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Interplay between magnetism and superconductivity in UTe2
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Time-reversal symmetry breaking (TRSB) in UTe2 was inferred from observations of a spontaneous Kerr
response in the superconducting state after cooling in zero magnetic field, while a finite c-axis magnetic field
training was further used to determine the nature of the nonunitary composite order parameter of this material.
Here, we present an extensive study of the magnetic-field-trained Kerr effect, which unveils a unique critical
state of pinned “ferromagnetic vortices.” We show that a remanent Kerr signal appears following the removal
of a training magnetic field, which reflects the response to the TRSB order parameter and the external magnetic
field through the paramagnetic susceptibility. This unambiguously demonstrates the importance of the magnetic
fluctuations and their intimate relation to the composite order parameter. Focusing the beam on the center
of the sample, we are able to accurately determine the maximum field that is screened by the critical state
and the respective critical current. Measurements in the presence of magnetic field show the tendency of the
superconductor to produce shielding currents that oppose the increase in vortex-induced magnetization due to
the diverging paramagnetic susceptibility.

DOI: 10.1103/PhysRevB.105.024521

I. INTRODUCTION

UTe2 is an example of superconductivity in the pres-
ence of magnetic fluctuations that persist to temperatures
approaching zero, suggesting a magnetic quantum critical
phenomenon. The observations of two successive supercon-
ducting transitions in specific heat and the spontaneous polar
Kerr effect (PKE) [1] along the crystallographic c axis led
to the conclusion that superconductivity in UTe2 is char-
acterized by a two-component order parameter that breaks
time-reversal symmetry [1–3]. These conclusions follow from
measurements on samples that show two transitions at ambi-
ent pressure. While recent reports found that some samples
show only one transition at ambient pressure, leading to the
suggestion that two transitions might have an extrinsic origin
[4,5], the observation of a Kerr effect that has its onset near
Tc suggests that this is not the case, and the associated time-
reversal symmetry breaking (TRSB) is intimately related to
the superconducting state of these samples. Within the several
possibilities considered for the symmetry representation, the
one that seemed to agree with the data was (ψ1 ∈ B3u, ψ2 ∈
B2u) [1,3], implying a nonunitary order parameter, which we
previously argued can be stabilized by magnetic fluctuations
[1].

However, the nature of these magnetic fluctuations is still
not fully understood. Initial considerations based on extrap-
olation from other similar uranium-based superconductors
including URhGe, UCoGe, and UGe2 strongly support a spin-
triplet state mediated by ferromagnetic fluctuations [1–3].
This is also supported by nuclear magnetic resonance (NMR)
studies, which reveal the emergence of magnetic fluctua-
tions along the a axis below ∼20 K [6], and strong support
for spin-triplet pairing through analysis of the anisotropy
of the spin susceptibility [7]. Muon-spin relaxation experi-
ments indicate coexistence of ferromagnetic fluctuations and
superconductivity, where the temperature dependence of the
dynamic relaxation rate down to 0.4 K agrees with the
self-consistent renormalization theory of spin fluctuations
for a three-dimensional weak itinerant ferromagnetic metal
[8]. Magnetization measurements can be collapsed onto a
single curve using a theory of metallic ferromagnetic quan-
tum criticality [9], strongly suggesting a zero-temperature
ferromagnetic transition. However, recent neutron scattering
results show that magnetic fluctuations in UTe2 are dominated
by incommensurate spin fluctuations near an antiferromag-
netic ordering wave vector and extend to at least 2.6 meV,
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suggesting that these fluctuations play an important role
in the development of the superconducting state [10,11].
Furthermore, recent transport and thermodynamics studies
under hydrostatic pressure suggest that the superconducting
transition temperature is maximized near a putative anti-
ferromagnetic quantum critical point occurring at a modest
pressure of ∼1.3 GPa [12]. While two superconducting states
have been confirmed in these experiments, the nature of the
magnetic interaction associated with each of the states could
be different [5,12]. Focusing on the superconducting state at
ambient pressure, one way to resolve the magnetic nature of
the superconducting state of UTe2 is to test what magnetic
state the superconducting order parameter nucleates upon in-
teraction with the magnetic fluctuations in both the Meissner
and vortex states.

