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URu,Si, is claimed to be a chiral d-wave superconductor with a k,(k, & ik,) time-reversal symmetry broken
orbital component for the Cooper pair wave function, which contains both nodal points and lines of nodes. To
study the magnetic response of such an unconventional state through a bulk, thermodynamic probe, we measured
the magnetic torque t in very high-quality, well-characterized URu,Si, single crystals at high magnetic fields
H and at very low temperatures 7. The magnetization M(H) o t(H)/H of URu,Si,, in its superconducting
state and for angles within 15° from the ab plane, reveals a change in its sign for H approaching H,,: from a
clear diamagnetic response dominated by the pinning of vortices to a state with a smaller but “paramagneticlike”
hysteretic response which disappears at H.,, thus implying that it is intrinsically related to the superconducting
state. We argue that this anomalous, angular-dependent behavior is evidence for a time-reversal symmetry broken
superconducting state in URu,Si,, although not necessarily for the k,(k, &= ik,) state.

DOI: 10.1103/PhysRevB.88.134517

I. INTRODUCTION

The nature of the hidden-order (HO) state in URu,Si, and
its interplay with superconducting and antiferromagnetic states
continues to be the subject of intense scrutiny. The observation
of Fano-like resonances in the quasiparticle interference pat-
terns as measured through scanning tunneling spectroscopy ' or
through point contact spectroscopy,” confirms the development
of a Kondo lattice (a lattice of composite quasiparticles
resulting from the hybridization between localized f moments
and itinerant d carriers) in the metallic state preceding the HO
phase at Tyyo ~ 17.5 K.

Most theoretical proposals for the HO state fall into two
categories: The first analyzes k-space susceptibilities at the
Fermi surface ascribing the HO to density-wave-like phases®~’
while the second one considers the local ordering in real space
of states at the U sites, with the corresponding alteration (via
changes in the hybridization between itinerant and localized
states) to the band structure.®~!3 To date, proposals in neither
category have been unambiguously proven to accurately
describe the transition towards the HO state. Although a
recent theoretical proposal'* claims that all of the above
properties can be reconciled with a rank-5 multipole, i.e., a
dotriacontapole order parameter having £~ nematic symmetry
and exhibiting staggered pseudospin moments along the [110]
direction. A very recent analysis of the magnetic-field-induced
magnetization distribution around the U ions by polarized
neutron elastic-scattering measurements, claims to support this
scenario.!”

Since in URu,Si, an unconventional metallic state, e.g.,
characterized by strong spin fluctuations,'® and an exotic
ordered state close to magnetism precedes superconductivity,
it is natural to expect an unconventional superconducting
state for this material. In effect, the temperature dependence
of both the specific heat, i.e., C(T) « T2," and of the
nuclear magnetic resonance relaxation rate, T1_] T3 in
Ref. 18 at low temperatures, are indications for a line node
in the superconducting gap or for a density of states (DOS)
N(E) « |E| at low energies. Transport experiments indicate
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that the electronic structure of the HO state'*° is composed

of both electron and hole states thus indicating that URu,Si,
is a multiband superconductor. Thermal conductivity «'*?!
reveals: (i) an electronic contribution in the limit of very
low temperatures which can be attributed to the presence
of nodes in the superconducting gap function, (ii) at low
magnetic fields « is proportional to +/H indicating the
presence of node lines, (iii) at higher fields « becomes
strongly and anomalously field dependent displaying a sharp
steplike reduction at the upper critical field(s) H,,, interpreted
as an indication for a first-order phase transition at H.,
(for T < 500 mK), and (iv) the angular dependence of the
electronic contribution to ¥ was claimed to be consistent with
the existence of two distinct superconducting gaps, in which
horizontal line nodes would lie within the basal ab plane of
a light holelike band having a small superconducting gap and
point nodes along the ¢ axis in a heavy, electronlike band
having a large gap. These observations, which agree with the
conclusions from an angle-dependent heat-capacity study,??
were claimed to be consistent with a chiral, time-reversal
symmetry-breaking two-component order parameter having
d-wave symmetry with the form Ay o k,(k, % ik,).*! The
orientation dependence of H,, indicates a very anisotropic
effective Landé g-factor (as estimated from the Pauli limiting
field) implying an extremely anisotropic spin susceptibility.?’
This suggests that the quasiparticles subject to pairing in
URu,Si; might be “composite heavy fermions” formed from
bound states between the conduction electrons and local f
moments which have a protected Ising-like behavior.?*

