indicated by the double-sided arrow
for the data at 2.3 K. As the temperature decreases, the
anomaly at Bc2 emerges as a pronounced enhancement,
highlighted by the green shading. The value of Bc2 in-
creases with decreasing temperature, while the position
of the MM anomaly remains nearly unaffected. Inter-
estingly, the MM anomaly becomes significantly sharper
upon entering the SC state. In Fig. 3(b), we plot the in-
verse width of the anomaly as a function of temperature,
where the width is defined as the distance between the
minimum and maximum in ∂ΓB/∂B, as marked by the
double-sided arrows. We also indicate Tc at B⋆ = 5.6T.
Notably, the anomaly narrows dramatically across Tc.
The ΓB values are represented in the color contour of
the phase diagram shown in Fig. 3(c), effectively illus-

FIG. 4. (a) Magnetic field derivative of entropy ∂S/∂B of
UTe2 as a function of magnetic field along the a-axis at tem-
perature of 0.5 K. (b) Schematic behaviour of the weights of
superconducting components as a function of magnetic field.
See the main text for the definition of the weights. The
left/right insets illustrate the SC gap anisotropy of OP/OP ′-
dominating low/high-field superconducting states. The or-
ange and green colors indicate Fermi surface (FS) and SC
gap (∆), respectively. The radial gradient yellow colour in
the right inset indicates quasi-particle excitations due to the
gap minimum caused by the OP ′ component.

trating the transformation from the MM crossover in the
normal-conducting state to an induced phase transition
within the SC state.

We have identified the phase transition and now dis-
cuss its nature within the SC state. Figure 4(a) presents
the magnetic field derivative of S, calculated using C and
ΓB, as ∂S/∂B = −CΓB. Within the SC state, ∂S/∂B
exhibits a clear anomaly, as shown in Fig. 4(a), indica-
tive of a phase transition. It is important to note that
S exhibits a step at a first-order phase transition, corre-
sponding to a latent heat, whereas it shows a kink at a
second-order phase transition. Consequently, ∂S/∂B dis-
plays a peak and a step for first- and second-order phase
transitions. In our observations, ∂S/∂B reveals a peak
and a step-wise decrease at B⋆ and Bc2, respectively.
This indicates that the induced phase transition at B⋆

within the SC state is of first-order, while the transition
at Bc2 is of second-order. Furthermore, since ∂S/∂B ex-
hibits a peak, S in the high-field SC state above B⋆ is
higher compared to the low-field SC state.

As shown by Yip et al. [42], the continuity of the
free energy and its derivatives imposes strict constraints
on phase diagrams: three second-order phase transition
lines cannot meet at a single point. Since the SC phase
transition to normal state at Bc2 is always of second-
order, the transition line atB⋆ cannot be of second-order.
In contrast, it is permissible for the two SC states to be
separated by a first-order phase transition line. In this
case, a constraint is that the slope of Bc2(T ) for the high-
field state must be steeper than that for the low-field
state [42]. This is consistent with the observed Bc2(T )
line.

We further explore the phenomena occurring at B⋆.
We observe that the anomaly sharpens within the SC
state, whereas anomalies associated with Fermi surface
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instabilities, such as the MM crossover, would typically
weaken due to the opening of the SC gap. This observa-
tion indicates that the transition cannot be attributed to
the persistence of the metamagnetic crossover within the
SC state. Instead, the slope change in Bc2(T ) at B

⋆ indi-
cates that the superconducting state changes its nature.
Together with the thermodynamic anomaly, it points to a
transition between two distinct superconducting states.
Given that the B⋆ anomaly appears at the same field
as the metamagnetic crossover (Fig. 3(c)), our results
strongly suggest that the metamagnetism induces the su-
perconducting phase transition.

Our results show that the entropy increases at B⋆.
Since entropy in the SC state originates from quasipar-
ticle excitations, the higher entropy in the high-field SC
state implies the presence of more quasiparticles. This, in
turn, indicates a smaller gap minimum, and thus greater
anisotropy in the superconducting gap of the high-field
phase (Fig. 4(b)).

For B ‖ a-axis, the symmetry is reduced to C2h,
which supports two odd-parity irreducible representa-
tions: A2h

u
= Au + B3u and B2h

u
= B1u + B2u [21, 43].