While the TRSB property could be determined unambigu-
ously from the observation of the spontaneous Kerr response
in the superconducting state after cooling in zero magnetic
field, understanding the field-cool data requires more at-
tention. First, the strong ferromagnetic fluctuations at low
temperatures may counter the onset of Meissner currents.
In addition, indications are that UTe2 exhibits very strong
pinning effects [13]. For example, removing the magnetic
field at low temperatures after a field cool may result in a
finite remanent magnetization due to trapped flux [14], which
interacts with the fluctuating magnetic moments as well as
with the TRSB superconductor [1]. Such a behavior would
be enhanced when the material is cooled above the lower
critical field, Hc1, and a critical-state concept is expected to
be applicable [15,16]. In this case the Kerr effect will be an
ideal probe of the local magnetization, particularly aiming at
the center of the sample’s surface perpendicular to the applied
magnetic field.

In this paper we report on high-resolution polar Kerr
effect measurements of single-crystal UTe2 samples under
various conditions involving combinations of field cool (FC),
zero-field cool (ZFC), field warmup (FW), and zero-field
warmup (ZFW). The assemblage of our results suggest strong
correlations between the time-reversal symmetry breaking
order parameter, the ferromagnetic susceptibility, and the
external magnetic field—when applied. First, as previously
reported [1], the observation of a finite Kerr response under
ZFW conditions that followed ZFC unambiguously prove
the time-reversal symmetry breaking of the superconduct-
ing order parameter. The varying magnitude of the effect
(with a maximum amplitude of ∼0.4 μrad) and its random
sign observed under those conditions is expected from a
spontaneous symmetry breaking effect that exhibits twofold
domains. Furthermore, ZFW measurements that followed a
finite FC schedule show a low-temperature, field-independent
Kerr response of ∼0.4 μrad when the cooling field is �30 Oe
and an increasing low-temperature Kerr response for larger
cooling magnetic fields. This remanent Kerr response, which
originates from a combination of remanent magnetization as-
sociated with trapped vortices and the superconducting order
parameter, extrapolates to saturate at H∗ ∼ 920 Oe. The above
behavior, as well as the temperature dependence of the re-
manent Kerr effect, particularly the way it vanishes near Tc,
suggests an unusual interplay between magnetism and the
TRSB order parameter in a nonunitary superconductor.

FIG. 1. (a) Crystal used for Kerr measurements. (b) End part of
the apparatus (for full description, see SM [17]). (c) Five different
zero-field-cool Kerr data for a superconducting UTe2 with Tc ≈ 1.55
K. The solid line is the specific heat, C/T , in the temperature range
of the transition (1.3–1.65 K) of a same-batch sample, showing the
double transition [1].

Our observation that the TRSB in UTe2 can be trained by a
magnetic field along the crystallographic c axis (coinciding
with the z direction in our notation) requires the presence
of a term ∼Hzi(ψ1ψ

∗
2 − ψ∗

1 ψ2) ≡ Hψ̃ . Hence ψ̃ is a TRSB
composite order parameter. A resulting c-axis magnetization
will yield the following contribution to the free energy:

fm = αm2 + γ mψ̃ − mH. (1)

Since the Curie temperature is suppressed to T = 0, and to
match with the normal state, 2α = χn(T )−1 is the inverse
normal-state magnetic susceptibility. At zero magnetic field
the magnetization associated with the order parameter can
be shown to stabilize the nonunitary state [1]. However, in
the presence of magnetic field, and particularly in the vortex
state, the resulting magnetization should reflect a competition
between the normal-state component and the superconducting
tendency to screen the nucleation of a finite magnetization.
Here, we present a simple analysis of the electromagnetic
response of a strongly paramagnetic superconductor, which
seems to account for the experimental results that demonstrate
the effect of screening in strongly reducing the magnetization
as the temperature tends to zero.