The expression k. (k; & ik,) for the pair wave function cor-
responds to an even orbital function that breaks time-reversal
symmetry (TRS) because the superconducting condensate
acquires an overall orbital magnetic moment. Notice that a
different TRS-breaking, chiral d-wave paired state has recently
been proposed in Ref. 25. While a perfect sample might not
exhibit a net moment, in principle, surfaces and defects at
which the Meissner screening of the TRS-breaking moment
is not perfect can lead to a small magnetic signal.”® Since the
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existence of TRS breaking has considerable implications for
the superconducting state of URu,Si, (and possibly also for
the HO state), observing this effect, particularly in the bulk,
without relying on imperfections or defects is of the utmost
importance. The experimental challenge is to couple to the
TRS-breaking part of the order parameter to demonstrate this
effect unambiguously. Here, we present torque magnetometry
measurements at very low temperatures and in a high quality
single crystal of URu,Si, at high magnetic fields with the goal
of detecting evidence for TRS breaking in its superconducting
state.

II. EXPERIMENTAL RESULTS

Single crystalline URu,Si, was grown by the Czochralski
method, electro-refined, and oriented by using a back-Laue
CCD camera. Most results shown here were obtained from the
same crystal previously used to study the evolution of the Fermi
surface at very high fields?® as well as the angular dependence
of the upper-critical field at very low temperatures.>® Torque
measurements were performed by using a capacitive cantilever
beam configuration. The angle relative to the field was
measured with Hall probes.

Figure 1(a) displays the magnetic torque T = uoM x H
(ﬁ is the magnetization of the sample) for a URu,Si, single
crystal as a function of the field H, normalized by H at a
temperature 7 >~ 20mK and at an angle § = 15.8° between the
external field and the interplane ¢ axis. Blue and magenta lines
indicate field-increasing Hj,. and decreasing Hg.. sweeps,
respectively. For a layered system, and assuming a uniform
in plane susceptibility x,,, one can readily demonstrate that
T = 100/2(Xaa — Xcc)H?sin20 where x.. is the interplanar
component of the susceptibility tensor. Thus, the torque is
extremely sensitive to the magnetic response of magnetically
anisotropic systems. As mentioned above and as discussed in
Refs. 23 and 24, URu,Si; in its hidden-order state is extremely
anisotropic which leads to a very large, nearly linear t(H)/H
which becomes progressively smaller as one approaches a
crystallographic axis of symmetry, such as the ab plane. The
hysteretic response in t(H)/H, shown in Fig. 1(b), corre-
sponds to the diamagnetic hysteretic component, defined as the
difference between both branches At/H = (t(Hinc)/ Hine —
T(Hgec)/ Haec), wWhich according to the Bean model?’ is
proportional to the critical current density [and concomitant
vortex pinning force(s)]. Notice, how the hysteresis is small
when compared to the linear paramagnetic (PM) background,
suggesting small vortex pinning forces. This is consistent with
the extreme high purity of this crystal, i.e., the presence of
very few vortex point pinning centers. It is most pronounced
at very low fields, i.e., H < 2 T, or in the field region where
the thermal conductivity is observed to behave as +/H.'
For 6 = 15.8° one sees conventional hysteretic behavior that
progressively disappears as H increases. But for § = 70.2°,
At/H behaves in an unexpected way, displaying almost no
hysteresis for H ~ 4 T but a remarkable enhancement in the
hysteretic response above this value. This suggests a transition
from a state akin to a vortex liquid, or characterized by
the absence of vortex pinning, to a state with an enhanced
pinning response (i.e., a vortex solid) similar to the so-called
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FIG. 1. (Color online) (a) Magnetic torque t normalized by
the external magnetic field H as a function of H for a URu,Si,
single crystal at a temperature 7 = 20 mK. The angle 6 between
the ¢ axis and the magnetic field is # = 15.8°. Blue and magenta
lines correspond to field-up and -down sweeps, respectively, purple
arrow indicates the irreversibility field. (b) Irreversible/hysteretic
component in the magnetic torque, At/H from the traces in (a).
(c) Same as in (a) but for an angle & = 70.2°. (d) Same as in (b) but
for & = 70.2°. Black arrow indicates the field H,, where a minimum
is observed in At/H. Insets: oscillatory component, i.e., de Haas van
Alphen effect, superimposed into t/H.