Thus, the simplest picture might be that the phase tran-
sition occurs between A2h

u and B2h
u . However, it seems

unlikely that the weak metamagnetism shown in the inset
of Fig. 1(b) would induce a drastic change in symmetry.
Such a transition would inevitably be a strong first-order
phase transition, involving a complete change from one
order parameter to another (See also the Supplementary
Fig. S4 for an illustration of the strong first-order phase
transition for this case [34]). Below, we discuss how the
key lies in the flexibility of multi-component supercon-
ductivity, which can theoretically adjust its order param-
eter to an infinitesimally small external perturbation.

Given its first-order nature, the phase transition can
occur between SC states with the same symmetry. For
generality, we label the two order parameter components
under magnetic field along the a-axis as OP and OP ′.
The respective weights of these components, defined
as |∆OP |

2/(|∆OP |
2 + |∆OP ′ |2) and |∆OP ′ |2/(|∆OP |

2 +
|∆OP ′ |2), can shift abruptly in response to external per-
turbations such as metamagnetism (Fig. 4(b)). This
leads to a phase transition between states of the same
symmetry.

While several scenarios may be possible, the simplest
explanation consistent with our observations is a phase
transition between two A2h

u
states, where OP and OP ′

correspond to the Au and B3u states, respectively. This
is supported by the following reasons. (1) The observed
slope change of Bc2(T ) at B⋆ (Supplementary Fig. S2
[34]), along with the consequent anomalous enhancement
of Bc2, is consistent with the increased weight of the B3u

component. Since the B3u state possesses the spin com-
ponent along the a-axis [44], increasing its weight allows
the system to gain Zeeman energy, thereby stabilizing
the high-field superconducting state. (2) Because B3u

is point-nodal, while Au is fully gapped, the dominance
of B3u component in the high-field SC state causes a
stronger anisotropy in the SC gap, consistent with our
results.

An alternative scenario is a phase transition between
the two B2h

u states. If the Fermi surface is two-
dimensional, the B1u state is expected to be fully gapped.
In this case, an increasing contribution from theB2u state
at higher fields would enhance the gap anisotropy, which
is broadly consistent with our observations. On the other
hand, if the Fermi surface is three-dimensional, the sit-
uation becomes more complex; it is not straightforward
to determine whether the B1u or the B2u state would be
more isotropic. Moreover, the gap anisotropy could be al-
tered by a possible change in the Fermi surface associated
with the metamagnetic transition. Fully distinguishing
among all possible scenarios requires rigorous theoreti-
cal investigations or experimental probes sensitive to the
positions of the gap minimum, which we leave to future
studies.

In summary, using ultra-clean single crystals of UTe2,
we investigated the interplay between metamagnetism
and superconductivity for the field along the a-axis. In-
triguingly, the metamagnetic crossover in the normal-
conducting state evolves into a sharp anomaly in the SC
state, signaling a first-order phase transition below Tc.
This separates the two SC states with a step-wise increase
of entropy at the transition. The emergence of high-field
SC state in ultra-high quality crystals causes two-fold
increase of the upper critical field despite only a 25% in-
crease of Tc(0) compared to low-Tc samples. Our results
are best explained by a transition between two supercon-
ducting states, accompanied by enhanced gap anisotropy
in the high-field state, where the self-reconstruction of
the order parameters occurs to adapt multi-component
superconducting states to external perturbations.
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Supplementary Information: Self-reconstruction of order parameter in spin-triplet
superconductor UTe2

�

FIG. S1. Determination of the upper critical field Bc2 of superconductivity in UTe2 for the field along a-axis by AC-magnetic
susceptibility χ. The arrows indicate Bc2.
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FIG. S2. Superconducting phase diagram of UTe2 for magnetic field applied along the a-axis. The data are identical to those
shown in Fig. 1(b) of the main text. The two solid lines serve as guides to the eye.
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FIG. S3. Magnetic Grüneisen parameter of UTe2 as a function of magnetic field applied along the a-axis at various temperatures.
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FIG. S4. Schematic illustration of superconducting energy gap across a first-order phase transition between A2h

u and B2h

u states.