II. EXPERIMENT

To study the interplay between time-reversal symmetry
breaking (TRSB) in the superconducting state of UTe2 and the
vortex state, we performed high-resolution polar Kerr effects
(PKEs) using a zero-area Sagnac interferometer (ZASI) that
probes the sample at a wavelength of 1550 nm, in a He-3
cryostat with base temperature � 0.3 mK. The UTe2 single
crystal used in this study and a basic schematic of the low-
temperature setup are shown in Fig. 1, while the full apparatus
is described in the Supplemental Material (SM) [17].

In general, the Kerr effect is defined through an asym-
metry of reflection amplitudes of right- and left-circularly
polarized light from a given material, yielding a Kerr rota-
tion angle θK , and is observed only if reciprocity is broken.
Thus, in the absence of any time dependence or irreversible
effects, a finite Kerr effect unambiguously points to TRSB

024521-2



INTERPLAY BETWEEN MAGNETISM AND … PHYSICAL REVIEW B 105, 024521 (2022)

in that material system. From its nature, the Kerr effect is
described within the general theory of scattering, and thus
it is ideal to probe TRSB in superconductors since it is not
subjected to shielding (Meissner) effects that counter the mag-
netization. However, restrictions on the possible observation
of a finite Kerr effect suggest that for pure crystals, mea-
surements at frequencies where interband pairing effects are
important yield a maximum signal, although still very small
[18–21].

In the Kerr measurements reported here we use a colli-
mated beam of diameter ∼10.6 μm, which emerges from a
lens and quarter-wave plate assembly that were designed to
minimize sensitivity to changes in both angle and distance
relative to the sample so as to prevent temperature-dependent
changes in optical alignment [22]. For all the measurements
the beam is aimed at the center of the sample of average di-
ameter 1.2 mm. However, probing the system at near-infrared
frequencies ω, which is much larger than the superconduct-
ing gap energy �, will reduce a typical ferromagneticlike
response of order ∼1 rad by a factor of (�/h̄ω)2 ∼ 10−7,
yielding a theoretically predicted signal of about 0.1–1 μrad.
Thus a sensitive device is needed to detect such small sig-
nals, and the ZASI with its high degree of common-mode
rejection for any reciprocal effects (e.g., linear birefringence,
optical activity, etc.) is probably the most suitable one for this
study.

In a typical FC Kerr experiment of a weak-pinning super-
conductor, the sample is first cooled in a field (FC) lower
than Hc1(0). The Kerr effect is then measured at zero field
while warming up (ZFW). In this case the ZFW measure-
ment yields results similar to the largest Kerr value obtained
in a zero-field cool (ZFC) followed by ZFW experiment,
indicating a single-domain Kerr response. If the sample is
cooled in a field larger than Hc1(0), some flux will be
trapped after removing the magnetic field at low tempera-
tures, which, depending on the magnetic susceptibility of the
material, may result in a finite Kerr effect. Determining the
magnetic contribution above Tc, we expect that upon cool-
ing in a field Hc1 � H � Hc2, a normal-state contribution
will be smaller by at least a factor H/Hc2. Thus, with-
out explicit magnetism (that is, magnetic response beyond
Pauli paramagnetism or Landau diamagnetism), such effects
are undetectable. Indeed, in previous Kerr measurements of
Sr2RuO4 [23], where a Kerr effect of ∼0.1 μrad was detected,
or the heavy-fermion uranium-based superconductors UPt3

[24] and URu2Si2 [25], and the filled skutterudite PrOs4Sb12

[26] (giving a larger signal of ∼0.4–0.7 μrad, which is ex-
pected due to their strong spin-orbit interaction), the same
magnitude of Kerr effect was observed irrespective of the
magnitude off the orienting FC. Testing the apparatus with re-
ciprocal reflecting media such as simple BCS superconductors
(or just mirrors), as well as the spin-singlet d-wave heavy-
fermion compound CeCoIn5, yielded a null result as expected
[27].