fishtail or peak effect which is still poorly understood and is
frequently explained as (i) a transition from a vortex-ordered
to a -disordered state,?3 or (ii) to a competition between surface
barriers and bulk pinning.?® This enhancement is observed for
6 = 30°, so here thereafter we name the region 6 < 30° as
region I, and region II as the angular window characterized
by this anomalous enhancement in pinning/hysteresis, i.e.,
30° < 0 < 75° (see text below).

In Fig. 2, we subtract from M « t/H, at T =20 mK
and at a fixed angle 6 = 88° with respect to the ¢ axis, the
paramagnetic metallic contribution. As previously seen, for
both field-up (blue line) and -down (magenta line) sweeps, the
hysteresis due solely to the superconducting response, is small
when compared to the nearly linear paramagnetic background.
In the superconducting state this background results from the
contribution of the metallic vortex cores whose density per
unit area increases as H increases. Already for fields as small
as ~3 T this background becomes comparable in size to the
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FIG. 2. (Color online) (a) M o t/H (where M is the magne-
tization) as a function of the field H for an angle 6 = 88° and at
a temperature 7 = 20 mK. Again, blue and magenta lines depict
field-increasing and -decreasing sweeps. As expected, or above
H,, (indicated by the purple vertical line) t/H 1is linear in H,
which is the behavior expected for an anisotropic paramagnetic
metallic state. (b) tsc, or the difference between the raw t/H traces
shown in (a) and their average. This simple procedure subtracts the
strong metallic paramagnetic background. Notice how the remanent
nonlinear response (e.g., blue line), due solely to the superconducting
state, crosses zero thus indicating that the magnetic response of the
superconducting state just below H,, is paramagnetic (PM) in nature
and not diamagnetic. (c) At/H or the difference in v/ H for the field-
up and -down sweeps shown in (a), and which corresponds to the pure
hysteretic response (brown line). Notice how the observed anomalous
hysteresis is associated with the paramagnetic like response in
M o t/H. Vertical cyan line indicates the field where the anomalous
hysteresis emerges.

hysteretic superconducting contribution. Therefore, if one
takes the average between field-up and -down branches one
obtains an average t,,/H curve, which contains contributions
from both the superconducting and the paramagnetic metallic
state, but mostly from this last one at high fields. Consequently,
if one subtracts t,,/H from each t/H branch, one obtains a
magnetic response Msc  tsc/H which no longer contains
the paramagnetic metallic contribution, but solely the magnetic
response from the superconducting state. Remarkably, and this
is the main observation in this manuscript, as indicated by
the blue line in Fig. 2(b), the magnetic response due solely
to superconductivity, is observed to cross the zero value,
indicating that it crosses over (at certain field value indicated
by the cyan vertical line) from a net diamagnetic response due
to vortex pinning, to a net paramagneticlike but still hysteretic
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response. This paramagneticlike response disappears at the
irreversibility field Hj, (the higher value in field where the
increasing and decreasing M, branches meet and reach a value
of zero, as indicated by the violet vertical line) thus clearly
implying that it is intrinsic to the superconducting state. This
unexpected response also leads to an anomalous net hysteresis
in At/H as seen in Fig. 2(c), where the net diamagnetic
hysteresis due to pinning is followed by an anomalous
hysteretic response of opposite sign. In the remainder of the
text we will follow the angular and the temperature dependence
of this abnormal paramagnetic response in the magnetization,
through this anomalous hysteretic behavior.

