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Newly-discovered superconductor UTe2 is a strong contender for a topological spin-triplet state
wherein a multi-component order parameter arises from two nearly-degenerate superconducting
states. A key issue is whether both of these states intrinsically exist at ambient pressure. Through
thermal expansion and calorimetry, we show that UTe2 at ambient conditions exhibits two detectable
transitions only in some samples, and the size of the thermal expansion jump at each transition
varies when the measurement is performed in different regions of the sample. This result indicates
that the two transitions arise from two spatially separated regions that are inhomogeneously mixed
throughout the volume of the sample, each with a discrete superconducting transition temperature
(Tc). Notably, samples with higher Tc only show a single transition at ambient pressure. Above
0.3 GPa, however, two transitions are invariably observed in ac calorimetry. Our results not only
point to a nearly vertical line in the pressure-temperature phase diagram but also provide a unified
scenario for the sample dependence of UTe2.

UTe2 is a recently discovered superconductor that ex-
hibits many intriguing properties. Even though UTe2
does not exhibit long-range magnetic order above 25 mK,
initial reports placed UTe2 as a new example of a spin-
triplet superconductor due to an upper critical field
(Hc2) exceeding 30 T and scaling of the magnetiza-
tion indicating proximity to a ferromagnetic quantum
critical point [1–3]. Importantly, superconductivity in
UTe2 may be topological. Asymmetric tunneling was
observed across step edges in scanning tunneling mi-
croscopy, consistent with chiral superconductivity [4].
Polar Kerr effect measurements combined with theoret-
ical modelling revealed that the superconducting order
parameter breaks time-reversal symmetry and is likely to
contain Weyl nodes [5]. More recently, magnetic penetra-
tion depth measurements revealed temperature scaling
consistent with a multi-component spin-triplet state [6].

UTe2 also exhibits striking phase diagrams as a func-
tion of applied pressure and magnetic fields. For in-
stance, re-entrant superconductivity is observed for field
applied in the orthorhombic bc plane, whereas a metam-
agnetic transition occurs near 30 T for fields parallel to
the b axis [7–9]. Under pressure, UTe2 remains equally
puzzling, and a complete agreement between the many
reports has yet to be reached. One common aspect is the
existence of multiple superconducting transitions under
pressures above about 0.3 GPa [10–14]. One supercon-
ducting transition (Tc1) reaches a maximum of about 3 K
at a pressure near 1.2 GPa, and a second superconducting
transition (Tc2) is suppressed monotonically with pres-
sure. Above 1.2 GPa, Tc1 is rapidly suppressed and a new
non-superconducting ordered phase emerges. Though
this phase was initially thought to be the ferromagnetic
state responsible for fluctuations leading to spin-triplet
superconductivity at zero pressure, more recent reports
argue for antiferromagnetic order under pressure due to

the presence of two magnetic phase transitions as a func-
tion of temperature and their suppression as a function of
all applied field directions [13, 14]. Magnetic susceptibil-
ity and magnetization measurement under pressure pro-
vided further support for antiferromagnetic order above
1.2 GPa [15]. Neutron measurements found that inelas-
tic scattering is dominated by incommensurate spin fluc-
tuations [16, 17] in spite of muon spin resonance and
nuclear magnetic resonance experiments arguing for fer-
romagnetic fluctuations [3, 18]. It was later argued that
antiferromagnetic fluctuations may be responsible for su-
perconductivity in UTe2 [19].

A key point of contention is the low-pressure region of
the phase diagram. Whether two superconducting tran-
sitions exist at ambient pressure or inhomogeneities drive
a split transition remains an open question. On one hand,
two nearby transitions were observed in heat capacity by
Hayes et al, and the Kerr effect sets in only at tempera-
tures below the lower temperature transition [5]. On the
other hand, a composition dependence study argued that
the highest quality samples only show a single transition
in heat capacity [20]. A two-component order parame-
ter, however, is necessary for the proposed Weyl super-
conductivity and non-zero Kerr effect. Because of the
orthorhombic structure of UTe2, there is no underlying
symmetry argument for the existence of a two-component
order parameter, and the existence of two nearby transi-
tions would therefore be accidental.