Note that unless otherwise indicated, all temperature
dependence data were averaged over temperature bins of
100 mK. Error bars in all the plotted data correspond to one
standard deviation of the respective statistical average. Low-
field studies use oersteds as the magnetic field units where
1 Oe = 1000/4π A/m.

FIG. 2. Very low field cool: Measurements at zero-field warmup.
Note that the saturated Kerr angle is the same for this field range.
Here, the dash-dotted line (red) is a fit to [1 − (T/Tc )2] with Tc =
1.7 K, while the dashed line (black) is a fit to [1 − (T/Tc )]1/2

with Tc = 1.55 K, which should dominate near the actual TRSB
temperature.

III. RESULTS

Zero-field data. Polar Kerr effect measurements were per-
formed at low temperatures on a single crystal of UTe2, after
first cooling it to a base temperature of 0.3 K in an ambient
field of ∼0.2 Oe (which we will denote as zero field) and
measuring while warming the sample to above the super-
conducting transition of Tc ≈ 1.55 K. The cumulative results
of five cooldowns are shown in Fig. 1(c) and are consistent
with measurements on a second crystal. We note that different
cooldowns result in a random size and random sign of the
signal, bound by a maximum signal of |θK | ≈ 0.4 μrad at
0.3 K. While these zero-field-cool data may point to domain
formation, it is typically assumed that with a two-state order
parameter, as we anticipate in UTe2, domains may be costly;
thus often measurements will result in the full signal.

Low-field data. Assuming that the zero-field data arise from
the TRSB order parameter, we use field-cool data, with the
field oriented along the c direction of the crystal, to test for
the ability to couple to that order parameter and at the same
time orient the sample to a single domain. This is a crucial
part of the correct determination of the possible components
of the proposed nonunitary order parameter [1].

First we note that for FC measurements of H � 15 Oe
we see no difference from ZFC experiments; that is, values
can fluctuate in each cooldown similar to Fig. 1. Figure 2
shows a set of six different experiments where the sample
was cooled in magnetic fields of ±20, ±25, and ±30 Oe, and
the Kerr angle was measured in a ZFW configuration. The
low-temperature Kerr angle of this collection of data seems
to saturate at the same value, which also coincides with the
maximum value obtained in the ZFC experiments. We there-
fore conclude that this value of θK ≈ 0.4 μrad is the intrinsic
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FIG. 3. Low-field cool. Note increase in Kerr signal as H �
50 Oe.

contribution due to the TRSB order parameter. Attempting
to fit the temperature behavior to the standard form of an
order parameter ∝ [1 − (T/Tc)2] yields a reasonable fit, but
with a slightly higher Tc than where the Kerr effect seems to
vanish. A better fit ∝ [1 − (T/Tc)]1/2 with the actual Tc seems
to hold near where the Kerr effect vanishes, which should
dominate near the actual TRSB temperature, thus indicating
the existence of a composite order parameter. However, below
∼Tc/2, θK (T ) develops an anomalous behavior, exhibiting a
flatter temperature dependence. Such a behavior may be a
precursor to a more pronounced flat temperature behavior that
we observe upon cooling in higher magnetic fields, and is
typical for the remanent magnetization behavior of a “hard
superconductor,” which exhibits large vortex critical current
[14,28]. Its occurrence in UTe2 is a central theme of this paper.

Increasing the training magnetic field above ∼30 Oe, Fig. 3
shows that the low-temperature Kerr angle saturation value
now increases with field, and continues to show a rather flat
behavior in approaching Tc, thus further supporting our hy-
pothesis that the Kerr response through σxy(ω) originates from
the intrinsic magnetism. However, the increase in remanent
Kerr value indicates that the vortex state induced by the exter-
nal cooling field now dominates, which is observed through
the interaction with the induced magnetism.

Wider field range. When further increasing the magnetic
field, a closer resemblance to the behavior of the magnetiza-
tion of a strong-pinning superconductor in the critical state is
revealed. For example, inspection of remanent magnetization
in field-cool measurements on URu2Si2 and UPt3 [29] shows
an evolution very similar to that of our Kerr measurements
in Fig. 3 and the subsequent increased field regime shown
in Fig. 4. At the same time, we notice that in our previous
measurements of the Kerr effect in these materials the TRSB
Kerr signal was independent of the training field [24,25], thus
corroborating the claim that the Kerr effect in these materials
directly detects the TRSB order parameter.