One could argue that this anomalous response in v/H
could result from a change in the magnetic anisotropy of
the superconducting state, e.g., from vortices piercing the
superconducting planes to vortices pinned in between the
planes (i.e., intrinsic pinning). Of course, the large anisotropy
of URu,Si; would prevent such a scenario, in addition to the
fact that H% ~ 12.3 T corresponds to an interplanar coherence
length &, ~ 23 A(for &, = 114.8 A) which is larger than
the interplanar distance®® ¢ = 9.5817(8) A. Therefore, one
cannot conceive a plausible physical scenario where a simple
vortex reconfiguration could possibly lead to a change in the
relative weight between y,, and x.. leading to the anomalous
PM response seen by us. Unless of course, the vortex cores
themselves developed a stronger PM signal than the bare
metallic state seen at higher fields.

Figure 3 shows both t/H and At(H) as a function of
H at a temperature of 20 mK and for two other values of
0, respectively 75.2° and 87.5°. As previously seen, for both
angles the hysteresis is most pronounced for H < 1 T. One
observes, as in Fig. 1(d), an enhancement in the diamagnetic
response for fields in the neighborhood of H = 4 T, which in
both cases is followed by an anomalous change, from negative
to positive in the sign of both the torque signal (as seen in
Fig. 2) and in the hysteretic response (indicated by the clear
blue arrow), associated with the paramagnetic or (magnetic)
response within the superconducting state as H — H,,. Here,
we must emphasize that any extrinsic (or intrinsic) magnetic
signal superimposed onto the superconducting one cannot
reproduce the anomalous hysteresis: e.g., both ferromagnetism
and superconductivity lead to the exact same sign for the
net hysteretic response between field-up and -down sweeps.
This anomalous paramagnetic superconducting response and
concomitant anomalous hysteresis is detected only within the
angular window 75° < 6 < 90° or in region III.

Figure 4 displays At /H as a function of H for several tem-
peratures (indicated in the figure) and for 8 = 88.5°. As seen
the anomalous superconducting paramagnetic response and
related hysteresis moves to lower fields as T increases tracking
the behavior of Hi, ~ H,»(T)*' and thus further confirming
that it is intrinsically related to the superconducting state.

In the following paragraph we demonstrate that the
superconducting, paramagneticlike, irreversible response is
reproducible among several high quality crystals. As seen in
Fig. 5, lower quality single crystals display a conventional
diamagneticlike hysteretic response, thus indicating that this
high field anomalous superconducting response is very sensi-
tive to sample quality. In effect, our Bridgman-grown, ingotlike
single crystals were zone refined through an electron migration
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FIG. 3. (Color online) (a) Magnetic torque t normalized by the
external magnetic field H as a function of H for a URu,Si, single-
crystal at a temperature 7 = 20 mK. The angle 6 between the ¢
axis and the magnetic field is & = 75.2°. Blue and magenta lines
correspond to field-up and -down sweeps, respectively, purple arrow
indicates the irreversibility field. Black arrow indicates H,, clear
blue arrow indicates the value in field where At/H crossovers from
negative to positive values. (b) Irreversible or hysteretic component
in the magnetic torque, At/H from the traces in (a). (c) Same as in
(a) but for an angle 6 = 87.5°. (d) Same as in (b) but for 6 = 87.5°.
Insets: oscillatory component superimposed into v/H.