Here, we report thermal expansion, magnetostriction,
and heat capacity measurements on a number of UTe2
samples obtained from separate growths to show that
growth conditions may lead to two discrete transitions
arising from an unusual form of sample inhomogeneity.
In this case, we find clear evidence for two nearby transi-
tions in heat capacity measurements, which are accompa-
nied by jumps in the thermal expansion coefficient. The
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FIG. 1. Low temperature thermal expansion (top row) and heat capacity (bottom row) of samples from different growths
of UTe2. The purple dashed lines show the transition temperatures determined from heat capacity measurements and their
relation to the thermal expansion data.

relative size of these jumps varies as the measurement is
performed on different volumes of the sample, either via
thermal expansion or calorimetry measurements. Impor-
tantly, samples with higher Tc only show a single transi-
tion at ambient pressure, but all samples measured under
applied pressure show at least two detectable supercon-
ducting transitions above a threshold pressure. In sam-
ples that show multiple transitions at ambient pressure,
a reevaluation of the initial pressure work found that the
two transitions at ambient pressure have the same pres-
sure dependence (see erratum to Ref. [14]).

Though we cannot unambiguously rule out the possi-
bility of a multi-component order parameter at ambient
pressure for samples with higher Tc, our results show no
evidence for a second thermodynamic transition below
0.3 GPa. Because all irreducible representations in UTe2
are one-dimensional, there are only two possibilities for
such a scenario: (1) both the transition temperatures and
hydrostatic pressure dependence of the two transitions
are accidentally degenerate, or (2) the lower tempera-
ture transition has zero entropy up to 0.3 GPa at which
point it can be observed in thermodynamic measure-
ments. Such unlikely scenarios require exceptional fine
tuning, which leaves us with the possibility of a nearly
vertical line in the pressure-temperature phase diagram.

Samples of UTe2 were grown using the vapor transport
method [1, 20]. About twenty batches were grown, and
representative samples from many different batches were
used in this study. Samples grown at higher tempera-
tures (i.e., 1060◦C-1000◦C gradient, sample 2) were more
likely to show a split transition than samples grown at
lower temperatures (e.g., 950◦C-860◦C gradient, sample
1). Heat capacity measurements were performed down

to 3He temperatures using the quasi-adiabatic relax-
ation technique. Thermal expansion and magnetostric-
tion measurements were performed using a capacitance
dilatometer described in Ref. [21] in both 4He and adia-
batic demagnetization cryostats. All thermal expansion
measurements were performed using a slow continuous
temperature ramp, whereas all magnetostriction mea-
surements were performed by stabilizing the field to avoid
the influence of eddy currents. Thermal expansion data
were corrected by performing a background subtraction
of the cell effect under identical thermal conditions. Ac
calorimetry measurements [22] were performed in a pis-
ton clamp pressure cell. Samples with the same num-
ber (1A/1B and 2A/2B) came from the same batch and
showed similar zero-pressure heat capacity data.

Figure 1 shows a comparison of thermal expansion and
heat capacity between three samples grown under differ-
ent conditions (for additional samples see Supplemental
Fig. S1). Sample 5 and sample 1A show a single tran-
sition at Tc = 1.84 K and Tc = 1.76 K, respectively.
Sample 2A shows two transitions at Tc2 = 1.67 K and
Tc1 = 1.46 K. The difference between these samples high-
lights the key role of growth conditions on the ambient
pressure properties of UTe2.

Importantly, even samples with similar Tc may have
different properties. For instance, samples 5 and 1A have
similar heat capacity behavior; however, sample 1A has
an unusual negative thermal expansion along the a axis
above Tc. Of all the samples measured, sample 1A is
the only sample that has αa < 0 for T > Tc. As will
be discussed below, this may indicate a reduced effect of
a-axis magnetic fluctuations in this sample.