Measurements in finite magnetic field. The conclusion in
Ref. [1] that the order parameter is nonunitary with (ψ1 ∈
B3u, ψ2 ∈ B2u), which is stabilized by magnetic fluctuations,

FIG. 4. Temperature dependence remanent Kerr effect after field
cool. The dashed line denotes the “envelope” behavior as the cooling
field is increased. It extrapolates to �θK ≈ 8.0 μrad, which would
correspond to an approximate cooling field of ∼920 Oe using ex-
trapolation of the fit shown in Fig. 6.

suggests the possibility that in the presence of magnetic field
the composite order parameter may appear at a higher tem-
perature, either at the higher Tc or as a fluctuation-induced
effect [30]. Assuming a standard correspondence between the
Kerr and magnetization measurements (see, e.g., Ref. [31]),
Fig. 5 shows a comparison of the Kerr effect measurement
below 16 K and superconducting quantum interference device
(SQUID) magnetometry of a similar sample from the same
batch. Measurements were done at 240 Oe along the c axis and
are plotted relative to the Kerr effect at 16 K (below ∼1000
Oe the magnetic susceptibility is roughly field independent,
possibly exhibiting a weak minimum at ∼240 Oe; see SM
[17]). Also marked in Fig. 5 is the Tc as determined from
Fig. 3. While there is a good correspondence between the
Kerr response and the magnetization, an anomaly in the Kerr
effect is detected in the range of 2 K to ∼6 K, which could
be traced to the interplay between the magnetization along
different axes in that regime (see SM [17]). Note further that
in the same temperature regime (from Tc to ∼5 K), muon-spin
relaxation studies [8] observed a continuous slowing down
of magnetic fluctuations, which they assigned to weak fer-
romagnetic fluctuations typically observed when a magnetic
instability is approached.

IV. ANALYSIS AND DISCUSSION

Magneto-optical effects are described within quantum the-
ory as the interaction of photons with electron spins through
spin-orbit interaction (see, e.g., Ref. [32]). In a ferromagnetic
material the Kerr angle is found to scale with the magnetiza-
tion [33], while inherently antiferromagnetic systems may still
exhibit a finite Kerr effect depending on their local symmetry
(see, e.g., Ref. [34]).

Focusing on the measurements on UTe2, we first note
that for all FC measurements of H � 15 Oe, including ZFC,
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FIG. 5. Susceptibility and Kerr effect measurements of UTe2 in
magnetic fields below H∗. For the Kerr effect the sample was cooled
in a magnetic field of 240 Oe and then measured when warmed up
in 240 Oe (Kerr data points represent a bin average of 0.3 K and are
plotted relative to the Kerr angle at 16 K). Susceptibility data were
measured in a SQUID magnetometer down to 1.8 K and were fitted to
the Kerr data in the temperature range of 7–8 K assuming θK ∝ χ =
M/H . The vertical red line is the zero-field warmup Tc. The inset
shows an expanded vertical scale and 100-mK bin average, where the
Kerr angle was offset to the plateau around 4 K. The dotted line is
the extrapolation of the SQUID-measured susceptibility shown in the
main panel fitted below 4 K to the lowest susceptibility temperature
measurement of 1.8 K (represented with a faint vertical line). The
vertical red line is the zero-field warmup Tc = 1.55 K, which meets
the local averaged Kerr data at the × symbol.

the sample exhibits a random-in-sign-and-in-magnitude Kerr
signal, which is bound by |θK (0)| ≈ 0.4 μrad. This clearly
establishes an intrinsic TRSB associated with the super-
conducting order parameter rather than a mere magnetic
response. However, as will be discussed below, UTe2 is
a strong-pinning superconductor, clearly exhibiting critical-
state features, which will require further considerations in
analyzing the low-field data.

