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Recent experimental and theoretical interest in the superconducting phase of the heavy fermion
material URu2Si2 has led to a number of proposals in which the superconducting order parameter
breaks time-reversal symmetry (TRS). In this study we measured polar Kerr effect (PKE) as a
function of temperature for several high-quality single crystals of URu2Si2. We find an onset of
PKE below the superconducting transition that is consistent with a TRS-breaking order parameter.
This effect appears to be independent of an additional, possibly extrinsic, PKE generated above the
hidden order transition at THO = 17.5 K, and contains structure below Tc suggestive of additional
physics within the superconducting state.

The heavy fermion semimetal URu2Si2 [1–3] is per-
haps the most enigmatic of the f -electron compounds
owing to its interplay of a so-called hidden order state
with antiferromagnetism and superconductivity. While
the hidden order phase (THO = 17.5 K) has long been the
primary focus of experimental and theoretical studies of
URu2Si2 [7], superconductivity which emerges from the
hidden order at lower temperatures (Tc ≈ 1.5 K), was
recognized early on to be intimately linked to the HO
phase [8, 9], and unconventional in nature [4–6]. Both
orders are quenched by under uniaxial strain, giving up
to a large moment antiferromagnetism phase [10, 11].

Renewed experimental and theoretical interest in the
superconducting state has elucidated a number of its
properties in recent years. Angle-resolved specific heat
[12] and thermal conductivity [13–15] measurements sug-
gest that URu2Si2 is a chiral d-wave, even parity, multi-
gap superconductor whose gap function belongs to the
Eg representation of the crystal point group D4h; the
specific form of the gap based on analysis of the nodal
structure is argued to be
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where the tetrahedral lattice constants are a and c and
the coordinate system takes ẑ to be parallel to ĉ. Such
an order parameter exhibits point nodes along ẑ and line
nodes at kz = 0 and kz = ±2π/c. In addition, the pres-
ence of a relative phase between the two order parameter
components leads to an overall pair angular momentum
and, hence, broken time-reversal symmetry (TRS) with
moment along the ĉ. Very recently, more exotic models
for the superconducting state in URu2Si2 [16, 17] have
been proposed which also require TRS to be broken in a
similar manner. However, such a TRS-breaking (TRSB)
moment, while inferable from complementary measure-
ments, has yet to be experimentally confirmed.

A direct consequence of TRSB of the form given in

Eq. 1 is the emergence of a finite polar Kerr effect (PKE)
below Tc for light incident on the ab plane and traveling
along the c direction. The Kerr angle θK is related to the
imaginary component of the 3D Hall conductivity tensor
σxy by
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where ω is the frequency of the incident light and n̄(ω)
is the average complex index of refraction for the ma-
terial [18]. A small but finite PKE is associated with
the onset of superconductivity in the putative px ± ipy
spin-triplet superconductor Sr2RuO4 [19], as well as in
the low-temperature B phase of the multiphase heavy-
fermion superconductor UPt3, where the proposed E2u

order parameter breaks TRS in the B phase but not in
the higher-temperature A phase [20]. Theoretical stud-
ies suggest that on a microscopic level, such an effect
may arise extrinsically from impurity scattering [21, 22]
or intrinsically from interband interactions [23], but in
either case is driven by the underlying symmetry of the
superconducting state.

In this Letter we report the results of polar Kerr effect
measurements performed at low temperatures on multi-
ple high quality single crystals of URu2Si2. We find a
small (∼160 nanorad at 300 mK), sample-independent,
field-trainable Kerr effect that onsets near Tc ∼ 1.5 K.
The general behavior of the measured signal is consistent
with a TRSB order parameter intrinsic to the supercon-
ducting state with some component along ĉ. However, an
additional feature is observed at ∼0.8-1 K that is unique
among systems studied using this technique, suggestive
of physics beyond the simplest Eg picture of supercon-
ductivity in URu2Si2. In contrast to the superconducting
state, a finite signal that appears in the vicinity of the
hidden order transition for samples trained in an external
magnetic field may point to extrinsic effects.
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FIG. 1. Resistivity data for the RRR = 267 URu2Si2 single
crystal studied in this work. Analogous characterization of
the two other samples yielded RRR values of 318 and 453.
(a) The high temperature data shows the broad Kondo peak
associated with formation of heavy charge carriers. The tran-
sitions at (b) Tc(midpoint) = 1.49 K and at (c) THO = 17.5
K are clearly resolved.