technique, where a large electrical current is flown through the
crystal for an extended period of time. This electron migration
procedure tends to concentrate impurities and defects towards
an end of the ingot, where the other end remains relatively
defect free. The quality of the crystals taken from each ingot
end is illustrated in Fig. 5, where we show the magnetic
torque as well as the resistivity as a function of the magnetic
field for two different representative single crystals. As seen,
a high-quality single crystal (crystal # 2) displays a second
hysteresis loop in the magnetic torque (as previously shown
for crystal # 1 throughout the manuscript) and a considerably
higher irreversibility field when compared to crystal # 3, which
is a crystal from the other extreme of the URu,Si, ingot.
Notice also that crystal # 3 does not display the anomalous
irreversible response when fields are aligned nearly along the
ab plane. The relative quality of the single crystals from both
ingot ends can be judged through their electrical transport
properties. In effect, the higher quality single crystal, such as
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FIG. 4. (Color online) At/H as a function of the field for
0 = 88.5° and for several temperatures. Black arrow indicates the
minimum at Hg;,, purple arrow the irreversibility field, and clear blue
arrow the crossover from diamagnetic to paramagneticlike hysteresis.

crystal # 2, shows a residual resistivity pg =~ 2.6 12 cm, while
crystal # 3 shows a value in excess of 30 ©2 cm, or a much
larger residual resistivity. In addition, crystal # 2 displays the
de Haas van Alphen effect in contrast to crystal # 3 which
does not (once one subtracts the background). Therefore, the
paramagneticlike, hysteretic response seen at high fields in
URu,Si; is reproducible, but observed only in high quality or
relatively defect free, single crystals. This demonstrates that
this effect is not related to impurities or magnetic domains in
the crystal.

From the curves in Fig. 3 we built the H as a function of T
phase diagram displayed in Fig. 6(a) for an angle 6 = 88.5°.
As seen, the anomalous hysteresis follows the phase boundary
between metallic and superconducting states up to higher
T's, while the boundary defining the enhanced diamagnetic
response is nearly 7 independent up to 7 = 0.7 K, decreases
in field beyond this value, and becomes undetectable for
T = 0.83 K. In Fig 6(b) we show the H as a function of
0 phase diagram, indicating all three zones. In zone III, H,
shifts to lower fields as it is displaced by the emergence of the
paramagnetic response at 6 = 75°.

III. DISCUSSION

A paramagneticlike Meissner response seen at very low
fields and known as the Wohlleben effect, has been reported in
a variety of superconducting systems.*”~>> Most explanations
for the Wohlleben effect fall into two categories: (i) finite
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FIG. 5. (Color online) (a) Magnetic torque for a high-quality URu,Si, single crystal (crystal # 2), normalized by the magnetic field H,
as a function of H and for field increasing (blue line) and decreasing (magenta line) sweeps. These traces were acquired at a temperature
T =20 mK and an angle 0 = 89° between the magnetic field and the ¢ axis. Orange line corresponds to their difference, or to the net
hysteretic response At/H. The second, small hysteresis loop is also observed in this crystal. (b) At/H for a third, lower-quality single crystal
(crystal # 3), and for T = 20 mK and 6 = 87.5°. Notice, (i) the much lower irreversibility field relative to crystal # 2 (indicated by vertical
lines), and (ii) the absence of the second hysteresis loop. (c) Resistivity p as a function of T for the high-quality URu,Si, (crystal # 2), where
the red line is a fit to p = py + T" from which we extract the residual resistivity pg = 2.6 u<2 cm. (d) Same as in (c) but for the lower quality
single crystal (crystal # 3). Notice the much higher value of the residual resistivity, i.e., po = 34.4 2 cm, thus indicating a larger concentration

of scattering impurities and defects.

system size- and inhomogeneous cooling-induced surface
superconductivity, which causes flux compression for fields
below the first upper-critical field;** (ii) granularity-induced
random 7 junctions in d-wave superconductors.® In the above
two mechanisms, the paramagnetic response becomes larger
than the diamagnetic response only in the low-field (H < H,;)
Meissner state. But in our experiments, the paramagnetic
response dominates the diamagnetic one only in the very
high-field mixed state (i.e., close to H.,), or when the field
has penetrated the surface of the crystal through a length
beyond the penetration depth, which is inconsistent with
the Wohlleben effect and associated models. Furthermore,
this anomalous hysteresis in URu,Si, is only clearly seen
for angles 6 < 15° from the ab plane, making the role of
inhomogeneous and/or surface superconductivity and related
flux compressionlike scenarios irrelevant to our experiments.
For granular d-wave superconductors one could consider
random junctions, which have also been claimed to cause
the paramagnetic Meissner effect. However, our sample is not
by any means granular; it is in fact of extremely high quality
as implied by the observation of the de Haas van Alphen
effect under fields well below 10 T. Paramagnetic impurities do
not lead to such hysteresis nor ferromagnetism, as previously
argued.