Volume thermal expansion can be used to determine
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the pressure dependence of a second order phase transi-
tion through the Ehrenfest relation:

dTc
dp

=
∆βVm

∆Cp/Tc
. (1)

Here, p is pressure, ∆β is the jump in volume thermal
expansion at the phase transition, and ∆Cp is the jump
in heat capacity. Because ∆Cp is always positive, the
sign of the pressure dependence is determined by the
sign of the jump in volume thermal expansion. Due to
slight temperature offsets when measuring thermal ex-
pansion along different axes, volume thermal expansion
jumps were calculated by summing the linear thermal
expansion jumps at each phase transition rather than
from the volume data. The results are tabulated in
Supplemental Table S1. Using this relation, sample 5
is expected to have a pressure dependence of approxi-
mately dTc

dp =−0.49(04) K/GPa. This suppression rate

agrees well with the pressure dependence of Tc deter-
mined from pressure-dependent ac calorimetry measure-
ments (approximately −0.5 K/GPa for P < 0.3 GPa). In
contrast, the Ehrenfest relation underestimates the pres-
sure dependence of Tc due to the unusual a-axis behavior
of sample 1A (−0.10(04) K/GPa).

Now we turn to the double transition in sample 2A.
Using the data from Fig. 1, Ehrenfest predicts opposite
pressure dependence for the two transitions. The lower
transition has dTc1

dp =+0.70(07) K/GPa and the higher

transition has dTc2

dp =−0.65(27) K/GPa. This pressure de-

pendence is most likely incorrect. It was recently shown
that for samples with two transitions at ambient pres-
sure, the transitions actually have identical pressure de-
pendence (see erratum to Ref. [14]). The reason for this
inconsistency is that the quasi-adiabatic heat capacity
measurement probes the entire volume of the sample, but
the thermal expansion fixture used here will only probe
a local volume of the sample when the sample is mea-
sured along its thinnest axis. For sample 2A, the c axis
has a thickness of 300–360 µm compared to 2635 µm and
680 µm for the a and b axes, respectively.

To further unveil this issue, Fig. 2(a) shows the c-axis
thermal expansion measured on multiple spots of sam-
ple 2A. Spot 1 is the same location that was measured in
Fig. 1. Compared to spot 1, spot 2 has a larger contribu-
tion from the higher-temperature transition and a much
smaller contribution from the lower temperature transi-
tion. Spot 3 has the opposite weighting between the two
transitions. As a result, the pressure dependence deter-
mined from Ehrenfest completely changes based on which
location on the sample is used to perform the calculation.
Spot 2 is the only location that predicts a negative pres-
sure dependence for both transitions, in agreement with
pressure-dependent ac calorimetry data [14].

The inhomogeneity of the double transition feature is
further demonstrated by the heat capacity measurements
shown in Fig. 2(b). Here, a sample showing two transi-
tions was cut into four quadrants. The heat capacity of