Single crystals of URu2Si2 were grown by the Czochral-
ski technique and electro-refined to improve purity. The
crystals were oriented by Laue diffraction in the back-
scattering geometry and were cleaved or cut with a
wire saw. Each resulting ∼1×0.3×0.2 mm3 sample of
URu2Si2 was characterized by electrical resistivity and
can be parametrized by its residual resistivity ratio RRR
= ρ(300K)/ρ(0K), where ρ(0) was obtained from a power
law fit of the form ρ(T ) = ρ0 +ATn at low temperatures.
For the crystal with RRR = 267, this analysis yielded
values of ρ0 = 3.53 µΩ·cm and n = 1.5 (Fig. 1); RRR
values of 318 and 453 were found in a similar manner
for the remaining two samples. The midpoints of the
resistive transitions for the RRR = 267, 318, and 453
samples were found to be 1.49 K, 1.52 K, and 1.54 K,
respectively. The crystals were then manually aligned
and affixed with thermal grease to a copper stage bolted
to the cold finger of a commercial 3He cryostat for Kerr
effect measurements.

The Kerr angle θK was measured to high accuracy
(±20 nanorad) using a zero-area loop Sagnac interfer-
ometer similar to that described in [24], operating at a
wavelength of 1550 nm with spot size D ∼ 10.6 µm. The
incident optical power was kept to Pinc ≈ 20 µW in order
to minimize any effects of sample heating. External mag-
netic fields, when applied, were oriented along the c-axis
during cooldown and switched off at base temperature
(300 mK). All of the data presented in this paper were
taken upon warmup from 300 mK in zero applied field; a
Hall bar mounted in the sample space verified the resid-
ual field under these conditions to be less than ∼3 mG.
A series of measurements was also performed in a dou-
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FIG. 2. Kerr effect data taken on a URu2Si2 single crystal
with RRR = 267 upon warmup in a true zero field (µmetal
shielded) environment. Right axis: resistivity data (open blue
points) from Fig. 1 showing the superconducting transition at
Tc(midpoint) = 1.49 K. Left axis: change in Kerr angle (filled
red circles) relative to the background at 5 K, showing an
onset of Kerr signal at Tc and a sharp anomaly at ∼1 K.
Error bars in the Kerr effect data are statistical.

ble µ-metal shielded environment to achieve true (< 0.3
mG) zero-field conditions.

Our main experimental result is shown in Fig. 2 for
a crystal with RRR = 267. The Kerr effect as a func-
tion of temperature is plotted on the left axis relative
to a small, temperature-independent (below ∼5 K) back-
ground which will be further discussed below. Each point
represents an average of approximately 600 data points,
and the corresponding error bars are statistical. For com-
parison, resistivity data from the same crystal is replotted
from Fig. 1 on the right axis, showing the transition to
the superconducting state with Tc(midpoint) = 1.49 K.

There are two significant features in the PKE data of
Fig. 2. At base temperature, an additional Kerr rotation
of approximately 160 nanorad is clearly resolved relative
to the 5 K background, which decays to the background
value at Tc to within experimental resolution. This over-
all behavior, including the sharp onset at Tc, is consis-
tent with the development of a TRSB order parameter
through a second-order phase transition and is reminis-
cent of the PKE associated with the chiral superconduct-
ing states in Sr2RuO4 and UPt3. The size of the PKE
is similar to that found in UPt3 [20], and is independent
of the RRR of the samples. This sample independence,
together with the high RRR values of the crystals mea-
sured in this study, suggests that the observed PKE most
likely originates from multi-band superconductivity itself
[23] rather than from impurity scattering [21, 22]. In ad-
dition, we note a pronounced anomaly in the PKE data
at T ∼ 1 K. This unusual feature has been observed in
every PKE measurement of every URu2Si2 sample taken
to date and will be returned to in the discussion.
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FIG. 3. Field training of PKE in the superconducting phase of
URu2Si2. Open red circles: zero-field warmup data following
+100 G cooldown in the same crystal. Filled blue circles:
zero-field warmup data following -100 G cooldown, showing
complete reversal of the Kerr signal.

A key signature of a second-order phase transition
is the sensitivity of the order parameter to cooling
through the transition temperature in the presence of a
symmetry-breaking field. In the absence of such a train-
ing field, one generically expects the ordered state to form
domains, with the direction (sign) of the ordered moment
varying between them. Thus, if the beam diameter of the
Sagnac probe is larger than the average domain size, the
net observed signal will vary in sign and in magnitude be-
tween cooldowns. Conversely, the application of a small
external field as Tc is crossed will train the sign of the
moment across the sample, leading to a fully saturated
signal aligned with the direction of the training field.