Low-field data. The fact that no field dependence is ob-
served for ZFW measurements that follow either ZFC or FC
of H � 30 Oe suggests that this very low field effect is a
result of either the TRSB order parameter or a constant rema-
nent magnetization, which is induced by an internal ordering
field rather than the external cooling field. This may occur
if the cooling field H aligns the order parameter ψ̃ , which
in turn induces a finite magnetization through the bilinear
coupling term as in Eq. (1). Indeed, Paulsen et al. [13] reported
that expulsion of flux in FC experiments was negligible in
fields greater than just a few gauss. Such bulk magnetization
measurements may reflect a critical state that persists even
below Hc1 [28,35]. By contrast, in our Kerr measurements the
∼10.6-μm-diameter beam points at the center of a sample
of average diameter 1.2 mm [see Fig. 1(b)]. Thus, in such
measurements along the applied magnetic fields, we expect
the center of the sample to practically be vortex free (in the
pure sense of the critical-state model it is completely vortex
free).

FIG. 6. Saturated Kerr angle vs field in UTe2.

Flux pinning, the critical state, and high-field data. UTe2

is a strongly paramagnetic material, with large magnetic sus-
ceptibility above the superconducting Tc. Further observations
of strong magnetic hysteresis, a weak Meissner effect, and a
large critical current [13] imply the presence of a critical state
[14], where cooling in a magnetic field may result in large
remanent magnetization. While this may impact field-cool
Kerr measurements, the configuration of the experiment may
also provide new insight into the critical-state phenomenon in
this material. Moreover, it was shown by Clem and Hao [28]
that with strong pinning, even below Hc1(0), cooling in a field
results in remanent magnetization that is only weakly tem-
perature dependent when warming up, and disappears only
above the irreversibility temperature Tirr < Tc [29]. Increasing
further the magnetic field will result in an increase in the rema-
nent magnetization, until a field H∗(T ) is reached, where for
a given temperature T , full flux penetration into the center of
the sample occurs. Assuming that in this field regime the Kerr
angle is proportional to the remanent magnetization in the
material, we first extrapolate the envelope of the temperature
dependence of the θK (T ) to T = 0, obtaining an extrapolated
value of 8.0 ± 0.3 μrad. Next we plot the saturated Kerr angle
from Fig. 4 as a function of cooling field as shown in Fig. 6.
Combining these two measurements, we find that the Kerr
angle at T = 0 will be maximum in a field cool of Hmax ≈ 920
Oe. Since we assume that the vortex state, which induces the
finite magnetization, is in the critical state, the vortex distri-
bution in space is determined by the critical current, which
is assumed constant [15]. In this model the vortex-density
profile [i.e., the profile of the magnetic induction B(r)] is a
straight line, matching the external field at the sample surface.
If the external field is taken to zero before warming up, this
profile determines the variation of the remanent magnetization
in space. Obviously, with the above approximation the maxi-
mum remanent magnetization is obtained for a magnetic field
H∗ for which a first vortex is introduced to the center of the
sample. Similarly, we will need to take the external magnetic
field to −H∗ to subsequently have the center of the sample
completely screened. For a sample of averaged diameter D,
the above arguments imply

H∗ = 2πJcD

c
or Jc = c

2πD
H∗. (2)
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Taking for our data H∗ ≈ Hmax = 920 Oe, we obtain Jc ≈
1.05 × 104 A/cm2, which is very close to the critical currents
recently measured for UTe2 of Ja

c ≈ 0.8 × 104 A/cm2 and
Jb

c ≈ 1.6 × 104 A/cm2 [13]. This agreement between the Kerr
data and the direct measurements of the critical current further
support our interpretation of the origin of the Kerr signal
above Hc1.

Further support of the critical-state scenario is discussed
in the SM [17], where we analyze a hysteresis loop at a field
much smaller than H∗, demonstrating how the evolution of
the superconducting order counteracts the increase in magne-
tization below Tc. While cooling in a field nucleates remanent
magnetization, cooling at zero field and increasing the field to
Hc1 � H < H∗ results in a weak Kerr effect at the center of
the sample, which is further reduced almost completely as the
field is reduced to zero.