We might consider a complex scenario that involves
a putative Fulde-Ferrel-Larkin-Ovchinnikov state as in
CeColns.>® However, the observation of this paramagnetic

hysteretic signal over an extended region in temperatures,
in sharp contrast to CeColns, points to an alternative
scenario.

The high-field paramagnetic response can be reconciled
with a superconducting state that breaks time reversal sym-
metry and carries intrinsic orbital angular momentum. The
chiral states k,(k, &+ ik,) proposed in Ref. 19 indeed possess
orbital angular momentum along the Z direction. Nevertheless,
if the angular momentum of this state was responsible for
the paramagnetic response, it would be maximized for fields
along the Z axis. Since our observed paramagnetic response
is restricted to a field orientation relatively close to the ab
plane, either (i) the original superconducting pairing symmetry
is distinct from the proposed k. (k. & ik,) wave function, or
(ii) a different, field-induced chiral paired state is realized when
the field lies close to the ab plane, through mechanisms similar
to the ones discussed in Ref. 37. This raises the remarkable
possibility of a field-induced transition to a hitherto unknown
chiral state in URu,Si5.

IV. SUMMARY

We observe an anomalous magnetic response in the super-
conducting state of URu,Si, when fields are applied at angles
close to the ab plane, i.e., from the expected diamagnetic
response associated with vortex pinning, to a small but
paramagneticlike response as one approaches H é‘zb We argue
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FIG. 6. (Color online) (a) Resulting H as a function of T phase
diagram for an angle 6 ~ 88.5°. Black markers correspond to the
phase boundary from Ref. 31, violet ones to the irreversibility field
Hiy,, clear blue markers to the field H,,, where the hysteretic response
changes sign, and blue markers to the field H, corresponding to the
maximum in the enhanced diamagnetic response. (b) H as a function
of 6 phase diagram for 7 = 20 mK showing zones I, II, and III,
respectively. Black markers depict the boundary from Ref. 23. Notice
that the boundary defined by H, splits into two when going from
zones II to III.

that this response cannot be attributed to magnetic impurities:
(i) due to its narrow angular dependence, (ii) because it
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disappears in samples containing a larger amount of impurities
(or a larger residual resistivity), and (iii) since their associated
(reversible) paramagnetic response can be easily subtracted
from the raw torque data, leading to the superconducting (only)
paramagneticlike response seen at high fields. We also argue
that it cannot be easily attributed to conventional field-induced
magnetism since (i) it disappears at Hfz” and (ii) leads to a
quite anomalous sign for the associated hysteresis relative
to the net hysteretic response of the superconducting state
(both should display the same sign). We also argue that it
cannot be easily attributed to a change in the sign of the
magnetic anisotropy as detected by the magnetic torque due,
for example, to a dramatic vortex reconfiguration: In URu,Si,
and for the field orientations explored by us, the Abrikosov
vortices are expected to pierce the superconducting planes and
to remain pinned by the various vortex pinning mechanisms.
Furthermore, close to H%? the magnetic response of URu,Si,
is dominated by the underlying, very anisotropic, magnetic
response of the hidden-order state.> Although we cannot rule
out a very unique, and perhaps previously undetected vortex
configuration, the fact that a similar effect was observed by
us in LiFeAs®”3® for fields close to the interplanar direction
points towards a different physical origin. We are therefore
led to conclude that our observations correspond to bulk,
thermodynamic evidence for a time-reversal symmetry broken
state in URu,Si,, either resulting from the originally proposed
k.(k, £ iky) pairing symmetry or perhaps from an unknown
field-induced chiral superconducting state.
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