In the case of a chiral superconductor, an order pa-
rameter of the form (1) is expected to couple to external
magnetic fields applied along the c-axis. Fig. 3 shows
the results of PKE measurements taken in zero field af-
ter cooling the RRR = 267 sample to base temperature
in the presence of a small (±100 G) c-axis oriented field.
The field trained signals are equal and opposite in sign
to within experimental resolution, as one would expect
based on the picture outlined above. In addition, the
magnitude of the field cooled signals matches that of the
largest zero field cooled signals, which has two additional
implications. First, while domain size may vary, there
are domains that are of the size of the beam, or even
larger. Second, when measuring any type-II supercon-
ductor one must be aware of the potential contribution
of trapped vortices to PKE. The fact that both the mag-
nitude and the form of the field cooled Kerr signal match
the zero field (µ-metal shielded) maximum, and that this
observation is independent of the RRR of the sample,
indicates that trapped flux is not the source of the ob-
served PKE, suggesting that this signal is intrinsic to the
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FIG. 4. Kerr effect in the hidden order phase. Main panel:
Kerr effect in the HO régime following high field training for
the RRR = 318 crystal. The remanent Kerr rotation depends
on the magnitude of the training field, up to about 1 T, in
contrast to the field training response expected for TRSB de-
veloping through a second-order phase transition. The col-
lection of θK(T ) curves does not converge until well above
THO. Inset: A small, field-trainable Kerr rotation onsets in
the vicinity of THO = 17.5 K in all samples. This signal sat-
urates by T = 5 K, permitting a mostly independent exam-
ination of PKE in the superconducting state relative to this
background. PFC = positive (+100 G) field-cooled, NFC =
negative (-100 G) field-cooled, ZFC = zero-field-cooled.

superconducting state.

A second series of questions concerns the unique hid-
den order state from which superconductivity emerges in
URu2Si2. Of particular interest to this study is whether a
finite (intrinsic or extrinsic) PKE develops in the hidden
order phase, and if so whether it influences the TRSB
signal in the superconducting phase. A plot of Kerr ro-
tation versus temperature up to 35 K, under the field
training conditions relevant to this study, is shown in the
inset of Fig. 4. It is apparent that URu2Si2 already ex-
hibits PKE well above Tc. This high-temperature Kerr
signal onsets in the vicinity of the hidden order tran-
sition and saturates with a magnitude not larger than
|∆θsatK | ∼ 200 nanorad as T → 0 K for all samples stud-
ied. It is important to note that this ‘normal state’ Kerr
response is insufficient to account for the PKE in the su-
perconducting state via vortex core contributions: given
that Hc2 ∼ 1.5 T and the maximum field used is 100 G,
the largest possible contribution to θK from vortex core
formation is ∆θvorK = ∆θsatK ·

(
100

15000

)
∼ 1.3 nrad. Further-

more, the relationship between this signal and the hidden
order state is unclear, since cooling the sample in increas-
ingly larger magnetic fields not only increases the size of
the residual signal (which is always measured during zero
field warmup), but also clearly indicates that the onset
temperature, Tonset ∼ 25 K, well exceeds THO = 17.5 K.

To determine whether the unusual high temperature
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data of Fig. 4 have any relationship to either the sign or
the magnitude of the PKE data in the superconducting
phase, a series of experiments was performed in which
the sample was cooled from ∼35 K to 300 mK in a small
(Happ = ±100 G) field. At 300 mK the field was switched
off and θK was measured during warmup to ∼5 K� 17.5
K. At ∼5 K the magnetic field was reapplied but with
opposite sign, the sample was re-cooled to base temper-
ature, and θK was again measured in zero field during
warmup.

Fig. 5 shows the result of one such series of measure-
ments from the crystal with RRR = 267. Similar behav-
ior was also observed, albeit with less sensitivity, in the
sample with RRR = 318. All of the data in the figure are
plotted relative to backgrounds taken between 30 and 35
K toward the end of their respective full warmups. It is
apparent from the figure that both the superconducting
and ∼25 K signals are trained in the direction of the ap-
plied field, when the field is applied throughout cooldown
to 300 mK. However, if the training field direction is re-
versed at 5 K – above Tc but below Tonset – the super-
conducting contribution to the signal is reversed in sign
with no change in magnitude, while the high temperature
signal – upon which the superconducting features are su-
perimposed – remains unchanged. In other words, the
high temperature signal is influenced only by the train-
ing field applied through ∼25 K, while the additional
low temperature signal is influenced only by the train-
ing field applied through Tc. This independence suggests
that the two signals are unrelated; otherwise, the high
temperature signal would be strong enough to overcome
a training field of the opposite sign and determine the
TRSB sign of the superconducting phase.