It is important to note the difference between UTe2 and
other uranium-based superconductors that exhibit a critical
state. Focusing on UPt3 and URu2Si2, Koziołet al. [29] show
remanent magnetization curves for these two materials for
field below their respective H∗. At the same time, our own
Kerr measurements on these materials [24,25] show that the
Kerr effect in FC measurements is independent of cooling
field and it coincides with the envelope of the zero-field-cool
experiments. The reason is, as explained above, that with no
explicit magnetism, the trapped vortices only carry a Kerr
effect due to Pauli paramagnetism or Landau diamagnetism,
which is reduced by those vortices’ relative density of H/Hc2.
Such an effect is undetectable with our resolution of nanora-
dians. At the same time, the Kerr measurements on UTe2 do
resemble the bulk magnetization measurements of UPt3 and
URu2Si2 [29] (see SM [17]). This clearly indicates that the
cores of the vortices in UTe2 are magnetized, with the mag-
netization aligned with the direction of the cooling field. This
retention of the full magnetization upon the removal of the
magnetic field (see SM [17]) further suggests a proximity to a
ferromagnetic transition as also concluded by the muon-spin
relaxation on similar samples [8].

TRSB order parameter in magnetic field. From inspection
of Fig. 5, the normal-state (FW) Kerr data show a standard
increase consistent with a paramagnetic susceptibility of the
material, before experiencing a sharp increase below ∼6 K
which seems to return to the original susceptibility curve
below ∼2 K. Indeed, a change in course of the magnetic sus-
ceptibility was previously noted in this temperature range by
several groups [36,37], typically attributed to the c direction
being perpendicular to the easy axis a (see also SM [17]). To
better understand the observed behavior, we show in the inset
of Fig. 5 the expanded data below 4 K (data points represent
a bin average of 100 mK), which include the superconducting
transition region. Since susceptibility data are only available
down to 1.8 K, our analysis needs to rely on the extrapolation
of these normal-state data to lower temperatures; however,
inspection of the trend of the data already suggests that the
extrapolated susceptibility will go above the average of the
Kerr angle at Tc, marked with the cross (×) symbol at the
Tc of the ZFW measurements (e.g., Fig. 4). To illustrate this
claim, we fit the susceptibility data below 4 K (a fourth-order
polynomial gives the best fit) and extrapolate it lower than
the measured 1.8 K. The extrapolated susceptibility, which

represents the normal-state magnetic response, clearly over-
shoots above the actual Kerr data. This behavior may indicate
the emergence of superconducting fluctuations, which are
expected to compete with the magnetic fluctuations already
above Tc.

Since our experiment does not detect the Meissner cur-
rents that shield the whole crystal, the data must indicate the
competition between the paramagnetic susceptibility and the
superconducting order parameter that develops in the interior
of the sample. This in turn suggests that the proximity to
the superconducting state is felt already ∼0.3 K above the
Kerr-detected Tc. However, as Tc is approached, the magnetic
response weakens, and the Kerr angle at the center of the
sample decreases towards its value at Tc. Such an effect cannot
be described by Eq. (1), which considers a uniform magnetic
field and ignores screening effects. Instead, to understand this
effect, we need to include the full electrodynamics of the su-
perconductor and its interaction with the magnetization. Since
the Kerr effect is expected to follow the magnetization, includ-
ing the TRSB effect of the superconducting order parameter,
we revise Eq. (1), writing

fm = αm2 + c|∇m|2 + γ mψ̃ − mh, (3)

where we added a term that allows for nonuniform magneti-
zation, which is expected in the vortex state, and the external
magnetic field is replaced with the local magnetic field 	h(	r),
which we will take as pointing in the c direction (thus we omit
the vector sign). This local field arises from the solution of
the Ginzburg-Landau equations, and thus its profile through
the vortices already includes the field penetrating through the
core and the shielding currents that extend a penetration-depth
distance λ beyond the vortex core. Moreover, we recall that
〈	h(	r)〉 = 	B, the magnetic induction of the superconductor.
A more detailed approach, aimed at analyzing the magnetic
structure in a ferromagnetic superconductor, was recently pre-
sented by Devizorova et al. [38]. However, here we were
only interested in the magnitude of the average magneti-
zation. Thus, to obtain the equilibrium contribution of the
paramagnetism to the magnetization in the superconductor,
we minimize the magnetic free energy with respect to m,
obtaining