each quadrant was then measured individually. Remark-
ably, at temperatures outside the transition region, all
four pieces have the same heat capacity. Near the transi-
tion, however, there is a clear difference in the weighting
between the two transitions. Of the four regions, R3 has
the largest percentage of the volume containing the lower
temperature transition.
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FIG. 2. (a) c-axis thermal expansion of sample 2A mea-
sured at different locations on the sample. (b) Heat capac-
ity of sample 6 before and after cutting into four quadrants.
(c) ac calorimetry measurements of sample 1B. Inset shows
low-pressure phase diagram. (d) Pressure-temperature phase
diagram of all measured samples with Tc’s adjusted to match
at ambient pressure. Samples 2B and 7 were first reported in
Ref. [14]. Sample 7 has two transitions at ambient pressure
(A and B), both of which are tracked as a function of pressure.
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The reason for the presence of exactly two transitions
remains unknown, but our results indicate that the dou-
ble transition feature at ambient pressure stems from
sample inhomogeneity. Under pressure, however, the two
transitions that appear for pressures above 0.3 GPa are
an intrinsic feature of UTe2 observed in all samples mea-
sured by multiple groups [10–14]. To confirm this, we
performed pressure-dependent ac calorimetry measure-
ments on a sample showing only a single transition at am-
bient pressure (sample 1B). The individual heat capacity
curves from these measurements are shown in Fig. 2(c),
and the pressure-temperature phase diagram is summa-
rized in the inset. Similar to all other samples measured
under pressure , sample 1B shows clear evidence for two
superconducting transitions as pressure is increased be-
yond 0.3 GPa. We note that a pressure-temperature
phase diagram in which three second order phase transi-
tion lines meet at a single point is not thermodynamically
allowed except in very unique circumstances [10, 23], and
the dashed line in the inset of Fig. 2(c) is meant to rep-
resent this missing transition. Such a tetracritical point
has been extensively investigated in UPt3 [24].

Remarkably, although samples may have different
Tc at ambient pressure, all samples follow the exact
same pressure-temperature phase diagram, as shown in
Fig. 2(d). This unified diagram is obtained by simply
shifting Tc vertically to match a common value at zero
pressure (i.e., Tc = 1.8 K). This suggests that the main
effect of disorder is to suppress Tc and cause a split tran-
sition in some samples. This also reinforces that the split-
ting of the transition at 0.3 GPa is an intrinsic feature as
it is observed in all samples measured to-date.

Thermal expansion to higher temperatures can pro-

0 2 5 5 0 7 5 1 0 0 1 2 5 1 5 0 1 7 5 2 0 0- 1 0

- 5

0

5

1 0

1 5

α (
10

-6 /K)

T  ( K )
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 αc
 ( αa + αb + αc ) / 3

FIG. 3. Linear thermal expansion coefficients of sample 2A
from 2 K up to 200 K. The gray curve shows the volume
thermal expansion coefficient divided by three to better fit
the scale of linear thermal expansion. The features observed
near 40 K are due to gas absorption in the insulating washers
that are part of the dilatometer cell.

vide information about the relevant energy scales in the
system. Figure 3 shows the linear thermal expansion
for sample 2A measured up to 200 K. At high temper-
atures, the thermal expansion is typically dominated by
phonons. Because the non-magnetic analogue ThTe2 has
been reported to have a different crystal structure from
UTe2 [25], it is not possible to subtract an independently
determined phonon background. Nonetheless, all three
thermal expansion contributions become negative below
30 K indicating a regime wherein the phonon contribu-
tion is no longer relevant. Negative thermal expansion
is typically attributed to the Kondo effect, and this tem-
perature is consistent with the Kondo temperature (20–
26 K) extracted from scanning tunneling spectroscopy
measurements [4]. Expansion along the a-axis shows a
third energy scale, switching again from negative to pos-
itive at 11 K. This is likely due to the presence of strong
magnetic fluctuations along the a axis, in agreement with
previous reports [1, 3, 18]. While samples 2–5 all ex-
hibit positive thermal expansion along the a axis just
above the highest temperature superconducting transi-
tion, sample 1A has negative thermal expansion along a.
This may point to a difference in the strength or type of
magnetic fluctuations along the a axis that is also influ-
enced by differences in growth conditions.

Figure 4 shows the longitudinal and transverse magne-
tostriction measured at 2 K on sample 3 along the prin-
cipal crystallographic directions. Note that the response
for fields parallel to the a axis is an order of magnitude
larger than along the other axes. This means that even
a small field component parallel to the a axis will signif-
icantly affect measurements when applying field along
other directions. For longitudinal measurements, the
sample was aligned to less than one degree using Laue
diffraction. For transverse measurements, the rotation of
the sample in the dilatometer cell was performed man-
ually so the alignment errors may be up to five degrees
and introduce an error in measurements for fields per-
pendicular to the a-axis.