The apparent independence of the high- and low-
temperature PKE signals, along with the atypical field
training response of the high-temperature signal, sug-
gest that the two effects may have different origins.
URu2Si2 is often found to be inhomogeneous, presum-
ably due to strains resulting from local crystalline de-
fects or applied external pressure, resulting in a minority
phase composed of large magnetic moments that coex-
ists within a majority (bulk) nonmagnetic hidden order
phase [25, 26]. It is possible that the PKE observed be-
ginning at ∼25 K is due to these contaminants and is
not intrinsic to the HO phase. We note, however, that
this interpretation only implies that the HO phase does
not exhibit TRSB resulting in a net moment along the
c-axis. TRSB ordering whose moment along the c-axis
averages to zero within the (relatively large) area of the
Sagnac probe beam may still be present, although an
in-plane moment, which should not give rise to PKE in
our experimental geometry, was determined via neutron
scattering measurements to be not more than ∼1×10−3

µB/U [27, 28].
The additional PKE observed below Tc is consistent

0 5 10 15 20 25 30
−0.4

−0.3

−0.2

−0.1

0

0.1

0.2

0.3

0.4

Temperature (K)

∆θ
K (µ

ra
d)

 

 

0.5 1
−0.4

−0.3

−0.2

−0.1

T (K)

∆
θ K (µ

ra
d)

 

 

RRR = 267

FIG. 5. Independent field training of the hidden order and
superconducting PKE signals in URu2Si2 for the sample with
RRR = 267. Red and blue (open and filled symbols) indi-
cate whether a positive or negative training field was applied
during cooldown through each temperature range. Solid line
is a guide to the eye of the form

(
1 − (T/Tonset)

2
)
. Inset:

magnification of the lower left portion of the main panel data,
showing more clearly the reversal of Kerr signal, including the
∼1 K feature, in the superconducting state, with no change
in background.

across samples and is field trainable independently of the
high temperature signal. We therefore believe that the
observed TRSB signal reflects an intrinsic property of su-
perconductivity in URu2Si2. Such an intrinsic signal is
consistent with the kz(kx± iky) order parameter symme-
try proposed in [13] and is supported by recent µSR data
indicating an internal magnetic moment in the supercon-
ducting phase [29]. Assuming a single superconducting
phase in the entire H-T phase diagram, our observations
stand in contrast to the recent report that the supercon-
ducting state possesses an in-plane TRSB moment, with
little to no component along ĉ [30]. The conclusions of
[30] are based on magnetic torque measurements in very
high (up to 18 T) fields, however, and therefore may point
to a different superconducting phase at finite field.

The PKE anomaly at ∼1 K presents a particular chal-
lenge to understanding superconductivity in URu2Si2.
The data in this Letter are not the first indication of un-
usual behavior within the superconducting state. A vor-
tex lattice melting transition produces a peak in dρ/dT
below Tc as well as a peak-dip feature in the temperature-
normalized thermal conductivity κ/T [31, 32] – although
such features require that there be a magnetic field
present to nucleate vortices. At the same time, mea-
surements of Hc1 (O(10) Gauss) for H || ĉ show a kink
feature at ∼1–1.2 K that (1) appears to be intrinsic, and
(2) cannot be fit with a simple two-band model for the
gap [33].
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This collection of anomalous observations leaves open
the possibility of a novel pairing mechanism in supercon-
ducting URu2Si2. In one such picture, a mixed singlet-
triplet d-density wave (st-DDW) with ‘skyrmionic’ spin
texture may lead to chiral d-wave superconductivity [17]
through either of two (` = 2 or ` = 4) angular mo-
mentum channels; if both channels are represented, a
double transition would take place [17]. A second the-
ory involving spin-textured states with ` = 2 admits
both mz = ±1 (‘Weyl fermions’, ∆ ∼ kz(kx ± iky)) and
mz = ±2 (‘double-Weyl fermions’, ∆ ∼ kz(kx ± iky)2)
states [16]. These are topologically distinct, would both
generate PKE, and could also give rise to a double tran-
sition. A third proposal posits that, as in UPt3, the
real and imaginary components of the order parameter
may not have the exact same onset temperature [33], al-
though in this case no PKE should be generated until the
lower of the two superconducting transition temperatures
[20]. Further measurements will be required to determine
which, if any, of these pictures accurately account for the
superconducting behavior in URu2Si2.
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