1

χn
[1 − a2∇2]m = h − γ ψ̃, (4)

where, as in Eq. (1), we identify 2α = χn(T )−1 as the inverse
of the normal-state magnetic susceptibility and a2 = c/α is
the magnetic stiffness parameter, which represents a micro-
scopic length of order lattice constant. Now, (h − γ ψ̃ ) acts as
an effective local magnetic field that follows the vortex lattice
periodicity. As we solve for the magnetization and substitute
back in Eq. (3), we clearly observe that the large magnetic sus-
ceptibility caused by magnetic fluctuations further enhances
the effective field ∼χh that couples to the composite order
parameter. Taking the Fourier transform of Eq. (4), we arrive
at the q component of the transform for the magnetization:

mq = χn
hq − γ ψ̃q

1 + a2q2
. (5)
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However, since hq arises from the London equation, it should
decay with the penetration length λ away from the vortex
center; thus hq = h(0)/(1 + λ2q2). We thus expect

mq = χn

1 + a2q2

h(0) − γ 〈ψ̃〉
1 + λ2q2

. (6)

The total magnetization density is then

〈m〉 =
∑

q

χn

1 + a2q2

B − γ 〈ψ̃〉
1 + λ2q2

. (7)

Near Tc the sum is dominated by q → 0, yielding the same
result we would expect from Eq. (1), that is,

〈m〉T ≈Tc = χn(B − γ 〈ψ̃〉). (8)

However, as the temperature tends towards zero, we cannot
ignore the shorter wavelengths, which will be dominated by
the vortex lattice wave vector, q ≈ √

�0/B. Since in that
regime a2B/�0 � 1, while λ2B/�0 ≈ B/Hc1 � 1, we can
change the sum to an integral, and [up to order of ln(λ/ξ ),
where ξ is the superconducting coherence length], we obtain

〈m〉T �Tc ≈ χn
Hc1

B
(B − γ 〈ψ̃〉), (9)

which demonstrates the effect of screening. Here, χn(T ) →
∞ as T → 0, before saturating to its full value at T = 0.
Thus without the large reduction of Hc1/B, the magnetiza-
tion would monotonically increase towards zero temperature.
Our experimental data for the Kerr effect at 240 Oe, which
is much larger than Hc1, indeed agree with the trend calcu-
lated above. This unique behavior is clearly demonstrated in
Fig. 5.

V. CONCLUSIONS

UTe2 exhibits strong paramagnetic fluctuations, with
no apparent finite-temperature magnetic order. Using the
magneto-optic polar Kerr effect to study the magnetic be-
havior of UTe2 crystals, while focusing our detection beams

on the center of the sample, away from any surface Meiss-
ner currents, we are able to study the pure superconducting
wave-function response at very low field and the evolution of
the vortex critical state at higher field. This approach allows
for a clear demonstration of the properties of a critical state
that appears in this material in the presence of an applied
magnetic field, including the determination of the critical
current density for vortex motion when the field is applied
in the c direction. When vortices are present, a finite magne-
tization is detected, confirming the proximity to a magnetic
critical point, possibly a quantum critical one. Subtracting
out the magnetic effect, the order parameter shows an orbital
TRSB effect of size similar to the B phase of UPt3 [24] and
the low-temperature behavior of the superconducting state of
URu2Si2 [25]. Finally, measurements in the presence of mag-
netic field clearly show the tendency of the superconductor to
produce shielding currents that oppose the increase in vortex-
induced magnetization due to the diverging paramagnetic
susceptibility.
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