Volume magnetostriction can be used to determine the
pressure dependence of the magnetic susceptibility via
Maxwell’s relation [26]:

(
∂χ

∂P

)

H,T

∝ −
(
∂V

∂H

)

P,T

(2)

At ambient pressure, the a axis is the easy magnetic
axis and the b axis is the hard magnetic axis [1]. Impor-
tantly, the volume magnetostriction for fields parallel to
the a axis indicates a relatively large negative pressure
dependence of the a axis susceptibility. This is consistent
with a recent tight-binding model for UTe2, which found
a large initial decrease in susceptibility along the a axis
coupled with a change in the fluctuations from ferromag-
netic to antiferromagnetic [27]. Further, the volume in-
crease for fields along the c axis taken with the decrease
for fields along the b axis suggests the possibility that
the hard magnetic axis changes from the b axis to c axis.
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FIG. 4. Linear and volume magnetostriction for magnetic
fields applied along the three principal axes of sample 3. All
data were obtained at 2.0 K.

This has previously been claimed based on the fact that
Hc2 becomes largest along the c axis near 1.5 GPa [12].
More recently, it was experimentally confirmed via sus-
ceptibility measurements under pressure [15]. The mag-
netic interactions at high pressure are quite different from
those at low pressure, which explains the emergence of
two magnetic transitions and antiferromagnetic order. In
fact, the b axis becomes the easy axis in the magnetically
ordered state [15]. We also highlight the possibility that

samples from different batches may exhibit different mag-
netic properties even at ambient pressure. This follows
from the fact that sample 1A has a different sign of αa

just above Tc2 compared to samples 2–4, as noted above.
Thus, it is critical to fully characterize each single crystal
of UTe2.

In conclusion, the combination of thermal expansion
and heat capacity shows evidence for two superconduct-
ing transitions at ambient pressure only in some UTe2
samples. Our results indicate that the double transition
is due to different Tc’s in spatially separated volumes of
the sample that are inhomogenously distributed. This in
turn implies that these two transitions do not arise from
a multi-component order parameter. If UTe2 possesses
a multi-component order parameter at ambient pressure,
it must be detected through other means, as evidence
for two transitions in thermodynamic data is misleading
in this material. Nonetheless, all samples measured to-
date show clear evidence for a splitting of Tc under pres-
sure, which strongly suggests that this feature is intrinsic.
Our magnetostriction data also agree with recent theo-
retical and experimental work that argues for a change
in the nature of the magnetic interactions under pres-
sure. Our results reveal that subtleties in sample growth
play a large role in both superconductivity and magnetic
fluctuations in UTe2. Detecting the lower temperature
transition for pressures below 0.3 GPa will play a major
role in illuminating the nature of the superconducting
state at ambient pressure. The origin of the sample de-
pendence in UTe2 may be related to structural changes,
strain, or stoichiometry variations, and this topic also
needs to be further investigated in the near future.
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A. Additional thermal expansion and heat capacity data

Even though sample 3 only shows a single transition, it is clear that sample 3 is tuned to slightly higher pressures
compared to sample 1A. The heat capacity anomaly is smaller, which implies a different balance between the super-
conducting transitions, and the lower Tc is consistent with the magnitude obtained at pressures nearby the crossing
point found in sample 2B (∼ 0.2 GPa). In addition, the largest thermal expansion jump in sample 3 occurs along a,
whereas in sample 1A the c axis thermal expansion jump is the largest. In sample 4, Tc1 appears to occur at a higher
temperature than Tc2, which suggests that this sample is tuned beyond the crossing point in the pressure-temperature
phase diagram. Although sample 4 shows two transitions in heat capacity, it is not possible to resolve the higher
temperature transition in thermal expansion. It is likely that the thermal expansion anomaly is below the noise level
of the measurement due to the small dimensions of the sample.
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FIG. S1. (A)–(D) Low temperature thermal expansion (top row) and heat capacity (bottom row) of samples from different
growths of UTe2. The purple dashed lines show the transition temperatures determined from heat capacity measurements
extended up to the thermal expansion data. By comparison with all other samples, the lower temperature transition appears
to be Tc2.
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B. Tabulated values

Thermal expansion and heat capacity jumps were calculated by performing a linear fit just above and below the
transition and calculating the difference between the fits at the midpoint of the transition. Error bars in thermal
expansion jumps were estimated by considering two main sources of error coming from uncertainty in the length of
the sample and measurement noise in alpha.

T (K) ∆αa (10−6/K) ∆αb (10−6/K) ∆αc (10−6/K) ∆β (10−6/K) ∆C/T (J/mol K2) dTc
dP

(K/GPa)
Sample 1A

Tc 1.76 −1.56(14) −1.22(03) +2.39(06) −0.39(15) 0.219 −0.10(04)
Sample 2A

Spot 1
Tc1 1.46 −0.24(05) −0.21(06) +0.74(09) +0.29(12) 0.024 +0.65(27)
Tc2 1.67 −1.64(05) −0.18(06) +0.51(09) −1.31(12) 0.099 −0.70(07)

Spot 2
Tc1 +0.25(09) −0.20(12) −0.45(27)
Tc2 +1.19(09) −0.63(12) −0.34(07)

Spot 3
Tc1 +1.03(09) +0.58(12) +1.22(27)
Tc2 +0.25(09) −1.57(12) −0.85(07)

Sample 3
Tc 1.51 −2.40(05) N/M +1.15(08) N/A 0.123 N/A

Sample 4
Tc1 1.64 N/D N/M N/D N/A 0.021 N/A
Tc2 1.46 −2.22(23) N/M +1.68(18) N/A 0.118 N/A

Sample 5
Tc 1.84 −2.92(05) −1.09(07) +2.28(11) −1.73(14) 0.189 −0.49(04)

TABLE S1. List of parameters. N/M – not measured, N/D – not detected, and N/A – not applicable. The quantity in
parenthesis indicates the estimated uncertainty in the last two digits.

The length of the sample along the direction of the thermal expansion measurement is listed below. The main effect
of shorter length is to increase the noise in alpha. ∆L ∝ ∆C and the measurement noise of C is mostly independent
of sample length (L is sample length and C is the measured capacitance value of the dilatometer). As α = 1

L
dL
dT ,

dividing by a larger L reduces the noise of the measurement.

a (µm) b (µm) c (µm)
Sample 1A 310 2106 1313
Sample 2A 2635 680

Spot 1 360
Spot 2 300
Spot 3 300

Sample 3 2405 900
Sample 4 930 330
Sample 5 2667 1707 330

TABLE S2. Measured sample length along the direction of thermal expansion measurement.
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C. Thermal expansion measurement details

The dilatometer makes contact with the sample on a flat platform on one edge and a small, rounded tip on the
opposite edge. Because of this, the thermal expansion measurement may only probe a volume of the sample underneath
the rounded tip, especially when the sample is thin. This is shown in Fig. S2 below for two different sample geometries.
The sample is pressed into the contacting trip, which causes a deflection of the CuBe spring. The outside of the spring
is fixed in place. This induces a small stress in the sample that indicates the region of the sample that is influencing
the position of the contacting tip. The deflection of the contacting tip is what determines the measured length change
of the sample. For a long sample, as shown in the middle image, there is nearly uniform stress in the sample. For a
thin sample, only the area directly under the contacting tip experiences any stress (bright red regions are unstressed).
The result is that measurements along smaller lengths will be more dependent on where the sample is contacted.

Displacement

CuBe
spring

Sample

FIG. S2. Stress induced in sample by copper beryllium spring due to thermal expansion of the sample.


